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ABSTRACT 

 

This research project focuses on exploring new sensor design methods on inexpensive 

substrates for various biomedical and chemical applications, in order to improve the 

health and life quality of people living in less-industrialized countries and remote 

regions. People living in these areas are more susceptible to diseases due to shortage of 

funds, medical facilities, medical knowledge and professional staff. This project has 

noticed that for most existing point-of-care diagnostics designed for developing areas, 

although are affordable, sensitive, specific and rapid (“ASSR”), cannot be practically 

utilized in these areas, for they are not easily operated by non-professional and 

untrained personnel. In particular, a desirable user-oriented device is required to be 

user-friendly, equipment-free and delivered to end-users (“UED”), and achieving these 

demands, therefore, is the aim of this project.   

 

This thesis includes two parts, presenting two original sensor design concepts 

respectively. One is the “sample-only” method, which only requires the user to 

introduce the sample to the sensor with no extra effort during the assay; the other one is 

the “text-reporting” method, which can report the assay result directly with 

unambiguous text messages to the user. Both of the two concepts effectively address 

the “UED” problems in existing devices.  

 

The sensors developed by the new design concepts were conducted through fabrication 

on inexpensive substrates, which are cellulose paper and plastic (or glass) slides 

throughout this research. The patterning of these substrates is processed through 

traditional industrialized surface treatment, paper-sizing and printing techniques, 

making the devices affordable and easily-obtained. 

 

The feasibility of these two concepts is then demonstrated through applying them to 

practical applications. The first application is blood typing. The “sample-only” method 

allows the user to get clear blood typing results by only introducing one blood drop 

during the assay. The “text-reporting” method designs the first paper-based blood 

typing device that reports a patient’s blood type in written text, which enables non-

professional users to determine the blood types immediately. Furthermore, the “text-



 
 

xii 

reporting” method also presents its desirable features in another application: 

environmental monitoring.  With the help of text-based information, even untrained 

users can quickly and simply obtain the testing result of contaminates in water at home, 

in the field, in emergency and many other areas where laboratories are not readily 

available. None of these applications requires supporting equipment and personnel for 

assay analysis and result interpretation.  

 

The applications performed by the new sensor design methods in this project bring the 

test immediately and conveniently to the patients or end-users, and effectively reduce 

the high-dependency of testing on hospitals or central laboratories. The sensor design 

concepts explored in this project establish the “ASSURED” platform which is highly 

practical for use by non-professional users in developing countries. These methods also 

hold enormous potential for integration with future work, which would strongly drive 

the development of products for point-of-care, telemedicine and on-site environmental 

sensing. 
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tilting the substrate to allow the blood sample and anti-A solution to spread 
into a film, immediately revealing the positive assay result; (c) a drop of A+ 
blood sample placed on a drop of anti-B; (d) tilting the substrate to reveal the 
negative assay result. 

Figure 2: The designed procedure for blood typing on a plastic slide. 

Figure 3: Schematics of the procedure for studying the antibody dissolution behaviour 
from the plastic slide. This procedure involves an antibody dissolution step 
by PBS, followed by quantifying the concentration of the antibodies washed 
off the plastic slide. 

Figure 4: Assay results reported by the plastic slide device for all 8 ABO and RhD 
blood groups 

Figure 5: Antibody dissolution behaviour study for anti-A: (a) Anti-A activity as a 
function of a series of dissolutions with PBS; antibody activity can be 
determined by the reflective optical density of the agglutinated A1 reagent 
red cell (concentrated from the commercial reagent to a hematocrit level of 
45%) on paper. (b) The calibration curve of the A1 cell optical density as a 
function of anti-A dilution factor; the red curve is the fitting curve of a 
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natural logarithm function (formula 1); (c) anti-A dissolution behaviour of 
five consecutive PBS dissolution rinses collected from the plastic substrate. 

Figure 6: Antibody dissolution behaviour study for anti-B: (a) anti-B activity as a 
function of series of dilution, tested by the agglutination colour density of the 
B reagent red cell (concentrated from the commercial reagent to a hematocrit 
level of 45%); (b) the standard curve of the B cell colour density as a 
function of anti-B dilution factor; (c) anti-B dissolution behaviour of five 
consecutive PBS dissoluiton rinses of the plastic device. 

Figure 7: Antibody dissolution behaviour study for anti-D: (a) anti-D activity as a 
function of series of dilution, tested by the agglutination colour density of the 
C reagent red cell (concentrated from the commercial reagent to a hematocrit 
level of 45%); (b) the standard curve of the C cell colour density as a 
function of anti-D dilution factor; (c) anti-D dissolution behaviour of five 
consecutive PBS dissoluiton rinses of the plastic device. 

Figure 8: Sensitivity tests of the plastic slide method by dilution of reagent red blood 
cell carrying known antigens: (a) A1 cells in the anti-A treated channel; (b) B 
cells in the anti-B treated channel; (c) C1 cell in the anti-D treated channel. 
The negative control channel was treated with BSA only. 

Figure 9: Lifetime detection for blood group A interaction with anti-A treated device 
staying for different periods. 

Figure 10: Antibody activity for its corresponding antigen after being deposited for 45 
days on the device surface coated with an additive mixture of 10% of 
glycerol and 0.1% of Tween 20. Test was conducted under an ambient 
laboratory condition. 

Figure 11: The reverse blood typing results for identifying ABO blood groups. 

 

Chapter 3 

Figure 1: Schematics of the two design solutions using composite text symbols to 
report blood test results in text. (a) Design solution 1: The composite text 
symbol for reporting the presence of RhD takes the form of “+”; it consists of 
a permanent “−” printed using water-insoluble ink and a “|” printed using 
Anti-D. (b) Design solution 2: The composite text symbol for reporting “O” 
and “non-O” types of blood samples takes the form of “⊗”; it consists of a 
permanent letter “O” printed using non-bioactive water-insoluble ink and a 
“×” printed using an equal-volume mixture of Anti-A and Anti-B. 

Figure 2:  The designed and printing of the text-reporting paper device.   
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Figure 3: (a) The Kleenex paper towel hydrophobized by AKD, leaving text patterns 
hydrophilic. (b) The hydrophilic text patterns become visible when wetted by 
antibody solutions. 

Figure 4: Fabrication and testing procedures of the text-reporting blood-typing devices. 
Negative patterns of letters and symbols are printed using a heptane solution 
of an alkenyl ketene dimer; letters and symbols remain hydrophilic and are 
surrounded by hydrophobic areas. (a) Anti-A and Anti-B are introduced into 
the corresponding letters. An equal-volume mixture of Anti-A and Anti-B is 
introduced into “×”, and Anti-D is introduced into “|”. (b) Letter “O” and 
symbol “−” are printed over “×” and “−”, respectively, using a non-bioactive 
and water-insoluble ink. (c) A blood sample is introduced in the device for 
blood typing test. (d) After washing each pattern with 2×50 μL of saline 
solution, the blood typing result is reported by the device in text. 

Figure 5: (a) The complete paper text-reporting device for blood typing. (b) After an 
A+ blood sample was introduced into all text patterns. (c) Text report of the 
blood typing assay result was obtained after washing the text patterns with 
NaCl buffer (2×50 µL). 

Figure 6: (a) A schematic of the expected text patterns reported by the blood type 
device fabricated based on our design. The corresponding blood types are 
given to assist the reader. (b) The actual tests of all eight ABO RhD blood 
types. The device size is 25 mm×25 mm. 

Figure 7: Blood sample dilution for the evaluation of the sensitivity of the method. 
Dilution was made to from 100% (i.e. undiluted) to 25% (i.e. ¼ blood sample 
mixed with ¾ NaCl buffer, (v/v)). (a) A+ sample; (b) B+ sample.  

Figure 8:  The test of weak blood samples using the paper-based text-reporting devices.  

 

Chapter 4 

Chapter 4.1 

Figure 1: Schematics of design, fabrication, testing procedures and result reporting of 
paper diagnostics for secondary blood typing. 

Figure 2: Paper-based blood group assay designed for identifying 11 antigens in 7 
secondary blood groups. The grouping assay was performed under the same 
condition: reaction time was 30 seconds and the washing of free RBC was 
done using 0.9% NaCl PSS. Reference assays using the mainstream 
technology (Gel Card) showed that the secondary groups of this blood 
sample were: C(-), E(-), c(+), e(+), K(-),Jka(+), Jkb(+), M(+), N(+), S(+), 
P1(+), Lea(+). 
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Figure 3: Increasing degrees of heamagglutination of the second group e in antibody-
treated paper as a function of time. 

Figure 4: Haemagglutination behaviour of 3 blood groups investigated by confocal 
imaging (60× oil immersion lens): (a) RBCs of primary group D(+) 
agglutinated by D antibodies within 30 s; (b) RBCs of secondary group E(+) 
agglutinated by E antibodies within 30 s; (c) RBCs of secondary group e(+) 
did not show any sign of agglutination after reacting with e-antibody for 30s; 
(d) group e(+)RBCs showed clear agglutination when reacting with e-
antibody for 3 mins. 

Figure 5: The comparison of the effect of antibody structures (IgG and IgM) on the 
visual identification of the testing results: (a) for K antigen test; (b) for s 
antigen test. Confocal images show details of haemagglutination behaviours 
of K(+) and s(+) on paper treated with different antibodies: (c) anti-K IgG, (d) 
anti-s IgG, (e) anti-K IgM and (f) anti-s IgM. Reaction times of all assays 
were 2 min and 60 oil lens was used. 

Figure 6: (a) Visual assay of a M(+) blood sample on paper and (b) confocal image 
taken for the same sample. A commercial Anti-M IgM obtained from human 
sera was used for the assay and 3 mins reaction time was allowed. 

Figure 7: Identification for agglutinated RBCs of blood group c washed by: (a) 
distilled water; (b) 0.9% NaCl; (c) PBS. Two minutes RBC-antibody 
interaction time was allowed. 
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Figure 1: Methodology for blood group phenotyping using paper via elution 

Figure 2: Fabrication, testing procedures and result reporting of paper diagnostics for 
antigen detection using example: blood group K. 

Figure 3:  Blood group phenotyping using (a) elution, and (b) text reporting methods 
on paper. Blood spot (BS) and elution pathway (EP) are represented as 
density. Extent of coagulation is represented as optical density ratio (ODR) 
comparing density EP:BS. Positive is denoted by high density and ODR, 
negative has lower densities and ODR. (Fyb was not tested using the text 
reporting method.) 

Figure 4: (a) Effect of time on the reaction period tested with c antigen, comparing 
elution method (E) and text-reporting method (T). ODR of E is compared to 
density of T. (b) Effect of time on the reaction period tested with c antigen 
using text-reporting 
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Figure 5: Comparison of antisera (polyclonal or IgM) affecting identification of testing 
results for K antigen.  

Figure 6: Effect of anti-K polyclonal concentration on efficacy; (a) at stock solution, (b) 
double stock concentration by volume, and (c) quadruple stock concentration 
by volume. 

Figure 7: Dispersion difference between the commercial product and FFMU antibody 
Lea. 
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Figure 1: The electronically generated chemical symbol patterns of the three heavy 
metals in their true size. 

Figure 2: Schematic diagram of the fabrication of patterns of heavy metal chemical 
symbols on chromatographic paper. 

Figure 3: Colorimetric assay for the selection of indicator concentrations: a) 
bathocuproine concetration from 10 to 60 mg/mL for detection of 1.0 mg/L 
Cu(II) sample; b) 1,5-diphenylcarbazide concentration from 0.6 to 4.0 
mg/mL for detection of 0.5 mg/L Cr(VI) sample; c) dimethylglyoxime 
concentration from 60 to 100 mM for detection of 1 mg/L Ni(II) sample. 

Figure 4: Colorimetric assays showing heavy metal ions of different concentrations: (a) 
Cu(II); (b) Cr(VI) and (c) Ni(II). 

Figure 5: Calibration curves fitted by the measured colour intensity versus the 
concentration of each ion: a) Copper, concentration from 0.8 to 8 mg/L; b) 
Chromium, from 0.5 to 4 mg/L; c) Nickel, from 0.6 to 6 mg/L.  

Figure 6: Interference tolerant studies of the paper devices for the three target heavy 
metal ions in the presence of Cu(II), Cr(VI), Ni(II), Fe(III) and Zn(II) as 
interfering ions (5 parallel tests for each assay): a) Cu(II) assays of 0.8, 4 and 
8 mg/L of Cu(II); b) Cr(VI) assays of 0.5, 2 and 4 mg/L Cr(VI); c) Ni(II) 
assays of 1, 4 and 6 mg/L of interfering ions; d) The responses of the Cu(II), 
Cr(VI) and Ni(II) indicator systems to non-target multiple interferent ions 
solutions. For assays in a) to c), the concentration of each interfering ion was 
10 times higher than that of the target ion. For assays in d), samples 
contained no target ions; the concentrations of all non-target metal ions were 
10 mg/L. 

Figure 7: Interference tolerant studies of the paper devices for the three target heavy 
metal ions in the in the presence of 10 mg/L Cr (VI), Mn(II), Fe(III), Co(II), 
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Ni(II), Zn(II) for 1 mg/L Cu(II) assay; 10 mg/L Mn(II), Fe(III), Co(II), Ni(II), 
Cu(II), Zn(II) for 1.0 mg/L Cr(VI) assay; 10 mg/L Cr (VI), Mn(II), Fe(III), 
Co(II), Cu(II), Zn(II) for 1 mg/L Ni(II) assay, and 200 mg/L Na(I) and K(I), 
100 mg/L Ca(II) and Mg (II) for all the three assays. 

Figure 8: Pseudo-environmental samples analyzed by paper-based devices and ICP-
AES method: a) tap water with spiking of 1mg/L Cu(II), 0.5 mg/L Cr(VI) 
and 1mg/L Ni(II); b) tap water with spiking of 5 mg/L Cu(II), 3 mg/L Cr(VI) 
and 5 mg/L Ni(II). 

Figure 9: Text-reporting paper device for Cu(II), Ni(II) and Cr(VI) assay in a 
simulated environmental assay: tap water with striking of 5 mg/L Ni(II), 5 
mg/L Cu(II), and 3 mg/L Cr(VI) respectively. 
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1.1 Introduction 

In the world today, affordable health care, including early diagnosis and screening of 

diseases, environmental monitoring and food and water quality testing, are in 

increasing demand, especially in remote areas and in less industrialized countries, 

where the centralized laboratories and hospitals taken for granted in the cities of the 

developed world are absent. Due to the lack of established and affordable medical 

facilities for disease detection, disease treatment and infectious disease control, people 

become much more susceptible to diseases. To overcome these problems, the World 

Health Organisation (WHO) recognizes the development of inexpensive, self-contained 

and easy-to-use diagnostics as an imperative objective. The WHO has developed the 

concept “ASSURED” — affordable, sensitive, specific, user-friendly, rapid, 

equipment-free and delivered to end-users [1], which clarifies critical criteria that must 

be met by potential diagnostics designed for use in developing countries.  

 

Low-cost diagnostics for home users are also in increasing demand in industrialized 

countries. Factors driving this demand are the ageing of the population and the steady 

increase of so-called life-style diseases in western countries. These factors put high 

pressure on the current medical systems of these countries, forcing governments and 

research institutions to develop strategies to cope with such pressure. An effective way 

to alleviate the pressure is to develop point-of-care (POC) diagnostics to enable patients 

to perform their personal health-care evaluations at home. They may then communicate 

their test results to experts in central laboratories and hospitals for further evaluation 

and medical instructions [2].  

 

POC has been proven to be a workable approach to control some of the worst lifestyle 

diseases. An example of a POC diagnostic device is the blood glucose monitoring 

device. Patients can monitor their blood glucose level at home without any assistance 

from professionals. From the health care point of view, the glucose device enables 

patients to monitor and thus control their own condition without having to frequently 

visit doctors for medical intervention.  Clearly, POC devices, which meet the 

“ASSURED” criteria, will play a significant role in future human health care and 

disease control in both developing and developed countries. In this thesis, the terms 
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low-cost diagnostics and POC diagnostics are used interchangeably to refer to user-

operated devices designed for non-professional users such as home users. 

  

A number of POC systems involving microfluidic diagnostic technology (MDT) have 

become cost-effective in recent years. The market for POC products for diagnosis has 

significantly increased, particularly for those products designed for use in developing 

countries and less-industrialized areas. Inexpensive materials, including plastics, paper, 

and thread are  applied in new POC devices which have been demonstrated in research 

laboratories for tests such as bioassays, blood typing, and food and water quality 

control [3-5]. These devices present high “ASSR” (affordable, sensitive, specific and 

rapid) performance in their intended analytical and diagnostic applications. However, 

the “UED” criteria, i.e., user-friendly, equipment free and delivered (to end users), still 

present an impassable barrier for the innovations to be developed into reliable user-

operated devices. In order to achieve “UED” features, equipment-free devices should 

be designed in a  such  way that not only the users’ efforts to operate the devices are 

significantly reduced, but also the test results can be presented in a clear way to  

minimize possible misinterpretations by non-professional users.  

 

Of these criteria, user-friendliness (U), which builds the connections between 

diagnostic devices and their users, is one of the major hurdles preventing many current 

diagnostic methods from being commercially available. Although many diagnostic and 

analytical assays can be performed rapidly on inexpensive substrates with high 

sensitivity and selectivity, the assays require a certain professional level of operating 

skill. As a result, a non-professional user cannot operate the assays without training and 

the results reported by these assays are also not straightforward enough for non-

professional users to interpret without assistance from professional medical workers.  

Secondly, the criteria equipment-free (E) and delivered (D), i.e., accessible to end-

users, are also absent from many reported methods demonstrated in research 

laboratories. In these methods, supporting equipment including electrochemical stations 

and colour intensity analysers has to be used to capture signals and analyse results [3-

5]. Such equipment often requires a high level of professional skills which is usually 

beyond the capability of general non-professional users. Therefore, although most 

current POC devices are well-designed as “ASSR” devices, considerable efforts are 
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urgently required to improve their “UED” features.  

 

The broad aim of the research reported here is to design novel ASSURED devices, 

focusing on the communication between a POC device and its users. Two original 

concepts were developed in this research: the “sample-only” method and the “text-

reporting” method.  The devices designed using these two novel concepts can 

overcome the existing “UED” obstacles in previously developed methods and are ideal 

for use by non-professional users as “ASSURED” platforms in developing countries, in 

impoverished areas, in field locations, and for emergencies. Details of the innovations 

in device fabrication and in diagnostic applications are discussed in Chapters 2 – 5. 

 
The objective of this chapter is to give a comprehensive review of the “ASSR” low-

cost diagnostics developed for different applications. Based on this review, the 

advantages, limitations and knowledge gaps of developed diagnostics will be identified. 

The first section (1.2) provides a review of the development of low-cost microfluidic 

diagnostic devices, focussing on their fabrication procedures and result reporting 

methods. This section gives specific emphasis to the development of low-cost devices 

designed for blood analysis and environmental sensing. The second section (1.3) 

summarises the literature review and outlines the current research limitations and 

knowledge gaps. The third section (1.4) lists the specific research aims of this research 

project on the design of novel ASSURED diagnostics. The last section (1.5) outlines 

the thesis structure.    

  



Chapter 1 

 
6 
 
 

1.2 Literature review 

1.2.1 Current trend for developing diagnostics 

One of the continuing endeavours throughout human history has been the goal of 

controlling serious diseases that threaten the health and development of the human race. 

Diagnosis is a critical step to identify the existence of a disease and to assess the 

outbreak potential of the disease. Current development of diagnostics has two different 

directions: one is toward extensive automation and consolidation of testing in central 

laboratories [6], and the other toward developing point-of-care (POC) products for 

decentralizing the diagnosis to various near-patient sites [7, 8]. The procedure for these 

two different clinical approaches are shown in Figure 1 and it is clear that the POC 

diagnostics are much more suitable for use in resource-limited area or in situations 

where the test results are needed rapidly, such as developing counties, rural areas, field, 

emergencies, home, schools, workplaces, travelling departments, mobile nursing 

practices and so on [7-11], for in these circumstances the clinical tests in centralized 

laboratories and hospitals taken for granted in the cities of the developed world are 

absent. As such the design and fabrication of the ASSURED [1] POC platforms have 

become an important research area world-wide. 

 

 
 

Figure 1. Procedures of clinical test by central laboratory and POC testing. (With 
permission from ref. [11]. Copyright (2005) Elsevier)  
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1.2.2 Low-cost diagnostic devices  

Many inexpensive testing devices based on the microfluidic diagnostic technology have 

been fabricated using engineering methods. A POC product for analysis and diagnosis 

typically consists of two procedures: sensor fabrication and result reporting. Therefore 

in this section, new concepts for POC systems involving paper-based and thread-based 

microfluidics will be introduced with their fabrication and result reporting features for 

different applications in biochemical diagnosis, blood typing and environmental 

monitoring.  

 

1.2.2.1 Microfluidics 

The microfluidics originated from its use in gas chromatography (GC), capillary 

electrophoresis (CE) [12] and then high-performance liquid chromatography (HPLC) 

[13]. The microfluidic is a miniaturized system using channels with tens to hundreds of 

micrometer length in dimension to manipulate minute amounts (10-9 to 10-18 L) of 

liquids [14]. The increased development of microelectronics during the mid-20th 

century substantially promoted the application of microfluidics. Research using 

microfluidics was flourished since the early 1990s due to their reoutation as an 

attractive “lab-on-a-chip” (LOC) [15] system for use in the fields of biology, chemistry, 

physics and multidisciplinary engineering. Microfluidics applied in sample separation 

[16], cell and protein analysis [17, 18], DNA sequencing [19, 20], drug delivery [21-23] 

and many other applications have been successfully conducted. Microfluidic 

technology is flexible, easily-modified and low-cost because it reduces consumption of 

samples and reagents, and are therefore becoming the potential “ASSURED” platform 

to provide POC analysis and diagnosis [24,25].   

 

1.2.2.2 Paper-based microfluidic devices (µPADs) 

Paper is a raw material typically made of cellulose and can offer various applications in 

chemical/biochemical analysis and diagnosis. Since the cellulose is well-compatible 

with proteins and biomolecules, and the porous structure of paper can rapidly deliver 

the liquids by capillary wicking [26].  Besides, the low-cost, renewable and easy-

modification properties of paper make it a robust and attractive material for use as POC 
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microfluidic devices [27-34]. Figure 2 summarizes the development process of paper-

based testing devices. The first application of paper in terms of analytical tests was as 

chromatographic substrates in 1850 [35, 36]. Then the development of paper strip tests 

for diagnostic and biodetection purposes started in 1950s. It was driven by the fact that 

paper strip testing of biologically relevant species (e.g., glucose in urine) was as simple 

as measuring pH with pH paper [37]. In recent decades, paper and other fibrous 

nonwoven materials (e.g., nitrocellulose membranes) have been widely used as 

substrates for POC diagnostics [38]. Nowadays, many paper strip tests are 

commercially available for POC diagnostics, such as pregnancy tests. Although these 

strip tests are simple and low cost, they are not sufficient for operating multiplex and 

quantitative analyses. Several years ago, a research group from Harvard University led 

by Professor George Whitesides introduced a new concept of fabricating paper-based 

microfluidic devices which can be utilised to simultaneously detect multiple analytes in 

liquid samples [3]. Their work overcame some drawbacks of the conventional paper 

strip tests, and most importantly, this new concept has led to the rise of a new research 

area of patterned paper substrate as a low-cost, portable microfluidic platform for 

bio/chemical/medical applications. 

 

 
 

Figure 2. The development of paper-based analytical and diagnostic devices since 
1850. 
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1.2.2.2.1 Fabrication of paper-based microfluidics dignostics  

Paper is made by filtering a dilute (1 wt%) aqueous suspension of fibres, colloidal filler 

particles and soluble polymers. Cellulose fibres are the major component of many 

paper types, which are porous, hydrophilic materials and are able to take up more than 

their own mass of water. Therefore the naturally hydrophilic property of paper makes it 

favourable for the fabrication of low-cost microfluidic devices through paper 

hydrophobization. 

 

Paper hydrophobization can be achieved routinely through “sizing” during the 

papermaking process, which lowers surface energy, as evidenced by increased water-

contact angle [39]. Through the process of alkyl ketene dimer (AKD) sizing treatment, 

the paper samples are strongly hydrophobic and have contact angles of typically 

between 110-125° with water [40], whereas unsized cellulose has a water contact angle 

of only 25° [41]. The penetration of liquids in paper can be characterized by the 

Washburn equation (equation 1) [42]: 

l = �Ƴ 𝑟 𝑐𝑜𝑠𝜃
2𝜂

𝑂                                                                            (1) 

Where l is the distance of liquid penetration of the pore in paper, 𝑟 is the equivalent 

capillary pore radius of paper, ϒ is the liquid surface tension, η is the liquid viscosity, θ 

is the contact angle and t is the time of penetration. According to equation (1), if a 

paper surface sustains an apparent contact angle with a liquid of greater than 90°, the 

liquid will not penetrate in the paper. 

 

Patterned paper with hydrophilic channels demarcated by hydrophobic borders can 

provide a good platform for controlling capillary penetration of aqueous solutions. 

Various methods of patterning paper for the fabrication of PADs have been achieved. 

 

Photolithography method 

In 2007, Martinez et al. [3] created barrier patterns on the filter papers using 

photolithographic techniques. This work overcame some drawbacks of the 

conventional paper strip tests and introduced the new concept of fabricating paper-

based microfluidic devices which can be utilised to simultaneously and quantitatively 
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detect multiple analytes in liquid samples. As is shown in Figure 3, they patterned filter 

paper with SU-8 2010 photoresist to generate the hydrophilic channels with the width 

of 3 mm bound by a hydrophobic barrier, and then modified the paper for biological 

assays by adding appropriate reagents to the test areas. In this study, the glucose and 

protein in an artificial urine sample was detected with established colour reactions, to 

test the feasibility and sensitivity of applying this system to clinical diagnosis. 

 
Figure 3. The six-step fabrication procedure of μPADs using lithographic method. (a) 
A pattern with SU-8 photoresist barrier was created on a piece of filter paper. (b) After 
plasma treatment, the patterned paper was loaded with reagents for bioassays. (With 
permissions from ref. [3]. Copyright (2007) John Wiley and Sons.) 
 
The paper-based microfluidics developed by the photolithographic method were 

suitable to many applications for semi-quantitative diagnosis [43-45]. However, 

because of the easily-damaged photoresist barriers, expensive equipment and 

complicated fabrication process, some other alternative methods were explored during 

the subsequent studies. 

 

AKD ink-jet printing method 

In the paper-sizing industry, alkyl ketene dimer (AKD) is one of the commonly used 

agents for cellulose hydrophobization agent which provides the paper with a high level 
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of water-resistance. Figure 4 shows the cellulose-coupling chemistry of AKD; with the 

formation of beta-keto ester linkage under heating, the hydrophobic tail of the molecule 

turns from the surface, providing paper with hydrophobicity [46]. 
R

O
O

R

AKD, R=C14H25 to C18H37

Cellulose-OH Cellulose O

R R

O

O

 
Figure 4. Alkyl ketene dimer (AKD) sizing reaction with cellulose fibres to lower the 
surface energy and water-penetration rate in paper. 
 

Ink-jet printing is one among many commercial processes, but owing to its time-saving 

and low-cost, which allows the direct patterning of the substrate surface, it has become 

a versatile tool for various industrial fabrication processes [47]. The current 

commercial digital ink jet printers are capable of issuing small droplets of a few 

picolitres and small amounts of ink for generating an electronically created image [48]. 

In recent years, commercially available printers are modified to dispense various 

biomolecule solutions instead of ink [49, 50]. The reconstructed printers also inherit the 

frugal ink management feature of the normal printers and are capable of depositing 

hydrophobization agents onto paper surface. This provides a cost-effective solution for 

pattering and fabricating channels on paper. Li et al. [51] explored the ink-jet printing 

method to generate hydrophilic-hydrophobic contrast on paper based on AKD 

hydrophobization. Hydrophilic filter papers were printed using a reconstructed 

commercial digital ink jet printer with electronically generated patterns of an alkenyl 

ketene dimer–heptane solution (5%, v/v). The modification of the printer involved 

replacing the ink in cartridge with the AKD-heptane solution. Printing did not leave 

any visible mark on paper samples which retain their original flexibility. The printed 

filter paper samples were then heated in an oven at 100 ˚C for 8 min to cure AKD onto 

the cellulose fibres. A well-defined hydrophilic–hydrophobic border can then be 

created for forming the μPAD (Figure 5). This ink-jet printing method was then used to 

print microfluidic sensor patterns on filter paper, as well as print the colourless 
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indicator for NO2‾ into the circular detection zone. NO2‾ sample solution was 

introduced into the channel and was detected by this sensor. 

 

 
Figure 5. Ink jet printed paper fluidic pattern of a Chinese paper cut. Four liquid 
feeding zones were added to the four corners of the pattern. Water penetration at an 
early stage (a) and at the final stage (b) is shown. (With permissions from ref.[51]. 
Copyright (2010) Elsevier.) 
 

Wax-coating methods 

The wax patterning method was employed to develop paper-based microfluidic devices 

for portable bioassays by Lu et al. [52] Three different ways of wax patterning were 

studied in this paper (Figure 6 ): (1) Wax pen painting, which used a wax pen to draw 

the desired pattern on both sides of a filter paper. The painted wax will penetrate the 

paper to form the hydrophobic wall when melted at 150 C; (2) ink-jet printing followed 

by wax pen painting, which was suitable for the cases when complicated pattern design 

is required; and (3) wax ink-jet printing directly. The third method generated stable 

hydrophilic channels of 1 mm bordered by the hydrophobic barrier as defined by wax. 

Enzyme reactiond between tetra-methyl benzidine (TMB) and horseradish peroxidase 

(HRP), glucose and BSA protein were chosen to demonstrate colorimetric detection of 

analytes for verifying the performance of the wax-printed paper-based device. 
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Figure 6. (A) Schematic illustration of the processes to produce patterned paper with 
wax; (1) hand drawing with a wax pen; (2) printing with an inkjet printer followed by 
painting with a wax; (3) printing with a wax printer. (B) The fabricated microfluidic on 
filter paper with wax in three different ways: (a) hand painting with a wax pen; (b) 
printing with an inkjet printer followed by painting with a wax pen and (c) printing 
with a wax printer directly. (C) Comparison of the channel width of patterned paper 
produced by wax printing (a) before and (b) after heating in oven (1mm is the width of 
the micro-channels). (With permissions from ref.[52]. Copyright (2009) John Wiley 
and Sons) 
 
Dungchai et al. [53] reported the paper microfluidics fabricated by wax-screen-printing 

technology. As is shown in Figure 7a, solid wax was rubbed through a screen onto the 

paper. The printed wax was then melted by a hot plate under 100 °C for 60s, allowing 

the melted wax to penetrate into the paper to form hydrophobic barriers. The patterned 

paper was ready for use when it was cool to room temperature after removed from the 

hot plate. After the fabrication of paper microfluidics by wax screen printing, red food 

dye was added to the paper devices to visualize the resolution of this method. The 

widths of hydrophilic channel were studied in the range of 550-1000 µm at the optimal 

melting temperature and time, and the smallest channel width allowing solution to flow 

the entire length of a 12 µm channel was found to be 650 ± 71 µm (Figure 7b). It also 

showed in this study the thickness, porosity, and orientation of paper fibres, as well as 

the smallest features printable on the screen, affected the resolution of this method.  
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Figure 7. (a) Schematic diagram of the fabrication step for wax screen-printing method. 
(b) Resolution of the wax screen-printing method showing the smallest hydrophilic 
channel width. (With permissions from ref.[53]. Copyright (2011) Royal Society of 
Chemistry) 
 
Songiaroen et al. [54] developed another wax-patterned paper microfluidics by wax-

dipping. In their study an iron mould with designed patterns for wax dipping was 

created by a laser cutting technique. The designed pattern was transferred onto paper by 

dipping an assembly mould into melted wax under the temperature of 120-130°C. The 

whole fabrication process took within 1 min without the use of complicated instruments 

or organic solvents. Bioassays for simultaneous detection of glucose and protein in real 

samples were performed by this μPAD to verify the performance (Figure 8). 

 

 
Figure 8. Procedure for patterning paper by wax dipping in top view (left) and lateral 
view (right). (With permissions from ref. [54]. Copyright (2011) Elsevier) 
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Other fabrication methods 

Apart from the AKD and wax fabrication methods, other reported techniques for 

patterning paper-based microfluidics includes: plotting, ink jet etching, plasma 

treatment, flexography printing, laser treatment and paper-cutting techniques [55-62]. 

Table 1 lists these methods with their patterning reagents and principles. In summary, 

the reagents play three sorts of rules for paper pattering: 1) physical blocking of the 

paper pores (e.g. polydimethylsiloxane (PDMS) and silicone), 2) water-resistant 

reagents physically deposited on the cellulose fibre surfaces (e.g., polystyrene and wax), 

and 3) chemical modification of fibre surfaces (e.g., cellulose reactive agent AKD).  

Further, the paper patterning strategies can be classified into two approaches: one is the 

selective hydrophobization on the naturally hydrophilic paper surface, which is a one-

step approach; the other one is the two-steps approach involving hydrophobization of 

the entire paper followed by selective hydrophilization [63].  

 

Table 1. Other reported techniques for patterning paper-based microfluidics with 
their patterning reagents and principles. 

 
Fabrication 

methods 
Patterning 
reagents 

Pattering principles 

Plotting [55] PDMS Physical blocking of pores in paper for 
selective hydrophobization 

 
Ink jet etching 

[56, 57] 

Polystyrene (PS) Physical deposition of reagent on fibre 
surface for entire hydrophobization 

followed by selective dehydrophobization  
through dissolving the PS  

 
Plasma treatment 

[58, 59] 

AKD Chemical modification of fibre surface for 
entire hydrophobization followed by 
selective dehydrophobization through 

plasma 
 

Flexography 
printing [60] 

PS Physical deposition of reagent on fibre 
surface for selective hydrophobization 

 
Laser treatment 

[61] 

Silicone or wax Physical blocking of pores in paper for 
entire hydrophobization followed by 
selective laser dehydrophobization 

 
Paper cutting [62] Computer 

controlled knife 
Shaped microfluidics through computer 

controlled cutting 
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1.2.2.2.2 Result reporting methods used for paper-based microfluidics  

After effective sampling on the patterned paper microfluidics, the result reporting is 

another important aspect to evaluate the functionality and feasibility of the diagnostics. 

As an ideal diagnostic performing low-cost and high-performance assays, result 

reporting by such a μPAD should involve but not limited on the abilities of: 1) 

delivering stable and clear contrast results after sampling; 2) instantaneous response 

without driven by complicated equipment; 3) reliable and accurate data analysis 

support tools; 4) comparable detection limit and selectivity with the standard methods. 

Currently developed methods on result-reporting were limited on colorimetric reactions 

for most of the μPADs, and nanoparticle-enhanced colorimetry, electrochemistry and 

chem/electrochemiluminescence methods for some of the μPADs. 

 

Colorimetric methods  

Currently, colorimetric methods are the preferred assay for obtaining qualitative and 

semi-quantitative results for most paper-based microfluidic devices. Colorimetric 

detection chemistries are typically related to enzymatic or chemical colour-change 

reactions. In most cases, colorimetric reactions generated strong contrast on paper after 

sampling and the results can be visually assessed by the unaided eye [64, 65]. The 

assay signals with colour intensities related to analyte concentrations can then be 

captured by optical devices and measured by software to perform the semi-quantitative 

analysis. Various biomarkers of health diagnosis has been identified and semi-

quantitatively detected through colorimetric methods including the glucose [3, 45, 52, 

54-56, 60, 63, 66-69], protein [3, 45, 52, 54-56, 62, 68, 70, 71], nitrite[51, 59, 66, 68, 

72], uric acid [59, 67, 72], ketones [66, 68], lactate [67], pH [56, 57], human IgG [57], 

total iron [53], pathogenic bacteria [73], Alkaline phosphatase [51, 58] and so on. 

Figure 9 shows some examples of the colorimetric assay conducted on paper devices.  
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Figure 9. Examples of colorimetric assay for the semi-quantitative detection of glucose 
and protein (a) (With permissions from ref. [3]. Copyright (2007) John Wiley and 
Sons), NO2

- (b) (With permissions from ref. [51]. Copyright (2010) Elsevier), and 
glucose, lactate and uric acid (c) (With permissions from ref. [67]. Copyright (2010) 
Elsevier).  
 

Nanoparticle-enhanced colorimetry 

Although simple and fast, the main drawback of the colorimetric method is its 

sensitivity usually does not reach the requirement of current biological and clinical 

analyses. Therefore strategies to enhance the sensitivity of colorimetric detection need 

to be explored, one method of which was the nanoparticle technology.  

 

Gold nanoparticles (AuNPs) is one of the desirable materials to enhance the sensitivity 

and selectivity of colorimetric detection [74-77]. AuNP suspensions lead to different 

colours related to the interparticle distance. Liu et al. [78] utilized the DNA-

functionalized AuNPs to detect adenosine and cocaine through the enhanced-

colorimetry. Zhao et al. [79] also reported the assay with immobilized DNA-cross-

linked AuNPs to detect endonuclease and adenosine . 

 

Electrochemical detection 

Unlike colorimetry, electrochemistry (EC) detection has higher sensitivity and less 

prone to interference from certain types of contaminants.  By employing the screen-

printed electrode technique for paper microfluidics, result reporting through the EC 
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detection can significantly enhance the sensitivity and selectivity of the paper device 

[80-84]. 

 

Dungchai et al. [80] reported the first EC detection on paper-based microfluidics. 

Photolithography was used to generate microfluidic channels on filter paper, while 

screen-printing technology was used to fabricate a three-electrode system attached to 

the microfluidic detection zones (Figure 10a). Three bioassays including the detection 

of glucose, lactate and uric acid have been conducted simultaneously on this device 

through the cyclic voltammetry response of each assay (Figure 10b).  

         
Figure 10. (a) Design of the electrochemical cell for paper-based microfluidics. WE, 
working electrode; RE, reference electrode; CE, counter electrode. (b) Three electrode 
paper-based microfluidic devices for the EC detection of glucose, lactate and uric acid. 
(With permissions from ref. [80]. Copyright (2009) American Chemical Society) 
  

Chemiluminescent and electrochemiluminescent detection 

Chemiluminescent (CL) and electrochemiluminescent (ECL) are another two optical 

detection approaches for result reporting in paper microfluidics. The chemistries of CL 

and ECL rely on the luminescence as the result of chemical reactions and 

electrochemical potential controlled reaction, respectively. Since the CL and ECL 

detections are performed in dark, they are independent of ambient light. Yu et al. [85] 

firstly demonstrated the CL methods for detection on a paper-based microfluidic sensor. 

A chromatography paper was patterned with microfluidic through the paper plotter 

method with the generation of one sample injection area, two bioactive channels and 

two CL detection areas. The sensor was then fabricated by sandwiching this patterned 

chromatography paper between two layers of impermeable single-sided adhesive tape. 

Quantitative detections of glucose and uric acid with the glucose oxidase- and urate 

oxidase-treated channels were approached on this device based on CL detection.   
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The first ECL detection on μPADs was reported by Delaney et al. [86], with the 

analysis of 2-(dibutylamino)-ethanol (DBAE) and nicotinamide adenine dinucleotide 

(NADH) at levels of 0.9 μM and 72 μM, respectively. The paper was patterned through 

AKD ink jet printing method [68] and attached to a screen-printed electrode. And the 

sensing chemistry was orange luminescence emitted from the ECL reaction of tris (2, 

2’-bipyridyl) ruthenium (II) (Ru(bpy)3 2+) with certain analytes.  A mobile camera 

phone was used to capture the ECL signals and proposed the further quantitative 

analysis (Figure 11). 

 
 

Figure 11. Fabrication and operation of a paper-based microfluidic ECL sensor.  (a) 
The patterned paper microfluidics by inkjet printer. (b) The individual paper fluidic 
elements were cut to size and the hydrophilic areas were filled with Ru(bpy)3 2+ 
solution. (c) The paper substrate was then aligned and combined with the screen printed 
electrode. (d) Camera phone captured ECL signals for further analysis. (With 
permission from ref. [86] Copyright (2011) American Chemical Society) 
  

1.2.2.3 Thread-based microfluidic devices (µTADs) 

Thread and thread-based microfluidics are another material and technique for 

producing the diagnostics with high affordability, functionality and availability. Similar 

to paper, thread is a porous and fibrous material which requires only micro-liters of 

reagents and analytes for performing the chemical and biochemical assays. Besides, the 

thread acts as capillaries with the voids between its fibres, which enable fluids wicking 

along the channel [87-89]. These characters make thread attractive for fabrication as 

microfluidics for diagnosis. 

 

 



Chapter 1 

 
20 
 
 

1.2.2.3.1 Fabrication of  μTADs  with flow-control 

Thread is actually a “ready-made” microfluidic device for the liquid wicking occurs 

instantaneously and rapidly. Liquid wicking one dimensionally in the thread resulted in 

the liquid penetration along the thread faster than cross the thread. Therefore the flow-

control of thread microfluidic is an important concept for improve the functionality of 

the sensor.  

 

Ballerini et al. [90] employed a selected switch for the flow-control of thread, by 

introducing the adhesive glue as the blocking reagent to fill into the interfibre gaps, 

thus restricting capillary flow of liquids. Besides, it was found that the knots of the 

thread can simply affect the pathways of the liquid penetration, thus the fluid 

combining, mixing and splitting can be controlled by these knots [91]. Li et al. further 

investigated the relationship between the volume of liquid and the wicking distance. 

Results showed liquid penetration distance along the thread increased linearly for small 

volumes of the solution. Therefore there is no need to precisely control sample volume 

when conducting the quantification tests on thread in this linear range [92].  

 

1.2.2.3.2 Result-reporting by μTADs for diagnosis 

Results reporting of thread diagnostics typically relies on the colorimetric assay. Since 

the thread can be easily made in white colour, it provides desirable background for the 

colour intensity measurement. Reches et al. [89] and Li et al. [87] developed the thread-

paper microfluidics by which thread was as the liquid sample transport channel which 

filter paper carried out the colorimetric assay for the semi-quantitative detection of  

protein, NO2
- and ketone (Figures 12a and 12b ). Recently Nighaz et al. [93] developed 

a thread-based “ruler” device for semi-quantitative identification of protein and nickel 

ions by distance measurement, also based on the colorimetric reaction of these two 

analytes (Figures 12c and 12d).   
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Figure 12. Recent thread-based microfluidic for biochemical and chemical analysis 
based on colorimetric result reporting methods: (a) various colorimetric detection for 
protein, nitrite and ketone; (b) colorimetric NO2

- concentration series (0, 125, 250, 500, 
and 1000 μM) developed using a sensor array made of filter paper and cotton thread 
(With permissions from ref. [87]. Copyright (2010) American Chemical Society); (c) 
colorimetric protein assay ranging from 0-6 mg/mL conducted on the thread by 
distance measurement ; (d) colorimetric assay of nickel ion ranging from 0-1000 µM. 
(With permissions from ref. [93]. Copyright (2014) Elsevier)  
 

1.2.3 Review of Blood groups 

Low-cost POC devices have been proposed as effective methods for many potential 

applications. One of the important diagnostic applications is for blood typing. 

Therefore some basic knowledge of blood groups and the principles of blood typing 

were reviewed in this section prior to the introduction of low-cost devices for blood 

typing.   

 

1.2.3.1 Blood groups 

Blood groups were discovered at the beginning of the twentieth century, and for many 

years they have been considered the best human genetic markers since they carry a 

significant amount of information for mapping the human genome. In 1900, 
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Landsteiner firstly discovered the ABO blood group, with his experiments indicating 

two different antigens existing on the surface of the human red blood cells (RBCs), i.e. 

A and B. And during the following years, a huge amount of antigens has been 

recognized and each of them has been determined as a blood group. To date, 30 blood 

group systems, including 328 authenticated blood groups, have been classified and 

recognized by the international society of blood transfusion (ISBT) [94, 95].  

 

1.2.3.2 Clinical significance of blood typing 

Over the past century, the discovery of almost every blood system was accompanied by 

clinical events that could be fatal. The finding of ABO blood groups is the consequence 

of the hemolysis disease after the blood transfusion. By cross-testing the RBCs and 

serum from different person’s blood, Landsteiner found out that the blood of two 

people under contact agglutinates, which was due to contact of blood with blood serum. 

As a result he stated the law to describe the relationship between antigens on the red 

blood cells and antibodies in the serum for ABO blood system: 1. If an agglutinogen is 

present in the red cells of a blood, the corresponding agglutinin must be absent from the 

plasma; 2. If an agglutinogen is absent in the red cells of a blood, the corresponding 

agglutinin must be present in the plasma [96]. This law and the determination of a 

blood group are illustrated in Figure 13. By this figure the reason of the haemolytic 

transfusion reactions (HTRs), as well as the importance of blood typing before blood 

transfusion are clear, for the interaction of antigen on RBCs with its corresponding 

antibody in the serum would happen once the receptor’s blood type mismatches the 

donor’s.  
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Figure 13. The determination of ABO blood groups followed by Landsteiner’s law. 
 
The discovery of the ABO blood groups has made blood transfusion feasible. Whilst 

antibodies A and B are naturally present in human blood serum corresponding to the 

antigens which they lack, the other blood antibodies in serum are only generated as a 

result of an immunisation response triggered by transfused RBCs that carry other 

antigens, or by fetal red cells leaking into the maternal circulation during pregnancy or 

during birth. [97] Thus the later discovery of the RhD antigens has led to the 

understanding and subsequent prevention of haemolytic disease of the fetus and 

newborn (HDFN) [95, 97-100]. The HDFN shows alloimmune fetal haemolytic anemia 

and many other blood antigens, such as RhCcEe, K, JKab, Fyab, P1, etc. has been 

gradually identified to cause this disease (Figure 14 ) [95, 99]. However, as for M, N 

blood systems, their antibodies are inactive below 37 °C and are therefore not 

considered clinically important [99, 100]. Table 2 summarizes the blood systems of 

clinical significance including their antigens. The correct typing of these blood groups 

is extremely important for blood transfusion, transplantation, blood banking and may 

other medical procedures.  
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Figure 14. Illustration of the Rh-induced haemolytic disease of the fetus and newborn. 

 
 

Table 2. List of the common clinically important blood group systems 
 

Blood group systems Antigens 
Rhesus D, C, c, E, e 

Kell K, k 
P P1 

Kidd Jka, Jkb 
MNS M, N, S, s 
Lewis Lea, Leb 

Lutheran Lua, Lub 
Duffy Fya, Fyb 

 

1.2.3.3 Blood typing principle and methods 

1.2.3.3.1 Blood typing for ABO blood groups 

ABO blood groups which can cause immediate and severe HTRs are considered as the 

most important human blood groups. According to Landsteiner’s law, the typing of 

ABO blood groups relies on the determination of the presence or absence of certain 

antigens on the surface of red blood cells (RBCs), as well as certain antibodies in the 

serum of the blood. The blood typing process which is based on antigen detection is 
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referred to as forward blood typing; whereas the blood typing through antibody 

detection is the method of reverse blood typing [95]. The typing principle for 

determining an individual’s blood type is shown in Table 3, where the positive sign “+” 

means the observation of agglutination, while the negative sign “-” refers to the 

absence of the agglutination reaction. It shows that the results determined by forward 

and reverse blood typing follow different principles.  

 

Table 3. Blood type determine principles by forward and reverse blood typing 
methods. 

 
Reaction of antibodies with 

blood 
Forward 

blood type 
Reaction of reagent cells 

with serum 
Reverse 

blood type 
Anti-A Anti-B  A1 Cells B Cells  

+ ̶ A ̶ + A 
̶ + B + ̶ B 

+ + AB ̶ ̶ AB 
̶ ̶ O + + O 

 

 

Forward blood typing  

Forward blood typing determines the presence or absence of certain antigens on the 

surface of red blood cells (RBCs). Commercial antibodies are used to test the presence 

of the corresponding antigens on RBCs. This is clinically performed by introducing 

antibody into a blood sample; the appearance of RBC agglutination indicates the 

presence of the corresponding antigens on RBC. On the other hand, the absence of 

agglutination indicates the absence of the antigen. The haemagglutination reaction 

immediately occurs as the formation of antigen-antibody complexes and then blood 

typing results can be reported by this visible reaction. 

 

In the routine laboratory, ABO blood typing can be performed using the tube [101], 

micro plate [102-104] and the column agglutination systems [105, 106]. Among them, 

the column agglutination system is the mostly commonly-used method nowadays, 

which relies on the different migration rates of agglutinated RBC lumps and non-

agglutinated RBCs in a gel column of uniform pore size [107]. The column 

agglutination assay is performed in a gel matrix contained within a microtube. As is 

shown in Figure 15, this gel technology is a solid phase testing method inspired from 
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the principle of gel filtration for separation of red blood cells from human blood [106]. 

This method standardizes RBC agglutination reactions by trapping the agglutinates and 

can permit simple and reliable reading.  

 
Figure 15. Methods for blood typing based on the column agglutination in gel (i.e. Gel 
Card technology): blood sample interacts with the antibody and then passes through the 
gel matrix during centrifugation; agglutinated large RBC lumps are blocked by the gel, 
whereas the free cells with no antibody binding reaches to the bottom of the microtube 
after centrifugation, showing the different blood typing results.  
 

Reverse blood typing 

Although reverse blood typing is generally regarded as a supplement for the forward 

blood typing, it is still considered as a compulsory assay for matching the forward tests 

to confirm the patient’s blood type before transfusion in many countries, including 

Australia. This blood typing assay determines the antibodies in the serum by using the 

reagent RBCs with known antigens. Since a reversed blood typing assay determines the 

interactions between the reagent RBCs and the antibodies in a patient’s serum, it also 

relies on observation of RBC agglutination. Therefore as same as the forward blood 

typing, methods for reversed blood typing are also based on microplate [104] and gel 

technology [106], with results identified by the laws in Table 3.   

   

1.2.3.3.2 Blood typing for other blood groups 

RhD and other clinically significant blood groups which can lead to severe HDFN also 

require the accurate blood typing. Unlike the ABO blood groups, these blood groups 

only follow the first part of Landsteiner’s law, rather than the second part. So the typing 
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of these blood groups is a forward assay which determines the antigens on the surface 

of RBCs using the commercial antiserum products with known antibody types. 

Depending on the different antibody structure, the direct and indirect testing methods 

are performed for the blood typing assay of these blood groups. 

 

Direct blood test 

The blood typing for ABO, Rh, Kell, and many other blood groups are based on the 

direct agglutination assay, which occurs as a direct result of interaction between antigen 

and IgM antibody. Generally in blood serology, antibody commonly existed in two 

different classes, one is immunoglobulin M (IgM) and the other is immunoglobulin G 

(IgG). The commercial antibody products of IgM are monoclonal immunoglobulin 

which has a pentameric form; each has two binding sites and ten sites in total, as Figure 

16 shows. The molecular dimension of an IgM molecule can reach to the maximum of 

30 nm between antigen binding sites [100], thus leading to a strong direct 

hemagglutination reaction in the blood typing assay. The hemagglutination induced by 

IgM can also occur at a low temperature. As a result, blood typing methods for Rh, Kell, 

P1 and other blood group systems whose agglutination reaction are induced by IgM 

antibody are still commonly based on the gel card technology [100], as same as the 

ABO blood typing.  

 
Figure 16. Schematic diagram of the structure of IgM and IgG molecule. 

 

Indirect antigloblin test 

While the antibody products IgM for blood grouping can easily identify the 

corresponding group antigens through RBC heamagglutination, the IgG antibody 

cannot. Unlike IgM, IgG can only induce the sensitisation of the RBCs at the 
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temperature of 37°C [100], rather than a visible agglutination reaction. This is due to 

the different structure and dimension that IgG possess. As is shown in Figure 16, IgG 

antibodies are monomers with only 2 binding sites in total and the molecular dimension 

is 14 nm. This distance between the two binding sites of an IgG molecule is too small 

to allow it to simultaneously bind with antigens on two RBCs and cause direct 

agglutination. As a result most IgG antibodies require anti-human globulin (AHG) to 

effect the visible agglutination of RBCs. The AHG-performed blood test by IgG is 

regarded as the indirect antiglobulin test (IAT). Figure 17 shows the principle of the 

IAT and the RBC response by IgM as a comparison. Commonly conducted methods for 

IAT include the spin tube technique [94, 100], solid-phase microplate method[108, 

109], gel method[110, 111] and low ionic polybrene technique[112, 113], all based on 

the IAT principle. 

 
Figure 17. Schematic diagram showing direct and indirect blood typing by antibodies 
of different structures: a) Antibody IgM causes the direct blood cell agglutination; b) 
IgG antibody cannot lead to a direct agglutination reaction but only the cell 
sensitisation after incubation with the RBCs; the excess of IgG need to be wash out 
after the incubation, and afterwards the AHG are added to induce the RBC 
agglutination for the blood group determination.    
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1.2.4 Low-cost devices for blood typing 

As the first stage of diagnosis for many clinical procedures, blood typing strongly 

requires the “ASSURED” platform for conducting the assay in the developing regions 

of the world and for home-users, hospitals, paramedics and pathological laboratories in 

developed countries, since the routine blood typing methods need expensive materials 

and equipment, as well as professional personnel in the laboratories. Recently some 

low-cost bioactive thread- and paper-based methods have been reported for rapid 

human blood typing based on the principle of haemagglutination reactions.  

 

1.2.4.1 Thread-based blood typing methods 

Ballerini et al.[114] investigated the use of thread as a flexible and low-cost substrate 

for the rapid grouping of blood. This method used the increased flow resistance of large 

agglutinated RBCs lumps in narrow capillary channels to separate agglutinated red 

blood cells (RBCs) from plasma phase on the capillary substrate (i.e. thread). Large and 

discrete lumps formed in a continuous serum phase do not provide capillary wicking 

driving force and fall behind the capillary wicking front, leading to their separation 

from the wicking liquid. In the experiments, the cotton thread was pre-treated by 

plasma treatment to remove surface contaminants, and then soaked in the grouping 

antibodies, Anti-A, Anti-B and Anti-D, followed by dosing a blood sample on each 

antibody-treated thread, which were referred to as thread A, B, D, respectively. For 

positive results, the separations of agglutinated RBCs and serum were showed; for 

negative results, however no separation could be seen (Figure 18). Based on this 

observation, blood type can be confirmed. The authors then designed a single-step 

prototype for rapid blood typing. By immobilising the threads A, B and D in a small 

square of polymer film in a criss-cross arrangement, it is possible to determine a 

person’s ABO and Rh blood groups with a single dose of whole-blood (Figure 19). 
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Figure 18. Testing with samples of whole blood of type A+, B+ and O− on antibody-
treated polyester threads. Columns show results on threads A, B and D from left to 
right, whilst rows show the results for the different blood types, as labelled on the left. 
(With permissions from ref.[114]. Copyright (2011) Springer) 
 

 
Figure 19. (a) A single-step blood grouping test prototype for proof of concept and (b) 
the results for typing a blood sample A+. (With permissions from ref.[114]. Copyright 
(2011) Springer) 

  

1.2.4.2  Paper-based blood typing methods 

Based on the difference of capillary wicking rates of agglutinated blood and non-

agglutinated blood, paper-based instantaneous blood typing tests using specific 

antibody-antigen interactions to trigger blood agglutination were investigated [4]. Paper 

strips were soaked into the three ABO and Rh antibody solutions; then blood droplets 

were introduced at the centre of the paper strip, leading to different wicking behaviour. 
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Agglutinated blood sample shows a chromatographic separation from the wicking 

serum (Figure 20). The agglutinated red cells show very little wicking while the serum 

wicks for a much longer distance than the agglutinated red cells. The mechanism of 

such separation was studied and explained as followed: Agglutinated red blood cells 

form large lumps that contact with fibre surface in paper and become immobilized 

while the serum still wicks. The separation of agglutinated red blood cells from the 

serum phase occurs and can be easily observed. In contrast, stable blood suspensions 

wicked uniformly and no separation of RBCs and serum phase occurs. This concept 

was explored to engineer paper diagnostics for instantaneous blood typing. 

 

Al-Tamini et al. [115] developed another paper-based diagnostic for rapid blood typing 

based on the agglutinated and non-agglutinated red blood cells showing different 

behaviour when eluted with a saline solution. Three spots of Anti-A, Anti-B and Anti-

D solutions were dosed and dried on the Filter paper, followed by spotting blood onto 

the antibodies and eluted with 0.9% NaCl buffer. Agglutinated RBCs were fixed on the 

     
 
Figure 20. Blood group detection using wicking of agglutinated colloids from specific 
antigen/antibody interaction on dry paper strips. Blood typing: (a) B+ and (b) O+. 
(With permissions from ref. [4]. Copyright (2010) American Chemical Society) 
 
paper substrate, resulting in a high optical density of the spot, with no visual trace in 

the buffer wicking path. Conversely, non-agglutinated RBCs could easily be eluted by 

the buffer and had low optical density of the spot and clearly visible trace of RBCs in 

the buffer wicking path (Figure 21). RBCs fixation on paper accurately detected blood 

groups (ABO and RhD) using ascending buffer for 10 min or using a rapid elution step 

in 100/100 blood samples including 4 weak AB and 4 weak RhD samples. 
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Figure 21. Agglutinated blood fixations on papers and chromatographically eluted with 
0.9% NaCl buffer for 10 min. (With permissions from ref. [113]. Copyright (2012) 
American Chemical Society) 
 
Noiphung et al. [116] reported a paper-based device for simultaneous determination of 

Rh typing and forward and reverse ABO blood groups. The paper device was 

fabricated by the wax-printing and dipping method, to generate a two-sided device for 

forward and reverse blood typing assay. In the forward blood typing side, blood sample 

was diluted to 50% to flow through the antibody-immobilized channel; in the reverse 

blood typing side, MF1 blood separation paper was employed as the blood dropping 

zone and so the whole blood sample can be used. Then separated plasma with certain 

antibody can be recognized by the reagent RBCs in the channels. The ratio between the 

distance of red blood cell movement and plasma separation is the criterion for 

agglutination and indicates the presence of the corresponding antigen or antibody, as 

shown in Figure 22. This study shows the haematocrit of the sample effects the 

accuracy of the results, and appropriate dilution is suggested before typing. The total 

assay time was 10 min and he accuracy for detecting blood group A, B, AB, O, and Rh 

typing were 92%, 85%, 89%, 93%, and 96%, respectively. 
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Figure 22. (a) The approach for simultaneously determining Rh typing and (b), the 
forward and reverse ABO blood groupings and the results based on the ratio of the 
distance. (With permissions from ref. [116]. Copyright (2015) Elsevier) 
 
Recently, Guan et al. [117] reported the ABO and RhD blood typing by patterning the 

paper microfluidic as a barcode: AKD ink jet printing technique was used to define 

hydrophilic bar channels with subsequently treated blood typing antibodies A, B and D. 

Blood typing assay was then perform by the introduction of blood sample, followed by 

the buffer elution along the channel. Therefore blood types can be visually identified 

from eluting lengths in bar channels (Figure 23). 
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Figure 23. Assays of eight ABO/RhD blood types by the barcode-like paper-based 
blood typing device. (With permissions from ref. [117]. Copyright (2014) American 
Chemical Society) 

 

A breakthrough for this work was that a smartphone-based analytical application was 

designed to read the barcode-like blood typing pattern. Since the blood penetration 

along the channel gives the distinguishable distance difference between a positive and 

negative result, a smartphone application based on the Android system was designed to 

identify length information in each bar channel and interpreted them into the 

corresponding blood types through coding (Figure 24).  

 
 
Figure 24. Smartphone application for reading the blood typing information and 
displaying blood typing result on its screen. (With permissions from ref. [117]. 
Copyright (2014) American Chemical Society) 

 

1.2.4.3 Mechanism study of ABO blood typing on paper 

Recent literatures on bioactive paper indicate its desirable ability for performing blood 

typing assays. Therefore the mechanism study of blood typing on the porous structure 

of paper is an important aspect for understanding the RBC haemagglutination 

behaviours, and more significantly, for building the bridge to connect paper and 

cellulose engineering with biomedical diagnosis applications. Currently, mechanism 
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related studies include cellulose-absorbed antibodies for RBC agglutination 

investigation [118], RBC agglutination behaviours on paper fibre structure obtained 

from microscopic level [119], antibody stabilization on paper for blood typing [120] 

and the effect of paper structure on blood typing visualization [121]. The mechanism 

studies of these works are helpful for designing and engineering new bio-active paper-

based devices for blood analysis and other bioassays with improved sensitivity, 

specificity, stability and longevity.  

 

1.2.4.3.1 Mechanisms of RBC agglutination in the antibody-loaded paper 

The principle of paper-based blood typing devices is based on the separation of 

agglutinated RBC lumps from the wicking blood samples in the porous matrices of 

antibody-treated paper. For understanding the mechanisms of the RBC-antibody 

interaction and the separation of agglutinated RBCs in the porous matrices in a 

quantitative manner, Jarujamrus et al. [118] reported a method focusing on semi-

quantitative study of the adsorption and desorption of antibody molecules in the 

antibody-treated paper matrices, as well as the RBC-antibody interactions in such 

matrices. Figure 25 shows the method for quantifying desorbed antibody from paper by 

the Bradford total protein assay. And the desorbed percentages for anti-A, anti-B and 

anti-D by buffer washing were calculated of 42.5 ± 1.9%, 40.4 ± 5.1% and 34.2 ± 2.4%, 

respectively. 

 
 

Figure 25. Protocol for the quantification of desorbed antibody from testing papers by 
the saline washing simulation. (With permissions from ref. [118]. Copyright (2012) 
Royal Society of Chemistry) 



Chapter 1 

 
36 
 
 

 
In their work, the author also studied the RBCs agglutination in paper with adsorbed 

and desorbed antibodies, as the protocols shows in Figure 26. The results suggested that 

the adsorbed antibody molecules alone on paper matrix are not sufficient to immobilize 

RBCs into large agglutinated lumps. However, paper containing both adsorbed and 

desorbed antibody molecules was able to agglutinate the RBCs more efficiently under 

interaction. The proposed mechanism was concluded due to the phenomenon: antibody-

RBC interaction is resulted in the desorbed antibody molecules diffusing into the blood 

sample which penetrates into the pores of the paper; adsorbed antibodies on the 

cellulose fibre surface immobilized a certain proportion of RBCs while the released 

antibody from the fibre into the blood sample agglutinates the remaining ones; in one 

way the antibody molecules can bridge RBCs onto the adsorbed RBC layers on the 

cellulose fibre surface, in another way they enable the formation of agglutinated RBC 

particles in the blood sample bulk. 

 

 
Figure 26. Protocols of testing RBCs agglutination in paper with both adsorbed and 
desorbed antibodies. (With permissions from ref. [118]. Copyright (2012) Royal 
Society of Chemistry) 
  
 

1.2.4.3.2 RBC immobilisation and transport mechanisms inside paper  

Li et al. [119] provided the information of RBCs haemagglutination inside the fibre 

network of paper, to understand the immobilization behaviour of RBCs, as well as 

transport behaviour under chromatographic elution on paper for the free and 

agglutinated RBCs. In this study, confocal microscopy was employed to observe the 
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morphology of the free and agglutinated RBCs that are labelled with fluorescein 

isothiocyanate (FITC). As is shown in Figure 27, observations were described in terms 

of the mechanism of RBC haemagglutination inside paper: (1) haemagglutination of 

RBCs caused the deformation RBCs to form agglutinated lumps with various sizes, 

rather than massive haemolysis; (2) the movement of red cells due to agglutination 

freed large area of the fibre surface from cell coverage, which was in accordance with 

results obtained from the previous work [118], confirming RBC agglutination inside an 

antibody-treated paper was through the haemagglutination caused by the released 

antibody molecules from the fibre surface; (3) the formation of red cells lumps tended 

to attach with the fibre network of paper, which suggests the immobilisation of the 

agglutinated RBC lumps inside the fibre network is due to the strong adhesion of lumps 

to the fibres and mechanical entrapment. Dimensions of large agglutinated RBC lumps 

were close to those of the interfibre pores when the lumps were formed inside the paper. 

The entrapment and adhesion of those lumps occurred mostly at the gaps and pores 

between fibres, making the chromatographic elution of the lumps impossible. The 

confocal results are in full agreement with the conclusion by Al-Tamimi et al. [115] 

and they provide detailed microscopic evidence of the working mechanism blood 

typing method using bioactive paper.  
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Figure 27. Confocal images of non-agglutinated and agglutinated RBCs patterns inside 
antibody-treated paper: (a) image of non-agglutinated RBCs captured with 20 folds 
magnification; (b) image of non-agglutinated RBCs captured with 60 folds 
magnification. (c) 3D image of non-agglutinated RBCs captured with 60 folds 
magnification; (d), (e), (f) are images of agglutinated RBCs captured with the same 
condition from (a), (b) and (c), respectively. (With permissions from ref. [119]. 
Copyright (2013) Royal Society of Chemistry) 
 
 

1.2.4.3.3 Stabilization of blood typing antibodies sorbed into paper 

The study of stability of blood typing antibodies on paper is important for making 

paper-based blood typing devices with antibody activity that remains for extended 

periods. Stabilization of antibody molecules requires the prevention of the formation of 

intermolecular aggregation, as well as alteration of certain intra molecular 

conformation.  

 

Guan et al. [120] introduced two strategies for the stabilization of IgM antibodies A, B 

and D. One was using the chemical additives, such as polyvinylpyrrolidone (PVP), 

dextran and glycerol for the protection of antibodies; the other is the freeze-drying 

method for antibody-coated paper (Figure 28). As for the additive strategies, 

agglutination patterns of RBCs in paper with the absence and presence of pre-mixed 

additives on Day 0 and Day 28 had been compared. Antibodies without the protection 

of additives lost their activity for agglutination RBCs while the antibodies mixed with 
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additives retained a reasonable level of activity for effective RBCs agglutination, after 

28 days of storage at room temperature. However the protection by additives for 

storage at room temperature was limited with the slow loss of antibody activity; dextran 

provided the longest protection, followed by PVP and then glycerol. For the freeze-

drying strategy, freeze dried antibodies sorbed into paper could be stored for a much 

longer periods at ambient conditions without significant loss of their activity, showing 

more efficient stabilization of antibodies than additive protection. The thermal stability 

of freeze-dried antibodies in paper was also studied under a selection of temperatures. 

After freeze-drying,  antibodies in paper can retain most of their activities after 

incubation under 4, 25, 40 and 60 °C for 6 h.  

          
 

Figure 28. Antibody stability studies by protection of additives (A) and free-drying (B). 
For additive protection, the specific (+) and non-specific (-) test results of paper squares 
loaded with antibodies on day 0 (top) and day 28 (bottom) were tested by (a) without 
additives, (b) with 1 % PVP, (c) with 6 % dextran and (d) with 10 % glycerol. For 
freeze-drying, the specific and non-specific test results of freeze-dried paper squares 
loaded with antibodies were tested after stored for (a) 0 days, (b) 3 days, (c) 7 days, (d) 
14 days, (e) 28 days, and (f) 42 days. (With permissions from ref. [120]. Copyright 
(2013) Spinger) 
 
 
1.2.4.3.4 Effect of paper structure on blood typing visualization 

Understanding the effect of paper structure on blood typing visualization is crucial for 

engineering new paper based devices for performing not only blood typing, but also for 

many other biochemical assays. For this purpose, Su et al. [121] analysed the 

commercial and experimental papers with different fibre composition, basis weight, 
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density and porosity for their performance on the separation of agglutinated RBCs from 

non-agglutinated ones, by optical density measurements of the blood spot under each 

character. Results indicated that the type of fibres neatly effected the blood typing 

visualization while the basis weight, density and porosity of paper significantly effected 

on the separation of agglutinated and non-agglutinated RBCs (Figure 29). Thin and 

porous papers provided the best performance of blood typing whereas thick and dense 

papers were improper for blood typing as they tended to retain indiscriminately both 

free RBCs and aggregated RBCs. Thus an ideal paper substrate for blood typing can be 

achieved from the low basis weight papers made from softwood fibres. Also the porous 

cellulose webs modified with cationic polymers could further optimize blood typing 

analysis.  

 

1.2.5 Low-cost paper microfluidics for environmental sensing 

Water and air contamination from human activities is one of the most serious problems 

attracting the world-wide attentions nowadays. Heavy metal polluted water is 

considered as one of the critical human health issues [122-124]. When these ions enter 

into the human body, they could easily bind to vital cellular components and 

accumulate in organisms due to the difficulty in degradation, resulting in a series of 

diseases and disorders (e.g., cancers, osteomalacia, and kidney malfunction.) As a low- 

cost, easy-patterned and bio/chemical-friendly substrate, paper is also an attractive 

platform for point-of-care and on-site environmental monitoring for use in resource-

limited settings [125].    
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Figure 29. Optical density from blood typing on different papers: a) filter papers; b) 
blotting and Kleenex towel papers; c) experimental papers made from long and short 
fibres. (With permissions from ref. [121]. Copyright (2012) Springer) 
 
 

Hossain et al. [5] described a β-galactosidase (B-GAL)-based paper microfluidics 

which provides rapid and sensitive determination of multiple heavy metals in water. 

The sensor was fabricated by inkjet printing of sol-gel based bioinks to propose 

multiplexed detection assay (Figure 30): the hydrophobic barrier (HB zone) of this 

sensor was modified by a wax printer in which B-GAL and chlorophenol red β-

galactopyranoside (CPRG) were entrapped within silica materials in the circular region 
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(CR zone) and arm (CG zone), respectively; and the sensing zones (CR zones) were 

incubated with a drop of sample for 10 min followed by lateral flow chromatography. 

CPRG is a chromogenic substrate which can be hydrolyzed by B-GAL to form a red-

magenta coloured product. A loss of the red-magenta colour is induced by the presence 

of heavy metals in the sample. The colour intensity in a concentration-dependent 

manner can then be monitored after a 10 min incubation time at room temperature 

(Figure 30). Individual metals in a mixture of metal samples can also be screened by 

this sensor based on different colorimetric complexes produced by Hg (II), Cu (II), Cr 

(VI) and Ni (II) assays. The detection limits for seven heavy metal ions performed in 

this work ranging from 0.001 to 0.230 ppm, which are well below or equal to the 

maximum allowable limits. 

 
 

Figure 30. Detection principle and results of the sensor: (a) fabrication of the 
multiplexed sensor; (b) colorimetric assay of Hg (II) on the patterned paper device  in a 
concentration-dependent manner; (c) detection of four individual metals from a mixture 
of metals. (With permissions from ref. [5]. Copyright (2011) American Chemical 
Society) 
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Wang et al. [126] developed a three-dimensional μPAD for the determination of four 

heavy metals, Cu(II), Ni(II), Cd(II) and Cr(VI), through wax-patterned paper layers 

stacked by double-sided adhesive tape, as is shown in Figure 31. Fluids passed both 

laterally and vertically though the layers of the device, distributing the reagents into 

each layer. Chromogenic assays of the four heavy metal ions can then be performed 

through the four samples inlets on the device. The chromogenic signals were collected 

by a cell phone camera for further quantitative analysis in the computer. The colour 

intensity estimated by the software showed the identification limit ranging from 0.19 to 

0.35 ppm of the four heavy metals. This device can also detect individual metal ions 

from real environmental samples, including reservoirs and beach water, with 

comparable results from the atomic absorption spectrometer (AAS).   

 

 
 
Figure 31.  The 3D paper microfluidic chip fabrication: (a) four wax-patterned paper 
layers stacked by three double-sided stick tape. The paper layers were patterned 
hydrophilic channels to deliver liquids while the tapa layers were modified by holes 
that connected channels in each paper layer; (b) the detection of four metals enabled by 
the four sample inlets on the device; (c) colorimetric assays of the four heavy metals in 
the detection zone.  (With permissions from ref. [126]. Copyright (2014) Springer) 
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Besides water contamination, pollutes exposure to particulate matter (air pollution) is 

another issue that leads to a variety of serious respiratory and cardiovascular disorders.  

The Henry group has reported several paper-based microfluidics for the monitoring of 

air quality, including the detection of aerosol oxidative activity and heavy metals in air 

[127-129]. One of their recent works introduced a multilayer paper microfluidic device 

for quantification of six heavy metals through the combination of colorimetric and 

electrochemical processes [129]. As is shown in Figure 32, the device consists of two 

layers with one for colorimetric assays, and another for electrochemical testing with 

screen-printed three-electrode system. The detection for Ni, Fe, Cu and Cr were 

achieved through colorimetric reaction and the Pb and Cd were identified by 

electrochemical assay. Detection limit of each metal was comparable with traditional 

methods. Particulate metals accumulated on air sampling filters were tested as an 

example of the device utility. 

  
 

Figure 32. The sensor modification and detection process: (a) fabrication of the paper-
based device with different detection zone for colorimetric and electrochemical assays; 
(b) analytical procedure for metal testing on an air sampling filter. The anodic stripping 
voltametric method was used for detection of Cd and Pb and the colorimetric reaction 
was for Fe, Ni, Cr and Cu assays. (With permissions from ref. [129]. Copyright (2014) 
American Chemical Society) 
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1.3 Review summary 

From the literature review, it is clear that that there are many reported methods of 

designing low-cost devices for blood typing, environmental sensing and other 

analytical applications.  However, these methods have some drawbacks which limit 

their use as desirable ASSURED platforms. The summary of these drawbacks is 

presented below. 

 

First of all, minimizing users’ efforts in operating the sensor, handling the reagent 

during the bioanalytical assays for example, is still challenging. Typically in a blood 

typing assay, although many recently reported devices no longer require their users to 

operate complicated equipment such as centrifugal machine, handling the supported 

reagent is still compulsory. Therefore, a highly adaptable blood-typing device with 

minimum users’ efforts is strongly demanded. 

 

Secondly, supporting equipment, such as colour intensity measurement devices and 

electrochemical stations, cannot be avoided in the interpretation of the results obtained 

from these reported low-cost diagnostics. Whilst a colorimetric or voltametric signal 

can report the test results, in most situations the results need to be interpreted by trained 

personnel. The situation would become more complicated if an assay could generate 

multiple outcomes and therefore, requires careful comparison and examination before 

the conclusion of the diagnosis can be made. As the matter of fact, the well-trained 

professional personnel will be necessary to perform these assays at all time, which 

largely compromise the value of low-cost diagnostics.  Therefore, it is critical to 

develop an unambiguous reporting method for sensors, so that the results can be easily 

and clearly understood even by unskilled users. 

 

Thirdly, environmental problems, such as water contamination, are now attracting 

world-wide attention of not only the governments and professionals, but the general 

public. However, few studies have been made focusing on the sensor design for 

untrained users to perform on-site environment monitoring. While several published 

methods performed the environmental monitoring on inexpensive platforms including 

paper, none of these methods can deliver the analytical results directly to the users, 
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either professional or non-professional, without data analysis tools and other assistance. 

Thus, in addition to high sensitivity, specificity and rapid detection, easy result 

interpretation without equipment and professional assistance are also highly desirable 

as one of the most important performance feature in designing new improved devices 

for public environmental monitoring.   
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1.4 Research aims 

The overall aims of this research are to explore novel and non-conventional sensor 

design concepts, in order to establish innovative platforms to meet the “user-friendly, 

equipment-free and delivered” (UED) criteria for conducting chemical and biomedical 

assays on inexpensive substrate for end-users. Blood typing and on-site environmental 

monitoring are two pioneering applications to demonstrate these sensor design concepts 

in this thesis. By achieving these aims, devices designed using these new concepts can 

be developed for use in locations such as less-industrialized areas, rural regions, home 

care, field operations and emergency situations.  

 

In particular, the specific aims of this research were: 

1. To explore a “sample-only” method which reduces the users’ efforts when 

assays are performed, providing a simplified assay procedure to the untrained or 

non-professional users. 

2. To explore a novel communication method — “text-reporting” — between the 

device and its user, which enable the users to understand the testing result 

through unambiguous text-based messages. 

3. To investigate novel low-cost sensing concepts in diagnostic and environmental 

monitoring applications, and to demonstrate functionality and feasibility of 

these devices in blood analysis and water quality evaluation. 
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1.5 Thesis outline 

Based on the research aims, the studies that were conducted, as well as the successful 

outcomes, are outlined chapter by chapter.  

 

• Chapter 2. Low-cost sample-only device for forward and reverse blood 

typing  

(Published paper: Li, M., Tian, J., Cao., R., Guan, L., Shen, W., A low-cost 

forward and reverse blood typing device — A blood sample is all you need to 

perform an assay, Anal. Methods, 2015, 7: 1186–1193.) 

The sample-only method is developed in this chapter, which focuses on the 

design of a new user-operated blood typing device that requires minimum effort 

from the user to perform a blood typing assay under non-laboratory conditions. 

Specifically, it presents a new device to perform forward and reverse blood 

typing assays without the buffer-activation or buffer-washing steps that are 

necessary in conventional assays. Two significant original contributions are 

included in this study. First, a new method using patterned plastic slides is able 

to deliver the assay result to the user in one minute. The device simply requires 

the user to put a drop of blood into the patterned channels of the device, with no 

further operational effort required. Second, a simple and reliable approach for 

quantitatively measuring the antibody dissolution rate on the slides has been 

designed using paper chromatography elution. In addition, to increase the 

longevity of the device, a new method of preserving the activities of antibodies 

is presented. These designs present a vivid example of improving the sensor’s 

“UED” capability by reducing user’s effort while performing the assay.      
 

• Chapter 3. Paper-based blood typing device that reports patient’s blood 

type “in writing” 

(Published paper: Li, M., Tian, J., Al-tamimi, M., Shen, W., Paper-Based Blood 

Typing Device That Reports Patient's Blood Type "in Writing", Angew. Chem. 

Int. Ed., 2012, 51: 5497–5501. ) 
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The development of the text-reporting method is commenced in this chapter, in 

which a break-through concept in reporting assay results to the user in text is 

presented. It prevents the possible misinterpretation of the results obtained using 

the current colorimetric and electrochemical methods. As an example of the 

application of this concept, a bioactive-paper blood typing device is designed to 

be capable of fast reporting ABO and RhD blood types in written text. It is also 

the first demonstration of an equipment-free device for blood type reporting 

using paper text and symbols [130]. This text-reporting method significantly 

improves the “UED” features of the POC diagnostics and will be valuable for 

making “ASSURED” devices in developing countries. Using this device, a new 

communication method between the sensor and its user is established, and this 

text-reporting method can be incorporated into many other applications.   

 

• Chapter 4. Paper-based device for rapid typing of secondary blood groups 

(Published paper 1: Li, M., Then, W., Li, L., Shen, W., Paper-based device for 

rapid typing of secondary human blood groups, Anal. Bioanal. Chem., 2014, 

406, 669–677; and Published paper 2: Then, W., Li, M., McLiesh, H., Shen, W., 

Garnier, G., The detection of blood group phenotypes using paper diagnostics, 

Vox Sanguinis, 2015, 108: 186–196.)  

This chapter extends blood typing of ABO and RhD blood groups to secondary 

blood groups using paper sensors, represented by two published papers. The 

first paper applies the text-reporting concept to a paper-based device, so that a 

number of clinically important secondary blood groups can be identified. On a 

single piece of paper, twenty secondary groups can be reported simultaneously 

in unambiguous written text. Moreover, for the purpose of designing highly 

efficient paper-based secondary blood grouping devices, secondary group 

antibody-RBC interactions in the fibre network of the paper were also 

investigated. The confocal microscopy method developed for paper-based blood 

grouping assays [119] was employed to obtain the mechanism of the 

interactions of RBC with the secondary group antibodies. The second paper 

presents the use of paper chromatography elution as a method for secondary 

blood groups typing. In this paper, the influence of RBC-antibody reaction 
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times, reagent concentrations and antibody structure on the clarity of the blood 

typing results using the paper-based device is reported.    

 

• Chapter 5. Paper-based device for environmental sensing by text-reporting 

(Published: Li, M., Cao R., Nilghaz, A., Guan L., Zhang, X., Shen, W., 

“Periodic-table-style” paper device for monitoring heavy metals in water, Anal. 

Chem., 2015, 87 (5): 2555–2559)       

This chapter presents an effective extension of the text-reporting concept to 

environmental monitoring. With the employment of this concept, on-site water 

monitoring can be simply and inexpensively performed by users at home or 

under other conditions where laboratories are not available. The paper-based 

microfluidic device is patterned with unambiguous text to form a periodic table-

style device, which is used for monitoring heavy metal contamination in water.  

Three common heavy metals, Cu(II), Ni(II) and Cr(VI), were chosen as testing 

examples. If any of their concentrations exceeds the legislated safe-to-use level, 

it is indicated directly in the corresponding chemical symbols on the device. 

Semi-quantitative measurements of the three ions were also conducted to 

identify the reliable detection limit and accuracy of this device. This method 

successfully further extends the text-reporting concept to instantaneous on-site 

environmental monitoring.  

 

• Chapter 6. Conclusions and future work 

This chapter summarizes the major contributions of this thesis and recommends 

future research approaches to building paper-based sensors for real-world 

applications. 
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The low-cost blood typing devices currently available allow users to conduct assays 

rapidly, but they are complex and require great effort to gain the results. Therefore, 

effectively minimizing user’s efforts during an assay is one of the priorities of this 

research project. This chapter presents a new blood typing device that is designed to 

eliminate the requirement of buffer.  The device has also proved to have the desirable 

longevity with pre-treated antibody reagents. As a result, the user simply needs to 

introduce a drop of blood sample into the device and the blood type can be easily 

determined within one minute. Both forward and reverse blood typing assays can be 

performed using this device. In addition, a method to quantify antibody dissolution rate 

on the device has been developed. With this sample-only concept, this device provides 

a user-friendly, equipment-free and deliverable design that requires minimum effort 

from users to perform blood typing assays rapidly. 
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2.1 ABSTRACT 

For all user-operated blood typing devices in today’s market, a buffer-activation or 

buffer-washing step is required. The buffer-activation step, as is employed in some 

commercial blood typing devices, involves dissolving the antibodies deposited in the 

assaying zones of the device before the introduction of a blood sample for an assay. 

The buffer-washing step involves washing the blood sample in the assay zone in the 

end of the assay for result reporting. While all these devices work well, the activation 

or washing step does reduce the adaptability of those devices to resource-poor areas 

and under emergent circumstances. In this study, we designed a new device to perform 

forward and reverse blood typing assays without the buffer-activation or buffer-

washing. Low-cost plastic slides were patterned to form channels containing dried 

grouping antibodies. Blood typing assays can be performed by simply placing a few 

micro Litres of a blood sample into the channels and then tilting the slide. The sample 

flows along the channel under gravity, dissolving dried antibody and then spreading 

into a film, unveiling the reaction of red blood cells (RBCs) and antibodies. This device 

enables easy visual identification of the agglutinated and non-agglutinated RBCs in 

typically 1 minute. Both forward and reverse blood typing assays can be performed 

using this device. To optimize the device design, antibody dissolution profile, assay 

sensitivity, and the device longevity were investigated in this work. 
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2.2 KEYWORDS 

Buffer-free, minimum user’s efforts, blood typing, sensor longevity, antibody 

dissolution rate 

 

2.3 INTRODUCTION 

In today’s world there is an increasing need for affordable healthcare devices which 

would enable many conventional diagnostic assays to be carried out from home. The 

home-based and patient-operated assays, if made reliable and rapid, can significantly 

alleviate the pressure on hospitals and pathological laboratories in developed countries 

[1, 2]. At the same time, these technologies also carry the hope to minimize the impact 

of disease outbreaks and to increase drinking water safety in impoverished areas [3-7]. 

This is because the centralised laboratories and hospitals taken for granted in the cities 

of the developed world are absent in remote and impoverished areas. In the past few 

years, novel diagnostic devices built on low-cost substrates such as paper, thread, and 

plastic and glass slides have demonstrated the possibility for such a hope to become 

reality [8-21]. These innovations showed the potential impact of low-cost analytical 

technologies on future human health and environmental care. Among those innovations, 

a series of blood typing diagnostics based on paper and thread platforms have been 

developed [19, 22-28]. The paper- and thread-based devices have significant 

advantages over the current laboratory- and hospital-based technologies due to their 

high adaptability to unsupported field conditions, user-friendliness and assaying speed. 

 

Blood typing is a routine clinical test, but also a test of paramount importance for 

avoiding fatal haemolytic transfusion reactions (HTRs) during surgeries, clinical 

emergencies and blood transfusions. Equally important, since the world annual blood 

donations are around 75 million units [1], routine and rigorous sorting of blood types 

must to be performed in large numbers and speedily. These healthcare and clinical 

requirements urge the continuous development of accurate, user-friendly and low-cost 

blood typing technologies [29-31].  

 

For ABO and Rh blood groups most clinical techniques are based on the visual 

observation of heamagglutination reactions; although advanced gene-sequencing 
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technology providing precise determination of blood type through DNA analysis is now 

available [32]. Upon the contact of RBCs with an antibody, the absence of RBC 

agglutination indicates that there is no heamagglutination reaction; this observation 

confirms that there are no corresponding antigens on the RBC surface to the grouping 

antibody. Conversely, if agglutination is observed, it confirms that corresponding 

antigens to the antibody are present on RBC surface. 

 

Furthermore, for the ABO blood system the Landsteiner's rule applies [31], which 

states that, for an individual, if an antigen is present on the surface of his RBCs, the 

corresponding antibody will be absent from his blood plasma. Instead, the reciprocal 

antibody will be present in the plasma or serum. For example, an individual of blood 

type A has A antigen on his RBCs and antibody B in his serum. The normal blood 

typing assay, also known as the forward blood typing assay, uses blood grouping 

antibodies to identify the specific antigens on RBCs. Conversely, there is another blood 

typing assay which determines the antibodies in the serum by using the reagent RBCs 

with known antigens. This blood typing assay is known as reverse blood typing. Since 

a reversed blood typing assay determines the interactions between the reagent RBCs 

and the antibodies in a patient’s serum, it also relies on observation of RBC 

agglutination. Details to explain the forward and reverse blood typing can be found in 

Figure 13 in Chapter 1. In many countries, both forward and reverse blood typing are 

required to confirm the patient’s blood type before a blood transfusion or 

transplantation is allowed to proceed. The laws that determine blood types by forward 

and reverse blood typing are shown in Table 1. 

 

Table 1. Blood type determination by forward and reverse blood typing methods. 

Reaction of antibodies with 
blood 

Forward 
blood type 

Reaction of reagent cells with 
serum 

Reverse blood 
type 

Anti-A Anti-B  A1 Cells B Cells  
+ ̶ A ̶ + A 
̶ + B + ̶ B 

+ + AB ̶ ̶ AB 
̶ ̶ O + + O 

 

Technical designs of blood typing assays therefore focus on using a variety of different 

methods to differentiate the agglutinated RBCs from the non-agglutinated RBCs. 



Chapter 2 

 
68 
 
 

Common methods include the tube test [33], slide test [34], and column agglutination 

system (e.g. Gel Card) [35, 36]. These methods rely on the different sedimentation 

velocities of agglutinated RBC lumps and non-agglutinated RBCs in a serum 

suspension, or different migration rates of agglutinated RBC lumps and non-

agglutinated RBCs in a gel column of uniform pore size [31]. The recently reported 

paper- and thread-based blood typing devices function as a size-based filtration device. 

Since within these devices the interactions of RBCs and antibodies occur inside the 

fibre networks of paper and thread, the fibre networks of paper and thread restrict the 

movement of agglutinated RBC lumps, but do not restrict non-agglutinated RBCs from 

moving with the serum phase or a carrier phase of buffer. Paper- and thread-based 

assays allow a short incubation of RBCs with the grouping antibody (typically 20 

seconds for ABO and RhD tests), followed with a saline wash [19, 25-26]. The inability 

of agglutinated RBC lumps to move in a paper fibre network during saline washing 

makes them easily differentiated from the non-agglutinated RBCs, which can be readily 

washed out of the fibre network. 

 

In order to further improve the adaptability of paper-based devices to non-laboratory 

condition, future designs will need to explore new concepts that can significantly 

reduce the effort of the user required to perform the blood typing assay. In this work we 

present a new concept of a blood typing device which does not require the user to apply 

the saline buffer for activating or washing the device in order to perform an assay. This 

concept relies on the dissolution of blood grouping antibodies deposited on a non-

absorbing substrate by a blood sample, and the subsequent thinning of the sample into a 

film for blood typing result identification. In the fabrication of the device, channels are 

formed to guide the blood sample flow. Furthermore, we investigated two factors that 

affect the performance and sensitivity of the device: the thickness of the blood sample 

film and the antibody dissolution behaviour. A chromatographic elution method was 

designed to provide a semi quantitative estimation of the antibody dissolution profile 

from the device surface. The antibody longevity on the plastic substrate was studied for 

one month under ambient laboratory conditions. Apart from performing the general 

forward blood typing assays, we have also demonstrated the use of our new device to 

perform reverse blood typing. Presently, reverse blood typing can only be performed in 

central laboratories and hospitals. This study is the first one to demonstrate reverse 
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blood typing using a low-cost device. We believe that our device concept will allow 

forward and reverse blood typing to be combined into one user-friendly device. 

 

2.4 EXPERIMENTAL  

2.4.1 Materials 

Polyester plastic slides were purchased from 3M (3M Visual Systems Division, USA). 

Blood samples were sourced from Red Cross Australia, Sydney. They were stored at 

4°C and used within 7 days of collection. All the antibodies were purchased from 

ALBA Bioscience, Edinburgh, UK. 

 

The red blood cells required for reverse blood typing, including 15% A1 cells, 15% B 

cells and 3% C1 cells, were obtained from CSL, Australia; they were concentrated to 

45% hematocrit level (the average human whole blood) by centrifugation, stored at 4°C 

and used within 30 days. The 0.9% (w/v) NaCl saline solution and the phosphate-

buffered saline (PBS) were prepared with AR grade NaCl (Univar) and Phosphate 

(Aldrich), using MilliQ water. Glycerol and Tween 20 were purchased from Aldrich. 

Surface treatment of the plastic slides was carried out using a plasma reactor (K1050X 

plasma asher (QuorumEmitech, UK)). 

 

2.4.2 Methods 

2.4.2.1 Blood typing procedure 

A blood typing device for use in impoverished regions must allow for direct visual 

identification of test results; the device should function with a minimum effort from the 

user and without the need of any equipment. Following these requirements, we 

explored a new device design concept which provides direct and rapid visual 

identification of the test result, while minimizing the effort from the user to perform the 

test. It focuses on eliminating the saline washing step. Figure 1 describes the advantage 

of forming a blood sample film on an antibody treated plastic slide for blood typing 

assays and the device design. Figures 1a and 1c show the result of adding a drop of 

blood sample into a drop of antibody solution on a plastic slide. Although agglutination 

of RBCs by the corresponding antibodies had occurred, it could not be visually 
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observed. However, if the slide is tilted to allow the drop to flow under gravity and 

form a thin film, the user can immediately identify the agglutination of the RBCs by an 

antibody. Figures 1b and 1d show the flowing blood sample and the grouping 

antibodies on a tilted plastic slide, clearly showing agglutinated and non-agglutinated 

RBCs, respectively. In order to reduce the users’ efforts to perform the assay, blood 

grouping antibodies were coated onto the plastic slide so that users are not required to 

administer antibodies for forward blood typing.  This device design principle requires 

the rapid dissolution of a sufficient quantity of grouping antibodies by the blood sample; 

therefore the antibody dissolution profile must be verified experimentally. 

 
Figure 1. Demonstration of a blood typing assay of an A+ blood sample on a plastic 
slide substrate by: (a) placing a drop of blood sample on a drop of anti-A; (b) tilting the 
substrate to allow the blood sample and anti-A solution to spread into a film, 
immediately revealing the positive assay result; (c) a drop of A+ blood sample placed 
on a drop of anti-B; (d) tilting the substrate to reveal the negative assay result.  
 
Plastic slides were first treated with plasma at an intensity of 50 W for 1 minute; a 

water-resistant pen was then used to draw the boundaries to demarcate the sample flow 

channels. Three micro Litres of antibodies (anti-A, anti-B and anti-D) were dropped 

respectively on top of the three channels designated to these antibodies, and slide was 

tilted to allow antibodies to flow through the channel under gravity. After the 

antibodies covered the entire length of the channels and were completely dried, 3 μL of 

blood sample was dropped from the top of each channel, following the same procedure. 
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Typically, it takes up to 1 minute for the blood sample to flow through the entire 

channel. Antibody-specific agglutination of RBCs can be identified immediately as the 

blood sample flows through the channels treated with antibodies and forms films. A 

schematic protocol of the test is shown in Figure 2. 

 

 
 
Figure 2.  The designed procedure for blood typing on a plastic slide. 
 
 

2.4.2.2 Quantification of antibody dissolution rates from plastic slides 

Since the working principle of the plastic slide device relies on the rapid dissolution of 

the antibodies deposited on the slide, it is necessary to characterize the dissolution rates 

of all three antibodies employed for the device design. To do this, PBS buffer was used 

to perform a controlled dissolution study of all antibodies from the plastic slide surface. 

Figure 3 shows the experimental procedure: Channels on a plastic substrate were pre-

treated with antibody and allowed to dry under ambient condition.  A 10 μL PBS was 

used to flow through each channel to dissolve the antibody; the contact time was 

controlled at 30 s. The flow-through PBS solutions containing the dissolved antibodies 

were collected using Kleenex paper towel; the solutions wetted the paper towel and 

formed circular wetting zones as shown in Figure 3. 
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Figure 3. Schematics of the procedure for studying the antibody dissolution behaviour 
from the plastic slide. This procedure involves an antibody dissolution step by PBS, 
followed by quantifying the concentration of the antibodies washed off the plastic slide.  
 
In order to quantify the dissolved antibodies, antibody concentrations of the collected 

PBS washing solution were analysed. We designed the quantification step as follows: A 

blood sample carrying the corresponding antigen to an antibody was introduced into the 

zone of the collected PBS washing solution on paper towel. After 30 seconds of 

incubation time under ambient condition, the paper was immersed into a 

chromatography tank containing PBS for elution (Figure 3), following the method we 

reported previously [24]. If the antibody concentration is high enough, the RBCs of the 

blood sample will agglutinate, forming a blood stain with a strong colour which cannot 

be eluted away by BPSPBS. The elution pattern was scanned into a computer and then 

converted to a monocolour mode (Grey scale mode) with the ImageJ software. The 

optical density of the grey scale image of the blood spot was determined using the 

software. The gray scale is digitized into 256 steps, which represent different tones 

from dark to bright in ascending manner, with 0 being the darkest and 255 being the 

brightest tone. The optical density of the blood spot therefore provides a simple and 

semi-quantitative method for determining the antibody dissolution behaviour. An 

antibody dilution standard calibration curve can be established by determining the 

optical densities of agglutinated blood spots by a series of step dilutions of an antibody. 
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2.5 RESULTS AND DISCUSSION 

2.5.1 Blood typing results 
There are in total eight different blood types in the ABO and RhD blood groups; all of 

them can be clearly identified by the plastic slide method (Figure 4). After a blood 

sample was introduced into the channels, it takes typically up to 1 minute for the 3 µL 

of blood sample to flow through the entire length of the channel. During this process, 

antibody-specific agglutination of RBCs form large lumps, which become clearly 

identifiable when the blood sample flows halfway through the channels, making the 

assay time with the plastic slide shorter than 1 minute.  

 
  
Figure 4. Assay results reported by the plastic slide device for all 8 ABO and RhD 
blood groups 
 

2.5.2 Antibody dissolution from the plastic slides 

Figure 5a shows the chromatographs of agglutinated type A blood sample by a serially 

diluted anti-A; the dilution was made from 1 (original anti-A) to 512 folds. The serial 

dilution data show that the anti-A retained its activity after being diluted 128 folds. 

Further dilution, however, weakens the antibody activity, causing weak RBC 

agglutination. Figure 5b presents the anti-A dilution curve of the blood spot colour 

density against the dilution factor. Since the concentration of the commercial antibody 

was unknown, the dilution factor was used as the relative antibody concentration. 

Figure 5c shows the result of a serial dissolution of anti-A from the plastic slide; the 
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anti-A standard solution was gradually diluted into a series of concentrations and 

dropped onto the paper towel, followed by the introducing of reagent red blood cell A 

onto each antibody spot. Then the chromatographic elution method was applied to the 

paper towel and the colour intensity of each blood spot was tested for building the 

standard curve of anti-A dilution behaviour, as is shown in Figures 5a and 5b. The 

standard curve in Figure 5b shows that a significant loss of anti-A activity to A antigen 

on the RBC surface by visual evaluation occurred only when it was diluted to 1/128 of 

its original concentration. This result suggests that the dissolving rate of anti-A is slow, 

and the following phenomenon provided reasoning. The standard curve in Figure 5b 

can be fitted to a logarithmic formula (Formula (1)) to establish the relationship of the 

colour density and the relative concentration of the antibody.  This standard curve 

provides a way to quantify the antibody that was washed off the plastic substrate by the 

saline solution. Since the precise original antibody concentrations were unknown, we 

could assume that they were CA, CB and CD, and measure the concentration changes 

caused by the saline dissolution [37]. Through measuring the colour density of each 

blood spot in Figure 5c, the relative concentration of anti-A released from the substrate 

after each saline wash can be calculated; the results are shown in Table 2. Anti-A 

deposited on the plastic substrate dissolved only 11.1% by the first wash, the remaining 

anti-A on the substrate still retained sufficient bioactivity for blood typing after another 

three such washes. 

 

                                                                                                                                                                                         
 
Where 𝑓A  is the dilution factor of anti-A; 𝐶𝐴′  is the concentration of anti-A of each 

dilution. 

  

𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐴 = 26.5 − 14.6 × 𝑙𝑙(𝑓𝐴 − 5.42 × 10−4) ;  𝑓𝐴 = 𝐶𝐴
′

𝐶𝐴
     (1) 
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Figure 5. Antibody dissolution behaviour study for anti-A: (a) Anti-A activity as a 
function of a series of dissolutions with PBS; antibody activity can be determined by 
the reflective optical density of the agglutinated A1 reagent red cell (concentrated from 
the commercial reagent to a hematocrit level of 45%) on paper. (b) The calibration 
curve of the A1 cell optical density as a function of anti-A dilution factor; the red curve 
is the fitting curve of a natural logarithm function (formula 1); (c) anti-A dissolution 
behaviour of five consecutive PBS dissolution rinses collected from the plastic 
substrate. 
 
 
Table 2. The blood spot optical density data and the calculated concentrations of 

three antibodies of each dissolution from the plastic substrate. 
 

Antibody  Number of dissolution washes 
 

 ×1 
 

×2 ×3 ×4 ×5 

Anti-A Colour 
density 

 

58.7±2.3 62.0±2.8 66.3±2.4 75.8±1.8 99.6±2.6 

 Relative 
concentration 

 

(11.1±1.7)%CA (8.9±1.7)%CA (6.6±1.1)%CA (3.5±0.4)%CA (0.7±0.1)%CA 

Anti-B Colour 
density 

 

68.3±1.9 76.1±1.6 86.8±2.5 100.5±2.8  

 Relative 
concentration 

 

(23.1±2.4)%CB (15.6±1.3)%CB (9.4±1.1)%CB (5.5±0.5)%CB  

Anti-D Colour 
density 

 

82.4±1.7 110.6±3.2 143.9±2.2   

 Relative 
concentration 

(92.0±14.3)%CD (9.5±1.9)%CD (3.2±0.1)%CD   
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Following the same procedure for quantifying anti-A, the dissolution behaviour of 

antibodies B and D have also been quantified. The calibration curve of anti-B dilution 

showed that anti-B lost its activity after a dilution of 1/16, indicating a weaker activity 

compared with anti-A (Figure 6a).  The calibration curve was fitted with formula (2) 

(Figure 6b), which quantitatively showed that the concentration of anti-B in the first 

saline wash was 23.1% of its original concentration CB (Table 2), The more efficient 

dissolution of anti-B by saline solution than of anti-A confirms that anti-B can be 

dissolved more easily from the plastic slide, therefore anti-B weakened more rapidly 

than anti-A with the number of washes by saline (Figure 6c).  As shown in Figure 6c, 

anti-B could sustain three washes and the residual anti-B on the plastic substrate still 

had sufficient activities for unambiguous blood typing.  However, as for anti-D, the 

dissolution was even more efficient (Figures 7a and 7b), our measurement showed that 

92.0% of its original concentration was dissolved (Formula (3) and Table 2) and 

removed from the plastic substrate in the first saline wash; anti-D lost its activity at 1/8 

dilution (Figure 7c). 

 

 

 

 

Where 𝑓𝐵  and 𝑓𝐷  are the dilution factors of anti-B and anti-D; 𝐶𝐵′  and 𝐶𝐷′  are the 

concentrations of anti-B and anti-D after each dilution. 

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐵 = 41.4 − 17.2 × 𝑙𝑙(𝑓𝐵 − 0.02);  𝑓𝐵 = 𝐶𝐵
′

𝐶𝐵
      (2) 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷 = 81.1 − 10.7 × 𝑙𝑙(𝑓𝐷 − 0.03);  𝑓𝐷 = 𝐶𝐷
′

𝐶𝐷
     (3) 
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Figure 6. Antibody dissolution behaviour study for anti-B: (a) anti-B activity as a 
function of series of dilution, tested by the agglutination colour density of the B reagent 
red cell (concentrated from the commercial reagent to a hematocrit level of 45%); (b) 
the standard curve of the B cell colour density as a function of anti-B dilution factor; (c) 
anti-B dissolution behaviour of five consecutive PBS dissoluiton rinses of the plastic 
device. 
  

 
Figure 7. Antibody dissolution behaviour study for anti-D: (a) anti-D activity as a 
function of series of dilution, tested by the agglutination colour density of the C reagent 
red cell (concentrated from the commercial reagent to a hematocrit level of 45%); (b) 
the standard curve of the C cell colour density as a function of anti-D dilution factor; (c) 
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anti-D dissolution behaviour of five consecutive PBS dissoluiton rinses of the plastic 
device. 
According to the definition of reflective optical density used in the printing industry 

[40], the reflective optical density is defined as a logarithmic ratio of the reflected 

radiation from a printed grey tone on paper to the reflected radiation from the unprinted 

paper. This is usually presented in the form of logarithm based to 10 [40], but can be 

easily converted to the form of natural logarithm: 

 

 

Where D is the reflective optical density, usually measured with a reflective 

densitometer in the printing industry, I and I0 are the reflective radiation intensity from 

a printed grey tone and from unprinted paper, respectively. In this study grey tones 

generated by the agglutinated blood spot on paper loaded with different amount of 

antibodies, creates a similar concept for the tones to be quantified by reflective optical 

density. 

 

Since blood spot optical density data (Figure 5 – Figure 7) can also be correlated with 

concentrations of corresponding antibody (or dilution) data by logarithm functions, it 

suggests that optical density data can be correlated to the concentration ratios of the 

dissolved antibodies. Such correlations have been experimentally given in equations (1) 

– (3) and are expected to provide semi-quantitative results for antibody dissolution 

evaluation. 

 

2.5.3 Sensitivity 

The sensitivity of any blood typing device must be investigated for typing blood 

samples with low concentrations of RBCs. This requirement is essential, as clinically 

the RBC concentration from blood samples of anaemia patients could be more than 50% 

lower than those from a healthy patient. Since almost all commonly used blood typing 

assays rely on the development of large agglutinated RBC lumps, those method can be 

less sensitive to samples with low RBC concentrations.  

 

The sensitivity study of the plastic slide method was conducted by identifying the 

agglutination patterns of serially diluted reagent RBCs that carry known antigens. The 

𝐷 = −𝑙𝑙 𝐼
𝐼0

                                                                                           (4)                     
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original RBC samples used for testing were the red cells A1, B and C1. To prepare 

samples with low RBC concentrations, the suspension media of the reagent red cells 

was first removed by centrifugation and then the red cells were diluted to haematocrit 

of 45% with PBS; this RBC concentration simulates the blood RBC concentration of a 

healthy individual. Low RBC concentration samples were prepared by diluting this 

sample by factors of 75%, 50% and 25% with PBS. The diluted blood samples were 

then used for the sensitivity tests of the device and results are shown in Figure 8. All 

positive tests of diluted blood samples A, B and D can still be clearly identified via 

RBC agglutination, even though they were diluted to 25%. These results confirm that 

the plastic slide blood typing device is able to deliver the equivalent sensitivity of a 

high performance blood typing device. The film forming process of the blood sample 

provides a simple way to enhance the sensitivity of blood typing using the plastic slide 

method.  

  
Figure 8. Sensitivity tests of the plastic slide method by dilution of reagent red blood 
cell carrying known antigens: (a) A1 cells in the anti-A treated channel; (b) B cells in 
the anti-B treated channel; (c) C1 cell in the anti-D treated channel. The negative 
control channel was treated with BSA only.  
 
 

2.5.4 Antibody longevity on the plastic slide 

It was found that the original antibodies gradually lost their activity within 10 days of 

being deposited on plastic slides and allowed to dry. This is because the dried 
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antibodies dehydrated after long exposure to air. As a result, the surface of the channel 

became more hydrophobic (contact angle reached to 85 °C) and this significantly 

reduces the speed of blood flow in the channel. Figure 9 shows the hydrophobic 

development of the slide surface with time. To solve this problem, glycerol and Tween 

20 were chosen as additives to prevent antibody dehydration and to increase the 

channel surface wettability. Glycerol has been used as a traditional additive for 

protecting biomolecules from denaturing [38]. Its high humectant effect attracts water 

molecules and prevents biomolecules from dehydration; such a protective effect is most 

likely related to the presence of 3 hydroxyl groups in the glycerol molecule and its 

small molecular size. Apart from attracting water molecules, glycerol may also provide 

direct hydrogen-bonding, like many sugar molecules, to stabilize the biomolecule [39]. 

The addition of Tween 20 as a biologically compatible surfactant is intended to 

enhance the wettability of the deposited antibody layer on the plastic slide after ageing. 

Additives with a series of different proportions of glycerol and Tween 20 were mixed 

with the antibodies to form solutions to treat the channels of the device; the wettability 

of the channels was tested at different storage times by measurement of the flow length 

of blood samples in the channels in 30 seconds; results are presented in Table 3. Our 

results show that antibody solutions containing 20% glycerol, or 10% Glycerol and 0.1% 

Tween 20 enhanced the channel wettability; testing after 30 days of storage showed 

that the device’s wettability was unchanged and all antibodies still retained their 

activity. We chose the 10% Glycerol and 0.1% Tween 20 as the preferred additive 

formulation to perform further experiment. Figure 10 shows the blood test results 

obtained after 45 days of storage under ambient temperature and open to air; all the 

antibodies were still active and gave accurate blood typing within 30 seconds (Figure 

10). 
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Figure 9. Lifetime detection for blood group A interaction with anti-A treated device 
staying for different periods. 
 
 
Table 3. Additives effect on the surface hydrophilicity for blood flowing with the 

increase of time 
 

 
Additives 

Blood sample flow distance (mm) 
 

1 hour 2 days 10 days 30 days 

Pure antibody 21 13 8 4 

Tween 20 (0.1%) 25 14 3 3 

Tween 20 (0.5%) 25 12 3 3 

Tween 20 (1%) 20 8 3 3 

Glycerol (1%) 25 15 8 4 

Glycerol (5%) 25 17 12 6 

Glycerol (10%) 25 25 22 20 

Glycerol (10%) + 
Tween 20 (0.1%) 

25 25 25 25 

Glycerol (20%) 25 25 25 25 
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Figure 10. Antibody activity for its corresponding antigen after being deposited for 45 
days on the device surface coated with an additive mixture of 10% of glycerol and 0.1% 
of Tween 20. Test was conducted under an ambient laboratory condition. 
 
 

2.5.5 Reverse blood typing using the plastic slide assay 

The reverse blood typing assays were also performed using the plastic slide method. 

Patients’ blood serum was first separated from the whole blood sample, which can be 

prepared by the traditional centrifugation or the new low-cost POC methods on 

membrane [41, 42] or paper [43]. Then the serum samples were dropped into the 

channels on the plastic slide and allowed to spread throughout the channel. Reagent red 

blood cells A and B were then pipetted into separate serum-coated channels. By 

allowing the reagent RBCs to spread in the channel and form a film, the agglutination 

RBCs can be clearly identified by the naked eye without any aid (Figure 11). 
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Figure 11. The reverse blood typing results for identifying ABO blood groups.  
 
 

2.5.6 Proposed mechanism of RBC agglutination on the plastic slide 

The use of film formation as a sensitive method for blood typing takes advantage of the 

following two processes: Firstly, the spreading of blood sample over the antibody 

coated channel surface provides a large contact area between the blood sample and 

antibody. The large contact area promotes interactions between the RBCs in the blood 

sample and the antibodies on the plastic slide; agglutination of RBCs by their 

corresponding antibodies can therefore form quickly. Secondly, the relatively slow 

spreading of blood samples in an antibody treated channel is likely to give sufficient 

time for blood sample and antibody to interact and incubate. This, combined with the 

small thickness of the blood sample film, tends to lead to the formation of sheet-like 

agglutination lumps, which are very easy to visually identify. The plastic slide device 

thus offers a sensitive means for rapidly performing both forward and reverse blood 

typing assays. 
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2.6 CONCLUSIONS  

In this work we designed and demonstrated a new user-friendly blood typing device. 

The device was fabricated by patterning the plastic slide with channels treated with 

different blood grouping antibodies; this design requires the user to simply introduce 

the blood sample into the channels to complete the blood typing assay, without the need 

of buffer washing or stirring operations. This device functions by letting the blood 

sample spread under gravity over a surface treated with blood grouping antibodies. The 

agglutinated RBC lumps can be rapidly and clearly differentiated from the non-

agglutinated RBCs, providing unambiguous visual identification of the positive and 

negative blood typing assays. This method provides a user-friendly design concept that 

requires minimum effort from the user to perform an assay to determine the blood type 

of a patient within 1 minute. 

 

The film-forming principle of this method provides a high level of sensitivity to 

identify blood types of samples with low RBC concentrations. Preliminary 

investigation of the longevity of the device was also conducted; a mixture of glycerol 

and Tween 20 was chosen as an effective additive mixture to maintain the bioactivity 

of the antibodies on the device for the testing period of 30 days.  
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In the last chapter, an effective solution to minimize users’ efforts while they are 

handling the blood typing device was presented. However, communication of assay 

results given by a diagnostic device to its users is another common issue in current 

blood typing devices. This issue will be mainly discussed in this chapter. This work 

presents a novel concept of result reporting by a paper-based device to the user. At 

present, in most cases, users can only observe the colorimetric or electrochemical 

signals from the device, and in order to obtain the final result, they need to interpret all 

these signals based on their knowledge and experience. For most untrained and non-

professional users, this is an impossible mission to accomplish without assistance from 

professionals. The research reported in this chapter explores a novel concept of assay 

result reporting – text reporting. This mechanism delivers the assay results in text 

messages that can be readily understood by the users. Text reporting is a non-

conventional concept; it is a platform concept that has potential implications in many 

other low-cost sensor designs. The blood typing device with this novel text-reporting 

concept presented in this chapter is currently under commercial development.   
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3.1 ABSTRACT 

The British author, J. K. Rowling, presented a visionary idea in her novel “Harry Potter 

and the Chamber of Secrets” that one can interrogate a piece of paper for information 

and get unambiguous answers from the paper in writing. Here we report a study, 

following her vision, on using a low-cost bioactive paper device to perform ABO and 

rhesus (RhD) blood typing tests and obtain test results from the paper in writing. Paper 

text patterns are designed and printed to allow interactions between grouping antibodies 

and red blood cells. Composite text patterns consisting of the bioactive and non-

bioactive sections are used to form the letters and symbols for the final display of the 

testing report. This paper-based blood typing device rapidly reports patient’s blood type 

in unambiguous written text. 

 

3.2 KEYWORDS 

Text-reporting, Bioactive paper, Blood typing, Low-cost diagnostics 
 
 

3.3 INTRODUCTION 

The use of patterned bioactive paper as a tool for biochemical analysis has become a 

platform for making low-cost and user-operated devices for diagnosis [1], point of care 
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(POC),[1,2,3-6] pathogen and biomarker detection [1,4,5], food and drinking water 

quality testing [7], etc. The potential of this platform to deliver affordable, rapid, and 

user-friendly diagnostic sensors for disease screening, healthcare and drinking water 

quality evaluation to the developing countries has become increasingly clear.[1,4,8-10] 

Over the last five years, there has been an explosion of research in bioactive-paper-

based low-cost sensor fabrication [1,3,4,11-16], electronic transmission of colorimetric 

assays for real-time diagnosis [6,17], as well as new diagnostic and environmental 

applications using low-cost sensors [6,7,18-21]. Colorimetric and electrochemical 

methods are the preferred analytical approaches for bioactive-paper sensors, since these 

methods are proven to be effective in qualitative and semi-quantitative sensing and can 

be easily adapted onto paper [3,6,21,22]. However, those studies also revealed certain 

limitations of those new concepts in their practical applications. Whilst a colorimetric 

or voltammetric signal can report the test results, in most situations the results need to 

be interpreted by trained personnel. This is particularly true if an assay has multiple 

outcomes and requires careful examination in order for the diagnosis to be made. 

Therefore, among the many challenges in low-cost diagnostics, unambiguous reporting 

of the test results by the sensors to the users is critical. Where sensors are used in 

developing regions for large-scale disease screening, even if we can fabricate sensors 

that are robust enough to function under an unsupported field condition, 

misinterpretation of the assay results may still be a significant factor that can 

compromise the value of low-cost diagnostics. 

 

Are there other means by which we can design and interrogate bioactive paper sensors 

for diagnostic results? An inspiration can be found in the movie adapted from J.K. 

Rowling’s novel Harry Potter and the Chamber of Secrets [23]; Potter interrogated 

Tom Riddle’s Diary by writing on a page of paper in the Diary “Do you know anything 

about the Chamber of Secrets?”; the paper responded with a “Yes” in writing, instead 

of with a colour change. The artist’s vision shows that non-conventional mechanisms of 

reporting assay results using paper-based sensors should be explored. To the authors’ 

best knowledge, equipment-free bioactive-paper-based diagnostic devices capable of 

reporting multiple conditions in written text from a single test is currently not available. 

In this study, we present a bioactive-paper blood typing device that is capable of 

reporting ABO RhD blood types rapidly and in written text.  
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Correct typing of human blood is extremely important in blood transfusion and in 

events of medical emergency. The blood type of an individual is determined by the 

presence or absence of certain antigens on the surface of a red blood cell (RBC). In 

addition, antibodies existed in blood serum protect the body from incompatible and 

hostile antigens [24]. The vast majority of techniques for ABO and RhD typing of 

blood to date have been based upon the principle of haemagglutination reactions 

between RBCs and antibodies. The absence of agglutination indicates no 

haemagglutination reaction [24]. Recently low-cost bioactive paper [19] and bioactive 

thread [18,25] microfluidic sensors have been reported for human blood grouping 

applications. These devices are also based on the principle of haemagglutination 

reactions. Through observing the differences in wicking distances of the agglutinated 

red blood cells and the blood serum, an indication of haemagglutination reaction can be 

identified. However, paper- and thread-based technologies still require users who have 

the blood typing knowledge to interpret the result. In order for the blood typing devices 

to be more adaptable to conditions in developing countries, they must be able to report 

results unambiguously to users who may not have the knowledge to interpret the results 

based on the first principle. An easy way to bridge this application gap is to design 

paper-based devices that can report blood typing results to the users in written text. 

 

3.4 EXPERIMENTAL  

3.4.1 Materials, reagents and blood samples 

The paper substrate employed in this study was Kleenex paper towel (Optimum, 

Kimberly-Clark). Kleenex paper towel is made with primarily softwood fibres; it has 

larger interfibre pore than filter papers. Our recent study shows that non-agglutinated 

RBCs can be easily washed out of a more open paper sheet such as paper towel than a 

dense paper sheet such as filter paper. Alkyl ketene dimer (AKD) was received from 

BASF. AKD is a cellulose reactive hydrophobization reagent used in papermaking 

industry; it has a 4-member lactone ring connected to two hydrocarbon chains of C16 to 

C20. When AKD is introduced onto cellulose fibres, its four-member lactone ring reacts 

with an OH group on cellulose, imparting strong hydrophobic effect to the cellulose 

fibre surface with its two long hydrocarbon chains. AR grade n-heptane was obtained 

from Aldrich; it was used to formulate an ink-jet-printable solution for patterning text 
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on paper by forming a strong hydrophilic-hydrophobic contrast. Blood samples were 

sourced from Dorevitch Pathology, Australia. They were stored at 4 °C and used within 

5 days of collection. The blood types of all samples were determined by the 

pathological laboratory using the current mainstream blood typing technology. The 

blood type information was used for purpose of comparison with the results obtained in 

this study following the ethical protocols. Grouping antibodies, Anti-A, clone 10090; 

Anti-B, clone 10091 and Anti-D, clone 20093, were received from Lateral Grifols, 

Australia. They were used as received. A saline solution containing 0.9% (w/v) NaCl 

was prepared with MilliQ water and AR grade NaCl (Univar); it was used as the 

washing solution to remove only the non-agglutinated RBCs from the text patterns, but 

not the agglutinated RBCs (see sections below). 

 

3.4.2 Methods 

The text-reporting blood typing device we present here is partly based on the principle 

of haemagglutination reactions. Its fabrication involves the use of hydrophobic–

hydrophilic contrast to form text patterns and to use these text patterns as sites for RBC 

and antibody interactions. The hydrophobic-hydrophilic contrast will ensure the 

unambiguous legibility of the text pattern of agglutinated blood to be displayed. In our 

design the text patterns are made hydrophilic, and antibody solutions are introduced 

into the corresponding text patterns (e.g. Anti-A into text pattern “A”). In a blood 

typing assay a blood sample is introduced to all text patterns. To clearly identify the 

occurrence of haemagglutination reactions inside the hydrophilic text patterns, a saline-

washing step is employed. If the antibody in a text pattern is not the corresponding 

antibody to the antigens carried by RBCs, there will be no haemagglutination reaction; 

the non-agglutinated RBCs can be easily washed out of the text pattern with the saline 

solution. Contrary to this, if RBCs have haemagglutination reaction through the 

antibody-antigen interaction, agglutinated RBC lumps will form inside the fiber matrix 

of the paper and cannot be washed out by the saline solution.26 Those text patterns 

occupied by the agglutinate RBC lumps therefore have unambiguous legibility with 

high resolution and contrast. 

 

 

http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#bib26
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Table 1. Blood types that can be reported in text by specific antigen-antibody 
agglutination reactions before and after implementing our design solutions (See 

Figure. 1) 

 

In devices for ABO RhD blood typing, three antibodies (Anti-A, Anti-B, and Anti-D) 

are used to display blood typing results by text. The interaction of each antibody with 

RBCs can have two possible outcomes, that is, “Agglutination” and “No agglutination”. 

The total number of blood types determinable by the three antibodies will be 23=8. 

Taking an A+ blood sample, for example, the interaction of the A+ blood sample with 

the three antibodies can be expressed as DBA , that is, A (agglutination with antibody A 

occurs),  B  (no agglutination with antibody B), and D (agglutination with antibody D 

occurs). Following this expression, all different blood types (column 3) determinable 

by these antibodies through the presence and absence of RBC agglutination (column 2) 

can be listed in Table 1. 

 

If we use only haemagglutination reactions to design a text-reporting device for blood 

typing, many blood types cannot be unambiguously reported by text. This situation 

includes two circumstances where blood types have no haemagglutination reactions 

with the grouping antigens, therefore no visually perceivable text patterns can be 

formed to make the text report. The first circumstance involves all Rh(−) blood types; 

the lack of interactions of RBCs with Anti-D results in no haemaaglutination reaction 

(i.e. D ) and therefore cannot form visually perceivable text patterns. The second 

circumstance involves O-type blood. Since red cells of O-type blood do not carry A and 

B antigens, they do not have haemagglutination reactions with either Anti-A or Anti-B 

(i.e. AB ). O-type blood cannot be reported in written text formed by haemagglutination 

 
No. 

Agglutination 
or non-

agglutination 
observations 

(see text below) 

Blood types 
determined by 

RBC 
agglutination 

RBC Antigens 
CANNOT be 

expressed in text 
by RBC 

agglutination 
(and reasons) 

RBC Antigens 
CANNOT be 

expressed in text 
after implementing 
design solution 1 

States CAN be 
expressed in text 

after 
implementing 

design solutions 1 
& 2 

1 ABD  AB+   ✔ 
2 DBA  A+   ✔ 
3 DAB  AB-   ✗ ( D )  ✔ 
4 BDA  A-   ✗ ( D )  ✔ 
5 BDA  B+   ✔ 

6 DAB  O+   ✗ ( A , B ) ✗   ( A , B ) ✔ 
7 DBA  B-   ✗ ( D )  ✔ 
8 ABD  O-   ✗ ( D , A , B ) ✗   ( A , B ) ✔ 

http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#tbl1
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reaction only. Table 1 (column 4) lists all five blood types that are associated with these 

two circumstances. Further design of the devices must overcome these obstacles. 

In this study we present a design of a composite text symbol that can report both D 

and D  unambiguously. This symbol takes the form of “+”; it consists of a permanent “−” 

printed using a non-bioactive water-insoluble ink and a bioactive “|” printed using Anti-

D (Figure 1 a). In a blood test when a sample is introduced into “|”. If the sample 

carries D antigen, haemagglutination reaction will occur inside “|” and saline washing 

will not be able to remove the agglutinated RBCs out of pattern “|”. The composite text 

symbol will report “+”. On the other hand, if the sample does not carry the RhD antigen, 

then no haemagglutination reaction will occur. After saline washing, no agglutinated 

blood sample will be perceivable in “|”; the composite text symbol will report “−” 

(Figure 1 a). This design fulfills the requirement of using one composite pattern to 

unambiguously report RhD(+) and RhD(−) in text. 

 

For O-type blood samples, we again employ another composite text symbol to report 

both “O” and “non-O” types of blood samples. This composite text symbol takes the 

form of “⊗”; it consists of a permanent letter “O” printed using water-insoluble ink 

and a “×” printed using an equal-volume mixture of Anti-A and Anti-B (see Figure 1b). 

In a blood test when a sample is introduced into “×”, the sample is mixed with Anti-A 

and Anti-B inside “×”. If the sample carries A-antigen or B-antigen, or both, then 

haemagglutination reaction will occur inside “×” and saline washing will not be able to 

remove the agglutinated RBCs out of the pattern. The composite text symbol will 

report “⊗”. On the other hand, if the sample does not carry A-antigen and B-antigen, 

then no haemagglutination reaction will occur inside “×”. After saline washing, the 

composite text symbol will report “O” (Figure 1b). This design fulfills the requirement 

of using one composite pattern to unambiguously report “O” and “non-O” types of 

blood samples in text. The three blue dots in the printed device are for positioning 

purpose. 

 

 

http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#tbl1
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig1
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig1
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig1
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig1
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Figure 1. Schematics of the two design solutions using composite text symbols to 
report blood test results in text. (a) Design solution 1: The composite text symbol for 
reporting the presence of RhD takes the form of “+”; it consists of a permanent “−” 
printed using water-insoluble ink and a “|” printed using Anti-D. (b) Design solution 2: 
The composite text symbol for reporting “O” and “non-O” types of blood samples takes 
the form of “⊗”; it consists of a permanent letter “O” printed using non-bioactive 
water-insoluble ink and a “×” printed using an equal-volume mixture of Anti-A and 
Anti-B. 
 

Negative text patterns consisting of letters “A” and “B” and two text symbols, “×” and 

“|” were created electronically (Figure 2). A reconstructed Canon ink jet printer (Pixma 

iP3600) was used to print a 2 % (w/v) heptane solution of an alkenyl ketene dimer 

(AKD) onto a Kleenex paper sheet followed by a heat treatment to cure the 

hydrophobic effect, forming the negative patterns of letters and symbols (Figure 3). 
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Printing of negative patterns of letters and symbols ensures that these patterns remain 

hydrophilic and are surrounded by hydrophobic areas.  

 

 
Figure 2. The designed and printing of the text-reporting paper device. 
 

                 
 
Figure 3. (a) The Kleenex paper towel hydrophobized by AKD, leaving text patterns 
hydrophilic. (b) The hydrophilic text patterns become visible when wetted by antibody 
solutions. 
 

The hydrophilic patterns are, however, invisible. After printing of the hydrophilic 

patterns, 2.5 μL of Anti-A, clone 10 090; Anti-B, clone 10 091; and Anti-D, clone 

20 093 were introduced into the hydrophilic patterns “A”, “B”, and “|”, respectively, by 

ink jet printing or writing with a pen (Figure 4a). Two and a half microlitres of an 

equal-volume mixture of Anti-A and Anti-B were introduced into the pattern “×” 

(Figure 4a). Then letter “O” was printed using a water-insoluble ink over the 

hydrophilic and invisible “×” symbol; symbol “−” was also printed with a water-

insoluble ink over the hydrophilic and invisible “|” symbol as shown in Figure 4b. The 

strong hydrophilic–hydrophobic contrast ensures a high resolution of the text patterns 

formed by antibody solutions. After drying under ambient conditions the device is 

ready for use.  

 

(a) (b) 

http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig2
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig2
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig2
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Figure 4. Fabrication and testing procedures of the text-reporting blood-typing devices. 
Negative patterns of letters and symbols are printed using a heptane solution of an 
alkenyl ketene dimer; letters and symbols remain hydrophilic and are surrounded by 
hydrophobic areas. (a) Anti-A and Anti-B are introduced into the corresponding letters. 
An equal-volume mixture of Anti-A and Anti-B is introduced into “×”, and Anti-D is 
introduced into “|”. (b) Letter “O” and symbol “−” are printed over “×” and “−”, 
respectively, using a non-bioactive and water-insoluble ink. (c) A blood sample is 
introduced in the device for blood typing test. (d) After washing each pattern with 2×50 
μL of saline solution, the blood typing result is reported by the device in text. 
 

In a blood typing assay, 2.5 μL of blood sample were introduced into each of the 

antibody-loaded patterns (i.e. A, B, ×, and |) with a micropipette (Figure 4c). Twenty 

seconds were allowed for the antibodies in the letter and symbol patterns to react with 

the antigens carried by the RBCs. After 20 seconds, two aliquots of 50 μL saline 

solution were introduced into each of the letter and symbol patterns. In cases where 

haemagglutination reactions occur in certain text or symbol patterns, the agglutinated 

blood sample could not be washed out of those patterns. The agglutinated RBCs 

formed legible text patterns that report the occurrence of the specific haemagglutination 

reaction. On the other hand, if the haemagglutination reaction does not occur, the non-

agglutinated blood can be easily washed out of the patterns through the vertical flow, 

leaving no visible trace of the blood sample (Figure 4d). The legible letter and symbol 

patterns, in combination, form the text report of the blood type of the sample.  

 

3.5 RESULTS AND DISCUSSION 

Figure 5 shows a practical process for completing a typical typing assay of blood 

sample A+ followed by the procedures described in Figure 4 on the paper device. 

http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig2
http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig2
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Results of the eight ABO and RhD blood types were collected and shown in Figure 6. 

Figure 6a shows the expected reports for the eight blood types by the device, and 

Figure 3b shows a photo of the actual blood type tests of all eight blood types. 

 
 

Figure 5. (a) The complete paper text-reporting device for blood typing. (b) After an 
A+ blood sample was introduced into all text patterns. (c) Text report of the blood 
typing assay result was obtained after washing the text patterns with NaCl buffer (2×50 
µL). 

 

 
Figure 6. (a) A schematic of the expected text patterns reported by the blood type 
device fabricated based on our design. The corresponding blood types are given to 
assist the reader. (b) The actual tests of all eight ABO RhD blood types. The device 
size is 25 mm×25 mm. 

http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig3


Chapter 3 

 
103 

 
 

The sensitivity of the bioactive paper text-reporting device was evaluated by testing 

blood samples (A+ and B+) diluted with saline solution (Figure 7). This method is used 

to evaluate the sensitivity of blood typing assays for samples from patients with anemia 

conditions; these samples have a decreased RBC colour intensity. The bioactive paper 

text-reporting device can confidently identify A and B antigens on RBCs after the 

blood samples were diluted by a factor of four and D antigens by a factor of two. This 

level of sensitivity is sufficient, since dilution by a factor of two is considered an 

adequate threshold for anemia samples. 

 

 

 
 
Figure 7. Blood sample dilution for the evaluation of the sensitivity of the method. 
Dilution was made to from 100% (i.e. undiluted) to 25% (i.e. ¼ blood sample mixed 
with ¾ NaCl buffer, (v/v)). (a) A+ sample; (b) B+ sample.  
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It is a known phenomenon that blood samples from some individuals have weak 

interactions with the antibodies, which may cause false negative blood typing results. 

This phenomenon is either related to low surface antigen concentration on RBCs or the 

interaction of the antigens with the antibody is weak [27]. In the present study there 

were two confirmed weak samples. One was a weak AB sample and the other was a 

weak D. Gel test showed that they were between +2 and +1 (+2 is considered as weak 

sample). The types of these samples were then confirmed by the pathology laboratory 

following the protocol using tube test. These two weak samples were tested using the 

text-reporting paper devices, the results obtained are unambiguous and in agreement 

with the tube test results, i.e. AB positive and D positive (Figure 8). The results show 

that text-reporting devices are sensitive enough to provide correct and unambiguous 

report to weak blood samples. The results are also in agreement with our recent study 

on the validation of using paper-based assay for blood typing that paper-based assay 

can detect weak blood samples, even though the antibodies in paper cannot completely 

agglutinate RBCs in weak samples [28]. 

 

 
Figure 8.  The test of weak blood samples using the paper-based text-reporting devices.  
 

A total of 99 samples were tested using the text-reporting device; this sample set 

contained all eight blood types. All samples were also assayed in the pathological 

laboratory using the current mainstream blood typing technologies. It was found in our 

early work of the text-reporting device that a single wash with 50 µL NaCl solution 

could not entirely eliminate the problem of false positive; one sample had a very weak 

but discernable blood stain colour. This problem has been solved by using two saline 

washes (i.e., 2 × 50 µL NaCl solution). All test results using the bioactive paper text-
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reporting devices matched with the results obtained by the pathological laboratory 

using the gel card technology, and no false negative or false positive result has been 

obtained. Details of the tested samples are presented in Table 2 .  

 

Table 2. Statistics of blood typing data obtained using paper text-reporting devices 
 
Blood Type A+ A- B+ B- AB+ AB- O+ O- Total 
Number of samples 
and their typing 
 

24 9 17 2 6 2 26 13 99 

Results by paper text-
reporting devices 
 

24 9 17 2 6 2 26 13 99 

False positive 
 

0 0 0 0 0 0 0 0 0 

Matching with the 
Laboratory results (%) 

100 100 100 100 100 100 100 100 100 

 

3.6 CONCLUSION 

We show in this study that this bioactive paper text-reporting blood typing device 

meets the basic requirements of sensitivity, specificity, and text legibility. It is capable 

of reporting all blood types in the ABO RhD system. This reporting method 

significantly increases the ability of the device to report the results unambiguously to 

non-professional users. It is expected that an expansion of text-reporting bioactive 

paper sensors beyond the ABO RhD blood typing application may be possible. The 

concept of text-reporting using paper-based devices for low-cost diagnostic 

applications will be valuable for making affordable, sensitive, specific, rapid, 

equipment-free, and user-friendly (ASSURED) [10] devices for developing countries. 
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In the previous two chapters, effective solutions were provided for designing ABO and 

RhD blood group typing devices. Many other blood groups have been found during the 

past century and some are clinically significant, because of the likelihood of causing 

haemolytic transfusion reactions and haemolytic disease of the newborn (HDN). 

Therefore, investigations of novel techniques of rapid and low-cost secondary blood 

typing diagnostics are necessary and significant.  

 

In this chapter, paper-based devices for rapid typing of secondary blood groups are 

presented in two published papers. The first published paper focuses on the design of a 

user-friendly secondary blood typing device with the novel text-reporting concept. Due 

to the weaker haemagglutination reactions of secondary blood groups compared to the 

primary blood groups, haemagglutination patterns under different conditions for the 

secondary blood groups are studied for optimization of the assay conditions. In addition, 

the confocal microscopy method was also employed to obtain mechanistic details of 

RBC behaviour in the interactions with secondary group antibodies, which established 

a deeper understanding of secondary blood grouping.  The second published paper 

describes another method for secondary blood typing based on paper chromatography 

elution. In this paper, the reaction times, reagent concentrations, and antibody 

structures of different blood group systems of the elution methods were compared with 

those of the flow-through method reported in the first study.  
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4.1.1 ABSTRACT 

In this article we report the use of bioactive paper for typing secondary human blood 

groups. Our recent work on using bioactive paper for human blood typing has led to the 

discovery of a new method for identifying haemagglutination of red blood cells. The 

primary human blood groups, i.e. ABO and RhD groups, have been successfully typed 

with this method. Clinically, however, many secondary blood groups can also cause 

fatal blood transfusion accidents, despite the fact that the haemagglutination reactions 

of secondary groups are generally weaker than those of the primary groups. This paper 

describes the design of a user-friendly sensor for rapid typing of secondary blood 

groups using bioactive paper. It also presents the mechanistic insights of interactions 

between secondary group antibodies and red blood cells using confocal microscopy. 

Haemagglutination patterns under different conditions are revealed for optimization of 

the assay conditions.  

 

4.1.2 KEYWORDS 

Bioactive paper, blood typing, secondary blood groups, confocal microscopy, 

haemagglutination 
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4.1.3 INTRODUCTION 

Blood groups were discovered at the beginning of the twentieth century, and for many 

years they have been considered the best human genetic markers since they carry a 

significant amount of information for mapping the human genome. To date, 30 blood 

group systems, including 328 authenticated blood groups, have been classified [1, 2]. 

The discovery of the ABO blood groups by Landsteiner has first made blood 

transfusion feasible. The later discovery of the RhD antigens has led to the 

understanding and subsequent prevention of haemolytic disease of the newborn (HDN) 

[3-5]. Although ABO and RhD groups are the most important systems in transfusion 

medicine, many other blood group antibodies are also capable of causing haemolytic 

transfusion reactions or HDN. These blood groups, known as minor or secondary blood 

groups, are also of great clinical and biological importance in blood transfusion and 

transplantation [5, 6]. Each of these blood groups contains unique sub-type antigens 

and has a different weight of distribution in human population [7]. Futhermore, 

secondary blood groups do not follow the second part of Landsteiner’s law – “If an 

agglutinogen is absent in the red cells of a blood, the corresponding agglutinin must be 

present in the plasma.” – which is only true of the ABO groups. Whilst antibodies A 

and B are naturally present in human blood serum corresponding to the antigens which 

they lack, the Rh and secondary antibodies in serum are only generated as a result of an 

immunisation response triggered by transfused red blood cells (RBCs) that carry 

secondary antigens, or by foetal red cells leaking into the maternal circulation during 

pregnancy or during birth [5]. Table 1 summarizes the common secondary blood 

groups and their sub-type antigens. Among these blood groups, some antibodies, such 

as Anti-M, N, Lewis and Lutheran system antibodies, are inactive below 37 °C and are 

therefore not considered clinically important [5]. Others, however, are as clinically 

significant as primary blood groups. The mismatching of these blood groups may cause 

immediate and severe haemolytic transfusion reactions (HTRs) and HDN. 

 

 

 

 



Chapter 4 

 
115 

 
 

Table 1 List of the common secondary blood group systems 

Secondary Blood 
group systems 

Antigens 

Rhesus D*, C, c, E, e 
Kell K, k 

P P1 
Kidd Jka, Jkb 
MNS M, N, S, s 
Lewis Lea, Leb 

Lutheran Lua, Lub 
 

Accurate and rapid identification of human secondary blood groups is important for 

blood banking and medical procedures either under laboratory or field conditions [8]. 

Routine minor blood grouping methods rely primarily on the haemagglutination 

reactions between antigens and antibodies that are either performed manually or by 

automatic means [9, 17]. Currently, the commonly used method for secondary blood 

grouping is based on a gel card test procedure, which requires concentrated RBCs and 

centrifugation [9]. Owing to the fact that there are a large number of antigens in 

secondary blood groups, a full identification of the antigens in those groups using this 

procedure is expensive and requires central laboratory conditions. Other methods, such 

as slide techniques, although low-cost and equipment-free, are insensitive and therefore 

are not recommended for initial or definitive antigen determinations, particularly when 

dealing with neonatal samples [5]. Investigations into novel techniques of rapid and 

low-cost secondary blood typing diagnostics are therefore necessary and significant, 

especially for use in less-industrialized areas, home care, and for local and temporary 

blood banking in disaster response missions.  

 

Recent research on the use of bioactive paper for human blood typing has established a 

new method for identifying haemagglutination of red blood cells (RBCs) [10-15], 

which relies on using fibre networks in paper with controlled pore sizes to filter out and 

retain the agglutinated RBC lumps. When a blood sample is introduced onto a piece of 

paper pre-treated with the corresponding grouping antibody, haemagglutination will 

occur, leading to the formation of agglutinated RBC lumps inside the fibre network. [16] 

The agglutinated lumps of RBCs are captured by the fibre network and cannot be 
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removed by chromatographic elution with PBS or saline solution, leaving a clearly 

visible bloodstain on the paper. Conversely, if a blood sample is introduced onto paper 

treated with non-corresponding grouping antibodies, haemagglutination will not occur 

and free RBCs can be easily washed out of the fibre network, leaving no discernable 

stain.  This phenomenon forms the foundation of using paper to make low-cost, rapid 

and user-friendly devices for ABO and RhD blood typing assays [15]. 

 

The antigens of some secondary blood groups are found to be less antigenic than the 

primary blood groups [18]. Those antigens show weaker interactions with their 

corresponding antibodies, resulting in increased difficulty in their identification in 

blood grouping assays. Different antibodies (i.e. immunoglobulin G (IgG) instead of 

immunoglobulin M (IgM)) available to certain secondary red cell group antigens 

present further difficulties in blood grouping assays. Although the capabilities of IgG 

and IgM antibodies in the blood typing of secondary groups have been well understood, 

red cell responses to bonding with those antibodies are not. In this study, we investigate 

the secondary group antibody-RBC interactions in the fibre network of paper for the 

purpose of designing highly efficient paper-based secondary blood grouping devices. 

The confocal microscopy method we developed for paper-based blood grouping assays 

[16] was employed to obtain mechanistic details of RBC behaviour in the interactions 

with secondary group antibodies. Our results elucidate: (1) the differences of antibody-

specific RBC heamagglutination caused by primary and secondary group antibodies; (2) 

the responses of red cells to bonding with IgG and IgM antibodies; (3) the time-

dependent antibody-antigen interactions in secondary blood grouping; (4) a concept of 

secondary group assay result reporting using symbols. The protocols and conditions of 

assaying have also been established and discussed. The outcome of this work provides 

microscopic details for the engineering of low-cost, sensitive, specific and rapid paper-

based blood grouping devices for secondary human blood groups. 

 

4.1.4 EXPERIMENTAL 

4.1.4.1 Materials and appliances 

The paper substrate used in this study was Kleenex paper towel (Kimberly-Clark, 

Australia). Alkyl ketene dimer (AKD) as a paper hydrophobilization reagent was 
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obtained from BASF (Wax 88 Konz). AR grade n-heptane was obtained from Sigma-

Aldrich, Australia; it was used to formulate an ink-jet-printable solution for patterning 

text on paper through forming hydrophobic borders. Blood samples were sourced from 

Red Cross Australia, Sydney. They were stored at 4°C and used within 7 days of 

collection. All antibodies were purchased from ALBA Bioscience, Edinburgh, UK. The 

0.9% (w/v) NaCl saline solution and the phosphate-buffered saline (PBS) were 

prepared with AR grade NaCl (Univar) and Phosphate (Sigma-Aldrich), using MilliQ 

water. Fluorescein isothiocyanate (FITC, isomer I, Product number: F7250, from 

Sigma-Aldrich) was used for labelling RBCs [16,19,20]. Anhydrous dimethyl 

sulphoxide (DMSO, from 95 MERCK Chemicals Ltd, Australia) was employed to 

dissolve the FITC. Anhydrous D-glucose was provided by AJAX Chemicals Ltd., 

Australia. 

 

A reconstructed Canon ink jet printer (Pixma iP3600) was used to print the AKD-

heptane solution onto a Kleenex paper sheet to form the required patterns defined by 

the hydrophilic-hydrophobic contrast. A series of micropipettes (Eppendorf Research®, 

2.5–50 µL) were used to transfer antibodies, blood samples, and saline solutions onto 

the paper device.A Nikon Ai1Rsi Confocal Microscope in the Melbourne Centre for 

Nanofabrication was used for obtaining the confocal micrographs. The objective lens 

employed for imaging was a 60× oil immersion lens. 

 

4.1.4.2 Symbol patterning onto paper 

In our previous work for ABO and RhD blood group tests [15], the fabrication of a 

paper-based blood grouping device involved patterning letters and symbols as 

hydrophilic sites for RBC and antibody interactions, surrounded by hydrophobic 

borders, onto paper. It was done with ink-jet printing of AKD on paper to selectively 

hydrophobize it. The hydrophobic-hydrophilic contrast allows unambiguous legibility 

of text patterns of agglutinated blood to be displayed. Following the international 

convention, the blood types of the ABO group are reported directly with letters, 

whereas Rh and other secondary groups are reported with the symbols “+” or “-” to 

indicate either their presence or absence in RBCs. In this work, for patterning paper for 

secondary blood grouping, we used “+” and “-” to indicate either the positive or 
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negative of an assay. The symbol consists of a vertical hydrophilic channel and an 

overlapping horizontal bar printed with water insoluble ink, as shown in Figure 1. 

 

Figure 1. Schematics of design, fabrication, testing procedures and result reporting of 
paper diagnostics for secondary blood typing. 
 

An assay for identifying multiple secondary blood groups was performed by 

introducing aliquots of 2.5 µL of the corresponding antibodies onto the vertical section 

of the symbols, and allowing the antibodies to dry under ambient condition. Two and 

half microlitres of a blood sample were then introduced onto the vertical channel of all 

the symbols; a pre-determined reaction time was allowed for the antibodies to interact 

with the RBCs. Subsequently, two 30 µL aliquots of saline solution were introduced 

onto the vertical section of the cross symbol to wash out the non-agglutinated RBCs. 

After washing, the results can be directly read from the device − “+” indicating positive 

and “-”, negative. 

 

For confocal imaging, RBCs were labelled with FITC using the method reported by Li 

et al. [16], Hauck et al. [19] and Hudetz et al. [20]. The whole blood sample was first 

centrifuged at 1300g/RCF for 3 minutes to separate the RBCs from the plasma. The 

plasma layer was then removed and the RBCs layer was washed with the physical 

saline solution (PSS) once. FITC was dissolved in DMSO at a high concentration 

(40mg/mL), and then diluted with the Cell-Stab solution to 0.8 mg/mL. This FITC 

solution and a D-glucose solution in PBS were then added into the RBCs, until the 
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concentrations of FITC and D-glucose reached 0.5mg/mL and 0.4 mg/mL respectively.  

This RBC suspension was then incubated in the dark for 2 hours to allow FITC to 

attach onto the cell surface. After incubation, the cell suspension was washed with PSS 

13 times to remove unattached FITC and then re-suspended at a hematocrit of around 

35% for further use.  

 

Kleenex paper towel was cut into 10 mm × 10 mm square pieces for use as the testing 

substrate. Ten microlitres of antibody solution was dropped onto paper pieces and 

allowed to dry, and then 6 µL of labelled RBCs was dropped onto them.  A pre-set 

reaction time was allowed. After that, 20 µL of PSS was pipetted onto the sample and 

the sample was immediately placed onto a glass slide for confocal imaging. 

 

 

4.1.5 RESULTS AND DISCUSSION 

4.1.5.2 Secondary blood typing results 

Following the testing procedure illustrated in Figure 1, a number of secondary blood 

groups can be assayed on a paper strip; the typical assay results of one blood sample is 

shown in Figure 2 by putting the assaying papers together. Gel Card tests of the same 

blood sample performed in the laboratory of Red Cross Australia were used to compare 

with the results obtained using our paper-based assays.  

 

 

Figure 2. Paper-based blood group assay designed for identifying 11 antigens in 7 
secondary blood groups. The grouping assay was performed under the same condition: 
reaction time was 30 seconds and the washing of free RBC was done using 0.9% NaCl 
PSS. Reference assays using the mainstream technology (Gel Card) showed that the 
secondary groups of this blood sample were: C(-), E(-), c(+), e(+), K(-),Jka(+), Jkb(+), 
M(+), N(+), S(+), P1(+), Lea(+).   



Chapter 4 

 
120 

 
 

 
Two observations can be made: First, with the exception of blood group M, the 

secondary blood grouping results reported by our paper-based assays matched with the 

Gel Card results. Second, like the Gel Card where the clarity of the results of secondary 

blood groups are less consistent than those of primary groups, on paper-based assays 

the colour intensity of antigen-positive red blood cells varies significantly despite all 

tests being conducted under the same condition. These results suggest that paper-based 

sensors are capable of performing assays for secondary blood grouping, and the 

reaction conditions of secondary group antigens and antibodies vary. To further 

understand the antigen-antibody interactions of secondary blood groups, and to 

optimize the assay conditions, we focused on the influence of the following factors on 

RBC agglutination: the antibody-antigen reaction time, antibody types, as well as 

washing conditions. Microscopic information obtained with confocal microscopy was 

compared with the visual assays to study the interactions of RBCs in paper. 

 

4.1.5.2 The effect of interaction period 

The bonding of ABO and RhD antigens with their corresponding antibodies normally 

occurs instantaneously [15], therefore haemagglutination can be visually identified 

within 30 seconds [16]. This reaction time, however, is not sufficient for some 

secondary blood group antigens as they are less antigenic. As a result, time required for 

secondary blood group agglutinations to be visually identifiable varies from 30 seconds 

to 3 minutes, depending on the antibody-antigen pair. For example, blood groups C and 

E have strong interactions with their corresponding antibodies within 30s, whereas 

blood groups c and e would show false negative results if the same interaction time of 

30 s was given. It was found in our study that longer interaction times (i.e. 2-3 min) 

must be allowed for secondary groups to improve the clarity of their results (Figure 3). 

However, a prolonged reaction time can lead to false positive results, as excessive 

exposure of a blood sample to atmosphere causes aggregation of RBCs. Our study 

showed that a reaction time up to 3 min is appropriate and adequate for the 

unambiguous identification of the weaker haemeagglutinations.     
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Figure 3. Increasing degrees of heamagglutination of the second group e in antibody-
treated paper as a function of time.  
 
Confocal microscopy was used to gain a microscopic understanding of 

haemagglutination processes of RBCs carrying secondary group antigens. For 

comparison, haemagglutination of RBCs by corresponding primary and secondary 

group antibodies was investigated to show differences in the strength of RBC 

agglutination. Figure 4 shows four confocal microscopic images taken with a 60× oil 

immersion lens. RBCs carrying D(+) (primary) and E(+) (secondary) antigens showed 

rapid agglutination within 30 seconds after contact with their corresponding antibodies. 

RBCs carrying primary group D antigens interacted strongly with their corresponding 

antibodies, leading to strong deformation of RBCs, which formed large lumps; 

individual RBCs in the lump could not be identified (Figure 4a). RBCs carrying 

secondary group E antigen showed weaker agglutination than the D group. Although 

E(+) RBCs also formed lumps upon reacting with the E antibody, cell deformation was 

less severe than that of the D(+) RBCs (Figure 4b). The e(+)-RBCs showed even 

weaker agglutination; no agglutination was observable when 30 seconds of reaction 

time was given (Figure 4c). However, when 3 minutes of reaction time was allowed, 

the e(+)-RBCs clearly showed agglutination, even though the degree of agglutination 

was much weaker than RBCs of the D(+) and E(+) groups (Figure 4d). These results 

correlate with the visual assays performed on paper (Figure 3). More importantly, the 

confocal results confirmed the time-dependent heamagglutination reaction of some 

secondary blood groups. Table 2 summaries the reaction time required by different 

secondary groups.  

30 s 

Anti-e 

1 min 2 min 3 min 

Anti-e Anti-e Anti-e 
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Figure 4. Haemagglutination behaviour of 3 blood groups investigated by confocal 
imaging (60× oil immersion lens): (a) RBCs of primary group D(+) agglutinated by D 
antibodies within 30 s; (b) RBCs of secondary group E(+) agglutinated by E antibodies 
within 30 s; (c) RBCs of secondary group e(+) did not show any sign of agglutination 
after reacting with e-antibody for 30s; (d) group e(+)RBCs showed clear agglutination 
when reacting with e-antibody for 3 mins.   
 

Table 2.  Agglutination reaction time required by each secondary blood group* 

Blood groups C c E e K k Jka Jkb P1 S s 

Required reaction period 30s 3min 30s 3min 2min 30s 2min 2min 30s 2min 2min 

* For Alba antibodies specified in this study 

 

4.1.5.3 The effect of antibody structure 

While some commercial antibodies for secondary blood grouping can easily identify 

the corresponding secondary group antigens through RBC heamagglutination, others 
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cannot. This is partially due to the structure of antibodies; the IgM and IgG antibodies 

show a strong performance contrast in causing heamagglutination of RBCs. The 

commercial products of IgM are monoclonal immunoglobulin which has a pentameric 

form; each has two binding sites and ten sites in total. IgG antibodies, however, are 

monomers with only 2 binding sites in total. The molecular dimension of an IgM 

molecule is also greater than an IgG molecule, being 30 nm and 14 nm, respectively [5]. 

Consequently, Tte distance between the two binding sites of an IgG molecule is too 

small to allow it to simultaneously bind with antigens on two RBCs and cause direct 

agglutination. Generally, IgM antibodies will directly agglutinate antigen-positive red 

cells, whereas most IgG antibodies require potentiators or anti-human globulin (AHG) 

to effect agglutination [5].  

 

For secondary blood grouping on paper, the IgM antibodies can simultaneously bind to 

antigens on two RBCs, thus producing sufficiently large agglutinated RBC lumps that 

can be immobilized in the porous structure of paper. In contrast, agglutination reactions 

between IgG and RBC antigens without AHG are either extremely weak or do not 

occur at all, leading to false negative results. An example of K antigen in the Kell 

system is used to illustrate the different performance of antibodies with different 

structures. Both IgM and IgG antibodies corresponding to K antigen are commercially 

available. Figure 5a shows a distinct difference in RBC agglutination patterns: whilst 

IgM causes strong agglutination of the K-positive sample, IgG shows little or no effect. 

Another example of detecting s antigen (of the MNS system, Table 1) using IgM and 

IgG antibodies also shows very similar results to that of the K-antigen in the Kell 

system, confirming that the different structures of antibodies can lead to extremely 

different agglutination behaviours (Figure 5b). 
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Figure 5. The comparison of the effect of antibody structures (IgG and IgM) on the 
visual identification of the testing results: (a) for K antigen test; (b) for s antigen test. 
Confocal images show details of haemagglutination behaviours of K(+) and s(+) on 
paper treated with different antibodies: (c) anti-K IgG, (d) anti-s IgG, (e) anti-K IgM 
and (f) anti-s IgM. Reaction times of all assays were 2 min and 60 oil lens was used. 
 
Confocal microscopy was used to capture the agglutination patterns of the K(+) and s(+) 

RBCs by IgM and IgG antibodies. Figures 5c and 5d show agglutination patterns of 

K(+) and s(+) RBCs after being introduced onto papers treated with anti-K IgG and 

anti-s IgG, respectively. In both cases, no discernable RBC agglutination could be 

observed. An interesting observation was that K(+) RBCs show strong deformation and 

crenation when mixed with anti-K IgG. This is due to fact that the commercial IgG 

anti-K reagent was directly obtained and prepared from a donor’s plasma. The impurity 
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of the antibody solution might have caused the red blood cell deformation. After a drop 

of 10 µL Cell-Stab solution was added to the paper, RBCs regained their natural 

biconcave disc shape (result not presented), but agglutination of RBCs never occurred. 

In contrast, when K(+) and s(+) RBCs were introduced onto papers treated with the 

anti-K IgM (Figure 5e) and anti-s IgM (Figure 5f), agglutination of RBCs can be 

clearly observed under confocal microscope. The confocal results also show that anti-s 

IgM causes a stronger degree of agglutination than anti-K IgM (Figures 5e and 5f); 

these results concur with the visual assay on the paper surface (Figures 5a and 5b). 

They provided a clear understanding of the effects of antibody structures on the 

efficiency of RBC agglutination; such effects were further confirmed on a microscopic 

level. 

 

In another study, antibody-antigen interactions of the secondary blood group M were 

investigated using confocal microscopy. The motivation of this investigation was to 

understand why a false negative was observed for this blood group in our screening test 

(Figure 2). A repeat of the assay on paper showed no RBC agglutination, even though 3 

min of reaction time was allowed (Figure 6a). The confocal image showed that M(+) 

RBCs could not be agglutinated by anti-M IgM (Figure 6b).  Although anti-M is IgM 

antiserum, it is considered as a naturally occurring antibody in the human body, rather 

than an antibody generated by immunoreactions [21]. This type of antibody is a cold-

reacting antibody which is not active at 37°C, and therefore is regarded as clinically 

insignificant [5, 21]. In general, the detection of anti-M can be ignored for transfusion 

purposes.  

  
Figure 6. (a) Visual assay of a M(+) blood sample on paper and (b) confocal image 
taken for the same sample. A commercial Anti-M IgM obtained from human sera was 
used for the assay and 3 mins reaction time was allowed.  
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4.1.5.4 The effect of washing conditions 

The selection of the washing solution affects the result of secondary blood grouping 

assays. Firstly, water cannot be used for removing the non-agglutinated blood due to 

the osmotic effect.  Under the osmotic pressure, water penetrates into the red cell 

through its membrane, causing red cell haemolysis by bursting. The agglutinated red 

cells therefore can also be removed from the paper (Figure 7a). Secondly, pH is also an 

important factor in washing. Under normal circumstances, washing solution with a pH 

of about 7 is acceptable because red cells carry a negative charge and at pH 7–7.5 most 

antibody molecules bear weak positive charges. This enhances the attraction between 

the RBCs and antibody molecules during the first stage of interaction. Significant 

lowering of pH increases the dissociation of the antigen-antibody complexes. This 

influence of pH levels on the assay result was found to be much more important for 

secondary blood groups than for primary groups; this is due to the weaker antibody-

antigen interactions of secondary blood groups.  Figures 7b and 7c show the washing of 

the agglutinated RBCs from the paper. Our results show that for the best results of 

secondary blood grouping assays, PBS should be used for washing.  

 

 

Figure 7. Identification for agglutinated RBCs of blood group c washed by: (a) 
distilled water; (b) 0.9% NaCl; (c) PBS. Two minutes RBC-antibody interaction time 
was allowed. 
 

A total of 10 clinically important secondary blood group systems, including 12 blood 

groups have been tested under their optimum conditions. Each blood group involved 

from 11 to more than 100 samples and all test results using the bioactive-paper devices 

matched the results obtained in a pathological laboratory using Gel Card technology. 

a b c 
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Details of the tested samples are presented in Table 3. The accuracy of this paper 

diagnostic assay for 127 blood samples is 100%.  

 

Table 3. Statistics of secondary blood typing data obtained using paper devices 

Blood type C E c e P1 K k Jka Jkb S s 

Antibody 
type 

 

IgM IgM IgM IgM IgM IgM IgM IgM IgM IgM IgM 

Incubation 
time 

 

30s 30s 3m 3m 30s  2m 30s 2m 2m 2m 2m 

Number of 
samples 

 

127 127 127 127 79 79 19 30 30 11 11 

Matching 
with the 

Laboratory 
result (%) 

100 100 100 100 100 100 100 100 100 100 100 

 

4.1.6 CONCLUSION  

We show in this study that paper-based diagnostics are capable of testing various 

clinical important secondary blood types. Compared to the typing of primary blood 

groups, the major challenges in secondary blood group assaying were identified to be 

the antibody-RBC interaction time, antibody types, and pH of the washing buffer. 

Visual observation of the agglutination pattern on paper was used to evaluate the 

degree of agglutination under the conditions of investigation, whilst confocal 

microscopy was employed to obtain microscopic information on the agglutination 

patterns in fibre network at a cellular level. The microscopic and macroscopic results 

presented in this work establish a detailed understanding of secondary blood grouping 

in paper. First, RBCs carrying some secondary group antigens require a longer time to 

react with their corresponding antibodies in order to form a sufficient level of 

agglutination for unambiguous visual identification on paper. Second, the types of 

antibodies are important in secondary blood group typing. This work confirmed, at a 

cellular level, that while IgM antibodies are able to cause direct agglutination of RBCs, 

IgG antibodies are unable. In that case an indirect method must be used. Third, the pH 
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of the washing buffer must be controlled at neutral, or at a slightly basic level, to 

prevent the undesirable dissociation of the agglutinated RBC lumps during washing. 

 

This work is the first research on using paper-based diagnostics for secondary blood 

typing. Of the 12 clinically important secondary blood groups we investigated in this 

study (Table 3), the results obtained by paper-based devices showed 100% match with 

the mainstream Gel Card technology. The design concept of the paper assay enables 

both professionals and non-professionals to easily understand and archive the assay. 
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4.2.1 ABSTRACT 

Paper biodiagnostics for blood typing are novel, cheap, fast and easy to use. 

Agglutinated red blood cells cannot travel through the porous structure of paper, 

indicating a positive antibody-antigen interaction has occurred. Conversely, non-

agglutinated blood can disperse and wick through the paper structure with ease to 

indicate a negative result. This principle has been demonstrated to detect blood group 

phenotypes: ABO and RhD. However, typing for red blood cell antigens such as Rh, 

Kell, Duffy, and Kidd, have not yet been explored on paper.  In this work, two paper 

testing methods – an elution and a direct flow-through method – were investigated to 

detect red blood cell antigens excluding the ABO system and RhD. Antigens explored 

include: C, c, E, e, K, cellano (k), Fya, Fyb, Jka, Jkb, M, N,S and s, P1, Lea and Leb. 

The variables tested include: reaction time, reagent concentration. The importance of 

antibody type/structure for successful agglutination on paper was confirmed. Some 

blood group phenotypes showed less agglutination due to weaker antibody-antigen 

interactions. Most blood groups with antibodies available as IgM, such as C/c, E/e, K 

and cellano, and Jka and Jkb, and P1, were successful using both methods. However, 

other blood groups, especially those with antibodies only available as polyclonal 

antibodies were unsuccessful and require further scrutiny. As a result, this study 

confirms that paper can be used as an alternative blood grouping diagnostic tool for 

selected blood group phenotypes. 
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4.2.2 KEYWORDS 

Paper diagnostics, blood typing, haemagglutination , blood groups, antibodies, IgM, 

IgG, Rh,  Kell, Kidd, Duffy. 

 

4.2.3 INTRODUCTION 

Although ABO and RhD are the most important blood group systems in transfusion 

medicine, many other blood group antibodies can cause serious or fatal haemolytic 

transfusion reactions (HTRs) or haemolytic disease of the foetus and newborn (HDFN). 

Current blood typing techniques rely on antibody-antigen interactions to cause red 

blood cell agglutination for positive identification. Techniques, such as gel columns, 

are well established. Common methods for phenotyping blood groups are the tube test 

and column agglutination test (CAT), which require centrifugation only available under 

laboratory conditions, unsuitable for in-field and remote testing [1]. Currently CATs 

are more widely used, relying on gels or glass beads to visualize agglutination. 

However, the process requires trained personnel, is more expensive, lengthy and time 

consuming to operate,. Low-cost and equipment-free methods, such as the glass slide 

test, can be insensitive and are unsuitable for antigen identification, particularly for 

neonatal samples [2].This is especially true when testing for the wide array of clinically 

significant blood group phenotypes. 

 

 For many years, blood groups were the best genetic markers, and have played a key 

role in the mapping of the human genome [3].  Blood group antigens are found on the 

surface of red blood cells (RBCs). These dictate an individual’s blood type. Blood 

group antibodies are present in the blood plasma and generally result from an immune 

response triggered by prior exposure, such as previous transfusion or during pregnancy, 

to the corresponding antigen not located on that individual’s RBC surface 

(alloantibody). There are now 35 blood group systems recognised, with over 300 blood 

group antigens, many of which are clinically significant, requiring detection and the 

identification of antibodies to be performed prior to blood transfusions [3, 4]. The 

discovery of the ABO blood groups made blood transfusions safe; the disclosure of the 

RhD antigens led to the understanding and prevention of HDFN [2, 5, 6]. Each of the 

blood group phenotype systems contain antigens which are unique and have a different 
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frequency depending on the patient’s ethnicity [7]. The blood groups and their 

corresponding alloantibody examined in this study are summarized in Table I. Aside 

from these blood groups, some alloantibodies, such as Anti-M, N, P1 and Lewis 

antibodies, are seldom active at body temperature (37 °C) and are generally not 

considered clinically significant [2]. The mismatching of a blood group antigen in the 

presence of a clinically significant antibody could cause immediate, delayed or severe 

HTRs or HDFN, necessitating tests to identify or confirm the presence of these 

antigens. Prior to blood transfusion, the accurate and fast identification of the blood 

group phenotypes is essential for patients who possess an alloantibody [8].  

 

Further development in low-cost minor blood typing methods is necessary, especially 

for testing in developing countries and the battlefield. Novel paper diagnostic for 

human blood typing through the haemagglutination of the RBCs was developed [9-17]. 

Paper can be pre-treated with a blood typing antibody reagent. When a blood sample is 

subsequently introduced onto the antibody pre-treated paper, if positive, a 

haemagglutination reaction will occur between the RBCs and corresponding antibody. 

These blood agglutinates are formed within the porous structure of paper and cannot be 

removed when washed with solutions such as phosphate buffered saline (PBS) or 0.9% 

NaCl saline. Inversely, during negative reactions, the RBCs do not agglutinate and the 

cells are easily washed away. This phenomenon is the foundation of paper substrates 

for blood typing which was used to design diagnostics for ABO and RhD blood testing 

[12].  

 

In this study, paper diagnostics were engineered to identify blood groups using 

haemagglutination, focusing on common clinically significant blood group phenotypes. 

The method for phenotyping these blood groups proved not to be as simplistic as the 

ABO and RhD groups; time-dependant reactions became evident [10, 17]. The 

influences of antibody types, reaction time, washing conditions, and antisera 

concentration on the identification of blood group phenotype were investigated.  

 

Two separate testing methods were developed using paper, each using different 

principles regarding the interactions of the analytes, samples and washing method. One 

method follows the principles of chromatography, allowing the washing solution to 
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elute unbound blood cells laterally along the paper structure (wicking). This method 

was used for ABO and RhD groups [11]. The second uses the flow-through method [12, 

18, 19], which washes through the paper, rather than along, utilizing a filtration 

mechanism. While each method has been successful when testing ABO and RhD blood 

types, this is the first report testing paper diagnostics for the detection of blood group 

phenotypes other than ABO and RhD using both methods. 

 

4.2.4 EXPERIMENTAL 

4.2.4.1 Materials and Equipment 

Professional Kleenex paper towel from Kimberly-Clark, Australia, was employed as 

paper. Antisera blood typing antibodies were purchased from ALBA bioscience, 

Edinburgh, United Kingdom and used as received (Table 1).   Washing solutions 0.9% 

(w/v) NaCl saline and phosphate-buffered saline (PBS) were prepared using MilliQ 

water, analytical grade NaCl (Univar) and PBS tablets (Sigma-Aldrich), respectively. 

Alkyl ketene dimer (AKD) from BASF was used for paper hydrophobilization. 

Analytical grade n-heptane from Sigma-Aldrich was used to formulate ink-jet solution 

to print text on paper.  EDTA blood samples were sourced from Australian Red Cross 

Blood Service (ARCBS); stored at 4°C and used within 7 days of collection.  

Micropipettes (Eppendorf research®, 2.5–50 µL) were used to introduce the antibodies, 

blood samples, and saline solutions on paper. Millipore centrifugation tubes (50kD 

cutoff) from Merck, Australia were used to remove supernatant and increase 

concentration of the antibodies by filtration.  

 

4.2.4.2 Methods 

Two methods were tested. The first was the elution methodology for high-throughput 

diagnostics in laboratory settings [11]. The second flow-through method used the direct 

reporting method suited for remote and emergent situations [12]. These methods differ 

by the direction of liquid transport within paper during the washing step. The elution 

method relies on the paper structure to wick saline solution laterally and separate by 

chromatography along paper, while direct-reporting washes via a flow-through 

filtration-like method.  
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Table 1. Blood groups and the corresponding antibodies used for blood group  

phenotyping on paper. The antibody structure and clone is also included. 
 

 

 
 
 

1) Elution 

A known antibody reagent is dotted along the bottom of paper (10µL) before the 

addition of mixed EDTA blood sample (3µL) [11]. After a reaction period, ranging 

from 30 to 120 seconds, the substrate was hung in a vertical-standing elution tank 

containing 0.9% NaCl saline solution at a depth of 1cm. Following an elution period of 

5 min., the substrate was removed and dried in the laboratory (T = 22 ± 1˚C; relative 

humidity = 30-50%) (Figure 1). Qualitative evaluation of results was conducted 

visually. Agglutination showed a distinct bloodspot, while non-agglutinated RBCs were 

defined by the absence of a blood spot and by a clear elution path on paper. 

Quantitative analysis was achieved using ImageJ software to measure colour densities 

of the blood spot (BS) and elution pathway (EP). Kleenex paper towel was selected for 

performance, attainability and cost. Compared with other paper, such as Whatman filter, 

the results achieved were clearer and more reliable [11,16].  

Blood System Blood Type Reagent Type Clone 
Rh C IgM P3X25513G8 

 E IgM DEM1 
 c IgM H48 
 e IgM MS-36 and P3FD512 

Kell K Polyclonal Polyclonal (Human Source) 
 K IgM MS-56 
 k IgM Lk1 

Kidd Jka IgM P3HT7 
 Jkb IgM P3.143 

Duffy Fya Polyclonal Polyclonal (Human Source) 
 Fyb Polyclonal Polyclonal (Human Source) 

MNS M IgM LM1 
 N IgM LN3 
 S IgM P3S13JS123 
 s Polyclonal Polyclonal (Human Source) 

P P1 IgM 650 
Lewis Lea IgM LEA2 

 Leb IgM LEB2 
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Figure 1. Methodology for blood group phenotyping using paper via elution 

 

2) Flow-Through Direct reporting 

Agglutinated cells can form patterns to resemble text or signs. This can be achieved by 

hydrophobic barriers printed onto the paper prior to the addition of cells. The 

hydrophobic barrier guides where antisera will be absorbed into the paper. This strong 

hydrophobic-hydrophilic contrast can be used to border the RBC-antibody interactions 

on paper, forming shapes or ‘text’ that can be easily read when fabricating a user 

friendly blood group device [15]. A reconstructed Canon ink jet printer (Pixma iP3600) 

was used to print channels onto paper with an AKD-heptane solution (Figure 2). 

Aliquots of 2.5µL of antibody solutions were introduced into the corresponding 

patterns. After the antibody solution was dried, 2.5μL of blood sample was introduced 

into the vertical channel. A reaction period was allowed for the antibodies to interact 

with the RBCs inside the channels. Washing was performed with two 30 µL aliquots of 

saline solution introduced into the patterns to wash out non-agglutinated RBCs. The 

blood types were then read directly. Quantitative analysis used ImageJ to measure 

channel density. 
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Figure 2. Fabrication, testing procedures and result reporting of paper diagnostics for  
antigen detection using example: blood group K. 

 

4.2.4.3 Analysis Criteria 

Successful testing should easily distinguish positive from negative, while preventing 

false positive and false negative results. For the elution method, a positive result should 

report a well-defined blood spot (BS) with no RBCs in the elution pathway (EP); 

conversely, a negative result would have no BS, but show distinct wicking in the EP. 

The direct reporting method prints a positive “+” sign, while a negative in absence of 

RBCs, leaves a negative “-” sign. 236 different patient samples were tested. However, 

not all samples were fully phenotyped. The number of samples for each antigen tested 

was restrained by blood availability, outlined in table 2. 

 

Table 2. Blood group phenotyping using the Elution (E) and Text reporting (TR) 
methods on paper. Blood spot (BS) and elution pathway (EP) are represented as 
density. Optical density ratio (ODR) compares density EP:BS. Positive is denoted 
by high density and ODR, negative has lower densities and ODR. 
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To compare the strength of each blood group’s antibody/antigen reactions and the 

testing conditions, the colour densities of the resulting BS were measured using ImageJ. 

Distinct patterns emerged when comparing positive and negative results. Higher 

density values indicated a positive result (usually >100), while lower values indicated 

negative samples (<40). Densities between this range (40-100) could be classified as 

weaker reactions. This distinction was used for the text-reporting method.  

 

However, to analyse the elution method results, the BS alone was insufficient to 

indicate the interactions of certain blood groups. In such instances, the BS optical 

densities bordered the weak reaction threshold. In some cases, the BS for negative and 

positive looked too similar for accurate determination by the naked eye. It was the 

presence/absence of an EP that confirmed the result.  Therefore, in addition to BS 

density, an area of the EP 2cm above the BS was measured.  Positive results contained 

little or no RBCs in EP with low density values. Conversely, negative results showed 

high densities representing unbound RBCs travelling through paper after washing. This 

difference was translated into a fraction, the optical density ratio (ODR), comparing 

density of BS to EP. A higher ODR value (>6.0) indicated positive, while low values (< 

3.0) indicated negative, with weak reactions between indicated in between (3.0-6.0). 

𝑂𝐷𝑅 =  
𝐵𝑆
𝐸𝑃

 

 

4.2.5 RESULTS 

A series of antibody/antigen reaction tests were performed using both procedures to 

detect blood group phenotypes (Figures 1 and 2). As each antibody/antigen pair 

behaves differently when tested, each needed to be analysed individually. This differs 

from the major blood groups (A, B, O and RhD), which react strongly and clearly for 

most patients; exceptions include the weak subgroup variants [10, 11, 16]. It was found 

that several factors impacted the interaction strengths observed for each antigen tested. 

These factors are: 1) reagent type, 2) reaction time, 3) antibody concentration, and 4) 

washing conditions. The washing conditions were found to affect the results of the text-

reporting method, but not the elution method. This is due to the effects of directional 

flow during washing. Horizontal flow in elution method uses the chromatographic 
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effect to elute the red blood cells away from its original spot, while vertical flow in 

text-reporting approach uses the filtration effect to remove individual blood cells from 

paper. As a result, the proportion of red blood cells removed from the paper substrate in 

text-reporting method can be significantly affected by the washing conditions. Table 2 

and Figure 3 depict the results achieved for both the elution and text-reporting method 

for the blood groups investigated (Table 1). However, testing for Duffy groups, Fya 

and Fyb, MNS groups, and Lewis groups, Lea and Leb, was unsuccessful.  

 
Figure 3.  Blood group phenotyping using (a) elution, and (b) text reporting methods 
on paper. Blood spot (BS) and elution pathway (EP) are represented as density. Extent 
of coagulation is represented as optical density ratio (ODR) comparing density EP:BS. 
Positive is denoted by high density and ODR, negative has lower densities and ODR. 
(Fyb was not tested using the text reporting method.) 
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4.2.5.1 Testing conditions  

The main variables investigated for optimization include: 1) reagent type, 2) reaction 

time, and 3) antibody concentration, and 4) washing conditions. 

 

Reagent type – The effect of reagent type was investigated. Certain antibodies are only 

commercially available as polyclonal (human source), not immunoglobulin M (IgM). 

IgM antibody reagents are generally monoclonal, containing a pentameric structure, 

with ten binding sites. IgG antibodies are monomers, containing only two-binding sites. 

Whilst IgM antibodies show strong agglutination, IgG antibodies generally only 

sensitise cells without agglutination. This is due to electrostatic repulsion between 

RBCs. IgM antibodies provide over twice the bridging distance, overcoming the 

electrostatic double layer surrounding RBCs. IgM antibodies are expected to exhibit 

better binding capabilities compared to IgG antibodies, allowing direct agglutination 

rather than only sensitization to occur. The identification of certain blood groups by 

direct agglutination using paper is therefore constrained by the commercial availability 

of IgM antisera. 

 

Reaction time – The time allowed for the antibody sera and RBCs to react. 

Haemagglutination between ABO and RhD antigens and antibodies can be achieved 

within 30s. However, some minor blood group antigens take longer than 30s to bind 

with their antibodies to show strong haemagglutination for clear identification. Thus, 

the time the RBC antigens had to bind was extended and compared. Reaction times 30, 

60, 120 and 180s were tested, with optimum conditions reported in Table 2. Reaction 

times beyond 180s were not explored as longer reaction times could increase the 

potential of false positives.  

 

Antibody concentration – The effect of antibody concentration was explored. Antibody 

concentration was increased by filtering the reagent using Millipore centrifugation 

tubes. These tubes retain biomolecules 50kDa or larger, and remove supernatant. 

Increased concentration allows faster collision rate and resulted in stronger 

agglutination for positive tests. However, this raises the possibility of provoking the 
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prozone effect where agglutination does not occur due to an excess of antibody or 

antigen. 

 

Washing conditions – Varying the washing buffer was investigated to determine the 

effect of pH, ionic strength and specificity has on the elution of RBCs and clarity of 

results. Using the text reporting method, washing using PBS yielded clearer results, 

while the effects were nominal for the elution method.  

 

4.2.6 DISCUSSION 

Each blood group typing reaction behaved differently when tested, and therefore each 

required individual analysis.  

 

4.2.6.1 Rh Blood Group System  

Apart from the ABO blood groups, the antibodies against the Rh blood group system 

are the most common clinically significant antibodies. Of these, D is the most 

immunogenic antigen. The additional antigens investigation within the Rh system 

which are important when screening patient or donor blood are C, c, E, and e. Testing 

using paper for these four antigens was successful using the commercial antibody 

reagent at a standard reaction time of 30 seconds. The Rh antisera used were all 

monoclonal IgM (Table 1).  

 

Using the elution method, the C and E antigens were strongly detected (ODR pos: 

17±2.7, neg: 2.9±0.55; pos: 16±3.6, neg: 1.0±1.4, respectively) (Figure 3(a)), only 

needing 30s reaction time. However, c and e antigens showed a slightly less clear BS 

with higher density in the EP. The clarity of tests for c and e improved with longer 

reaction times of 120s (ODR pos: 12±3.7, neg: 1.8±0.39; pos: 18±1.5, neg: 0.72 ±0.12, 

respectively). Extending the RBC-antibody contact time to two minutes or more 

showed better agglutination with less unbound RBCs able to migrate through the paper 

structure. 
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A maximum reaction time of 180s was selected as longer reaction times could increase 

false positives. For the elution method for c and e, a 180s reaction time provided less 

distinct results with negative ODRs of 1.8 ±0.39 and 3.0, respectively. While above the 

threshold, a lower ODR for negative results provides a clearer result (Figure 4).   

 

The text-reporting method was similar. C and E had clear and distinct densities (pos: 

152±7.4, neg: 28±3.8; pos: 145±7.1, neg: 30±4.9 respectively). When compared to the 

BS data of the elution method, the text-reporting method showed a clearer distinction 

between positive and negative. The c and e tests similarly improved with a longer 

reaction time of 180s (pos: 154±5.8, neg: 30±3.7; pos: 135±9.2, neg: 29±4.2 

respectively) (Figure 4). 

 
 
Figure 4. (a) Effect of time on the reaction period tested with c antigen, comparing 
elution method (E) and text-reporting method (T). ODR of E is compared to density of 
T. (b) Effect of time on the reaction period tested with c antigen using text-reporting. 
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4.2.6.2 Kell Blood Group System  

Two clinically significant blood group antigens from the Kell system were explored: K 

and Cellano (k). Two types of K reagents commercially available were tested: 

monoclonal IgM and polyclonal (Table 1). The anti-K polyclonal reagents 

manufactured from human plasma is expected to be composed of IgG antibodies since 

the immune response against the Kell system produce predominantly IgG antibodies [2]. 

The efficiency of both reagents was tested with both paper testing methods.  

 

The elution method reported ODR pos: 8.4±5.5, neg: 2.0±0.46; pos: 2.3±0.11, neg: 

1.4±0.39, for IgM and polyclonal respectively. The text-reporting method had densities 

of pos: 106±4.9, neg: 34±4.0; pos: 46±4.1, neg: 35±7.1, for IgM and polyclonal 

respectively. Interactions between IgM antibodies and the RBCs are strong and there is 

no overlap between a positive and a negative test. While both paper methods were 

accurate with the anti-K IgM antibody, they both failed with polyclonal anti-K (Figure 

5). A clear distinction between positive and negative is fundamental for blood group 

testing, and only IgM antibodies have systematically achieved such distinction.  

 

 
Figure 5. Comparison of antisera (polyclonal or IgM) affecting identification of testing 
results for K antigen.  
 

In the Saline tube test, IgM antibodies can directly agglutinate antigen-positive red cells, 

whereas IgG antibodies require anti-human globulin (AHG) to effect agglutination. For 

both paper testing methods, agglutination between IgG antibodies and RBC antigens 
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without AHG led to false negative results.  As in saline tube testing, this is explained 

by the greater size of the IgM pentamer able to bridge red cells for electrostatic 

stabilization. To achieve bridging, the critical length of the antibody must be greater 

than the thickness of the electrical layer surrounding the RBC.  While IgM antibodies 

can bridge red cells, where IgG monomers cannot. This allows IgM antibodies to 

agglutinate red cells in saline solution. 

 

Buffer washing solution affected the clarity of results for the text-reporting method. 

Using Phosphate buffered saline (PBS) improved the density compared to 0.9% NaCl 

saline. This is likely due to the directional flow when washing. Only nominal effects 

were observed for the elution method.  

 

Testing with polyclonal anti-K antisera was used to determine the effect of increasing 

antibody concentration. Surprisingly, increasing the concentration of the commercial 

polyclonal antibodies by removing excess serum enhanced reaction clarity. Antibody 

concentration was increased by filtering the serum to retain biomolecules 50 kDa or 

larger. 

 

Increasing antibody concentration improved the stoichiometric ratio between antibody 

and antigen (or RBCs). A higher stoichiometry ratio allows for more antigen-antibody 

interaction; however, it is costly. This provides a counterpoint to reaction kinetics, as a 

longer reaction time decreases rapidity and could increase potential false positives.  

 

This worked unexpectedly well, enhancing the clarity for polyclonal anti-K when 

concentration was doubled (pos: 6.8, neg: 1.4±0.46 with a reaction time of 60s), with 

optimum at 120s (pos: 7.8, neg: 0.61±0.18) (Figure 6). However, the same method 

applied to other polyclonal reagents was unsuccessful.  Polyclonal anti-K antisera, 

while predominantly IgG antibodies, could contain residual IgM from the original 

source. Removing the excess supernatant probably increased the IgM concentration in 

addition to the IgG, thus promoting agglutination. To test this hypothesis, a simple 

immediate spin tube test and an Indirect Antiglobulin Test (IAT) were performed with 

the original polyclonal reagent, against K positive cells. Surprisingly, cell agglutination 

was observed with both tests, albeit significantly weaker in the immediate spin test. 
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This result indicates that the polyclonal reagent used was predominantly IgG antibodies 

with some residual IgM antibodies present.Drawbacks of increasing concentration are: 

antibody sera are expensive, and not all polyclonal reagents have an IgM component. 

 
Figure 6. Effect of anti-K polyclonal concentration on efficacy; (a) at stock solution, (b) 
double stock concentration by volume, and (c) quadruple stock concentration by 
volume. 
 
Testing for blood group k typing using a monoclonal IgM antibody was straightforward. 

Much like the Rh groups, results for both the elution and text reporting methods were 

clear. For the elution method, positive and negative ODR was 6.4±1.5 and 1.5±0.25, 

respectively. Density results for text-reporting method were 131±8.3 and 31±5.0 for 

positive and negative respectively (Table 2 and Figure 3).  
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4.2.6.3 Duffy Blood Group System  

Unlike the anti-K antibody reagent, Duffy antibodies, anti-Fya and Fyb, are not 

available as IgM. Polyclonal Duffy antibody reagents are predominantly IgG[1]. No 

optimization techniques could achieve clear results as positives reported as (false) 

negatives. When reaction time was varied, despite an increased density for positive 

results, tests for negatives showed an equal increase in density. Attempts to duplicate 

the improved results seen when the concentrating the polyclonal anti-K were 

unsuccessful for both anti- Fya and Fyb. All results were negative, showing the 

inability of IgG antibodies to form RBC agglutinates retainable within paper. The 

antibody structure (IgM versus IgG) is crucial for successful identification. 

 

4.2.6.4 Kidd Blood Group System  

The Kidd blood groups studied are Jka and Jkb. The corresponding typing reagents are 

available as monoclonal IgM antisera, and generally showed a clear distinction between 

positive and negative results. However, the BS achieved was not as defined as desired, 

requiring optimization. Extending reaction time improved results. Reaction time of 

120s was determined for group Jka (ODR pos: 8.3±2.7, neg: 1.2±0.13; pos: 95±6.2, neg: 

37±4.8; elution and text-reporting methods, respectively) and Jkb (ODR pos: 6.8±1.8, 

neg: 2.9±1.2; pos: 122±10, neg: 34±6.2; elution and text-reporting methods, 

respectively). Both elution and text-reporting results were accurate.  

 

4.2.6.5 MNS Blood Group System 

Paper testing for the M, N, S and s antigens was unsuccessful for both methods. The M 

and N blood groups often reported falsely as ‘weak’ positives. Numerical data are 

available in table 3.  
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Table 3. Results achieved for the MNS blood system using the Elution (E) and 
Text reporting (TR) methods on paper. Blood spot (BS) and elution pathway (EP) 
are represented as density. Optical density ratio (ODR) compares density EP:BS. 

Positive is denoted by high density and ODR, negative has lower densities and 
ODR. 

 
Antigen 

 
 M N S s 

Antibody type  IgM IgM IgM IgM 

No. of samples  54 39 54 8 

Reaction time (s)  30 30 30 30 

Buffer  NaCl NaCl NaCl NaCl 

  + ̶ + ̶ + ̶ + ̶ 

No. of samples  34 20 20 19 40 14 7 1 
 

Elusion method 
BS 90±7.0 66±6.6 107±7.8 90±8.6 76±5.8 73±6.0 43±2.6 45 

EP 44±6.4 42±5.9 23±4.0 38.0±5.1 44±5.9 48±8.4 39±4.0 30 

ODR 2.1±0.29 1.6±0.10 4.8±0.73 2.5±0.4 1.7±0.17 1.6±0.36 1.1±0.16 1.5 

Text method  66±16 96±9.3 96±18 86±25 72±12 42±5.1 N/A N/A 

 

4.2.6.6 P Blood Group System 

P1 antigen was tested using a monoclonal IgM antibody. Like the C and E antigens, no 

special optimization was required. The results were clear and easy to distinguish 

between positive and negative results for both elution and text-reporting (pos: 12±1.9, 

neg: 1.7±0.63 ODR; pos: 140±5.7, neg: 31±5.5 S respectively) (Figure 3a and b).   

 

4.2.6.7 Lewis Blood Group System  

Testing the Lewis blood system revealed the importance of the antibody solution 

composition. Unlike other blood groups, testing with anti-Lea and anti-Leb, showed 

anomalous patterns using the elution method. Rather than displaying a clear BS or EP, 

the blood dispersed irregularly with important tailing (Figure 7).  This is likely due to 

potentiators, such as dextran, often added to formulation. Potentiators, consisting of 

polymers, are often used to enhance the extent of RBC agglutination for low potency 

antibodies. Potentiators can become problematic for paper tests should they non-

specifically retain individual RBC on paper. Instead of absorbing into paper, the 

antibody solution created a film above the surface, affecting elution and causing 

irregular dispersion. There was no distinction between positive and negative. The 

irregular dispersion pattern in paper caused by potentiators was confirmed using “For 

Further Manufacturing Use” (FFMU) anti-Lea, the raw material without potentiators. 
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However, the FFMU anti-Lea was still unsuccessful for distinguishing positive or 

negative, due to the lack of potentiators to affect agglutination.  

 

 
Figure 7. Dispersion difference between the commercial product and FFMU antibody 
Lea. 
 

Unlike the elution method, the flow through method distinguished both positive and 

negative samples. This is due to directionality and the strength of washing, unaffected 

by potentiators. The perpendicular washing allowed the saline solution to flow through 

paper and filtrate, rather than eluting RBCs. Instead, unbound cells could flow through 

paper. Colour density for Lea and Leb using the text-reporting method were pos: 

68±3.1, neg: 35±6.2; and pos: 116±5.9, neg: 37±6.2, respectively.  

 

4.2.6.8 Perspective 

More than half of the clinically significant blood group phenotypes explored within this 

study were successfully optimised; the exceptions being Fya, Fyb, S and s. This 

demonstrates the potential for paper biodiagnostics as a viable alternative for blood 

group phenotyping. Both testing methods are unique and designed for varying purposes. 

Successful results for the elution method were more definitive than the flow-through 

method, better designed for high throughput testing. Meanwhile, the flow-through 

method is ideal for point-of-care testing, especially in remote areas or developing 
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countries.  Although in-field testing is unlikely to achieve standard laboratory 

conditions for temperature and humidity, paper blood typing diagnostics would still 

provide a cheap, fast and easy to use alternative to current conventional blood grouping 

methods. 

 

4.2.7 CONCLUSION 

Two paper methods - an elution and a flow through direct-reporting method – were 

investigated to determine the blood group phenotype of red blood cells. Clinically 

significant antigens tested include C, c, E, e, K, cellano (k), Fya, Fyb, Jka, Jkb, S and s 

antigens. The M, N, P1, Lea and Leb antigens were also tested. As each group behaved 

differently, optimization for each antigen was required. This optimization was achieved 

by controlling the main variables: antibody-antigen reaction time, antibody 

concentration and changing the washing buffer solution. Antibody class is of the utmost 

importance on paper. Most antigens with antibodies available as IgM monoclonal 

antisera were successful with both paper methods (Rh, K (IgM), k (Cellano), Kidd, P1), 

though to varying degrees of clarity. Testing with polyclonal antisera was unsuccessful 

(K and Duffy). Unexpectedly, increasing the antibody concentration of polyclonal anti-

K showed a discernible difference between positive and negative results; this was due 

to increasing the concentration of IgM component. Results were not replicated using 

polyclonal Duffy antibodies (IgG). Increasing reaction time between antibody and 

antigens (RBC) showed increased clarity with both methods, while changing washing 

solution improved testing using the flow-through method. The formulation of the 

antibody solution is also an important variable for paper testing; any additive able to 

non-specifically bind RBC to paper affects test sensitivity; this was observed with the 

Lewis antibodies.  

 

While successful detection was achieved with most IgM antibodies, except Lewis, M, 

N and S, using both paper assays, polyclonal antibodies, consisting predominantly of 

IgG, resulted in inconsistent results.  
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Text reporting as a novel communication method between sensors and users provides a 

platform concept for low-cost diagnostics and analytical devices. In previous chapters, 

the demonstration of this concept for making blood typing devices has highlighted its 

advantages over conventional colorimetric and electrochemical methods in delivering 

analytical results that can be understood by non-professional users. Clearly, the text-

reporting concept can be further expanded beyond blood typing, and one of the 

promising applications is environmental monitoring. 

 

In this chapter, a new paper-based microfluidic device (µ-PAD) for monitoring heavy 

metal ions in water via text messages is presented. This device was fabricated using 

letter-based microfluidics and it can report the presence and safety threshold of heavy 

metal ions in water simultaneously by displaying the chemical symbols of the target 

heavy metal ions. The device is a novel “periodic table-style” paper device. To prove 

this concept, Cu(II), Cr(VI) and Ni (II) were chosen as examples and were tested on 

this newly designed device. The reliability, sensitivity and selectivity were all shown to 

meet the general requirements of legislated water quality guidelines.  

 



 

  

This page is intentionally blank 



Chapter 5 

 
159 

 
 

 
 
Monash University 
 
Declaration for Thesis Chapter 5 
 
Declaration by candidate 
 
In the case of Chapter 5, the nature and extent of my contribution to the work was the 
following: 

Nature of 
contribution 

Extent of 
contribution 
(%) 

Initiation, key ideas, experimental works, analysis of results, writing up 60 

 
The following co-authors contributed to the work. If co-authors are students at Monash 
University, the extent of their contribution in percentage terms must be stated: 

Name Nature of contribution Extent of contribution 
(%) for student co-
authors only 

Rong cao experimental works, analysis of results, 
editing of the paper 

30 

Azadeh  Assisted in experimentation 5 
Xiwang 
Zhang 

reviewing and editing of the paper Co-supervisor 

Wei Shen * Key ideas, reviewing and editing of the paper              Supervisor 
 
The undersigned hereby certify that the above declaration correctly reflects the nature 
and extent of the candidate’s and co-authors’ contributions to this work*.  

 
Candidate’s 
Signature 

 

 

Date 

  
Main 
Supervisor’s 
Signature 

 Date 

 
 

*Note: Where the responsible author is not the candidate’s main supervisor, the main 
supervisor should consult with the responsible author to agree on the respective 
contributions of the authors. 



 

 
  

This page is intentionally blank 



Chapter 5 

 
161 

 
 

“Periodic-table-style” paper device for monitoring 

heavy metals in water 
 

Miaosi Li, Rong Cao, Azadeh Nilghaz, Liyun Guan, Xiwang Zhang and Wei Shen*  

Australian Pulp and Paper Institute, Department of Chemical Engineering, 

Monash University, Clayton Campus, Vic. 3800, Australia 

*Corresponding Author   

 

This paper has been published in Analytical Chemistry  

 

 

5.1 ABSTRACT 

If a paper-based analytical device (μ-PAD) could be made by printing indicators for 

detection of heavy metal ions in chemical symbols of the metals in a style of the 

periodic table of elements, it could be possible for such μ-PAD to report the presence 

and the safety level of heavy metal ions in water simultaneously and by text message. 

This device would be able to provide easy solutions to field-based monitoring of heavy 

metal ions in industrial wastewater discharges and in irrigating and drinking water. 

Text-reporting could promptly inform even nonprofessional users of the water quality. 

This work presents a proof of concept study of this idea. Cu(II), Ni(II), and Cr(VI) 

were chosen to demonstrate the feasibility, specificity, and reliability of paper-based 

text-reporting devices for monitoring heavy metal ions in water. 

 

5.2 KEYWORDS 

Heavy metals, periodic-table-style, paper sensor, on-site water monitoring, lay users. 
 

 

5.3 INTRODUCTION 

Water contamination is one of the most serious environmental problems facing the 

world today. The increasing human activities and rapid industrializations are 
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introducing a huge amount of pollutants into the environment, which will undoubtedly 

contaminate natural water bodies and put human health and ecosystems at risk [1]. 

Among various pollutants, heavy metal ions are always one of big concerns due to their 

severe toxicities so that they have been included in“Blacklist” by the United States 

Environmental Protection Agency (U.S. EPA) [2]. When these heavy metal ions enter 

into the human body, they could easily bind to vital cellular components and 

accumulate in organisms, resulting in a series of diseases and disorders (e.g., cancers, 

osteomalacia, kidney malfunction, etc.) [3,4]. As the first step of water pollution 

prevention, accurate and rapid monitoring of the heavy metal ions is vital. Ideally 

monitoring methods are expected to identify point sources of pollutants and the 

variation of nonpoint sources of pollutants in the environment. 

 

Several methods are widely used for identification and quantification of heavy metal 

ions, including colorimetry, atomic absorption spectroscopy (AAS), inductively 

coupled plasma atomic emission spectroscopy (ICP-AES), inductively coupled plasma 

mass spectroscopy (ICPMS), and so on [5-7]. Although these methods are capable of 

achieving highly sensitive detection, identification and quantification of heavy metal 

ions, they always require the support of well-equipped laboratories and skilled 

operators, which can be very expensive. Therefore, alternative and inexpensive 

methods are in demand for field-based or on-site water monitoring by personnel with 

limited training or even unskilled home-users.  

 

Patterned paper, as a platform technology for making low-cost and user-operated 

analytical devices, offers a possibility to construct new heavy metal sensors that meet 

the abovementioned desirable features. Patterned paper has been used to make sensing 

devices for disease screening, point of care (POC), pathogen and biomarker detection, 

and food and water quality testing [8-15]. In environment monitoring, research works 

using paper-based microfluidic devices have, to date, demonstrated the possibility of 

providing quantification of heavy metal ions, including Cu, Cd, Hg, Pb, Cr(VI), Ni, etc. 

[18-23]. These works provide a new approach to monitor heavy metal ions in water in 

situations where designated laboratories are not available. However, the assay 

procedures and result interpretation (involving colorimetric or electrochemical signals) 

cannot be easily followed and understood by untrained or home users without 
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professional assistance. Besides the high sensor sensitivity and specificity, high 

portability, rapid detection, and easy result interpretation are highly desirable 

performance features for new sensing devices. Most recently, researchers have 

demonstrated that paper-based sensors can be designed to communicate assay results 

with users via text message, removing errors in assay result interpretation [16,17]. 

 

One imaginative way to significantly improve the performance of a future paper-based 

sensor in detecting, quantifying, and reporting heavy metal ions in water could be to 

print the chemical symbols of heavy metal ions with their corresponding and specific 

indicator systems in a format of the periodic table of elements. Testing of heavy metal 

ions in water would simply involve dipping the paper sensor in water, the sensor could 

then reveal the testing results if the concentrations of heavy metal ions are higher than 

legislated standards by showing the chemical symbols of the heavy metal ions present 

in water. Such a chemically responsive periodic-table-style paper sensor could be 

designed to not only provide qualitative answers of what is the water but also provide 

quantitative (i.e., safe-to-use) information on the heavy metal ions in water. 

 

Following this idea, we demonstrate the feasibility of paper-based heavy metal sensors, 

capable of reporting text messages to users if heavy metal concentrations in water reach 

a legislated unsafe level. We “print” indicator systems for target heavy metal ions on a 

patterned paper in chemical symbols of the target metals. This concept can promptly 

inform even nonprofessional users with clear and unambiguous written warnings 

against unsafe water. We also demonstrate another use of the same indicator systems to 

quantify heavy metal concentrations in water. This will enable environmental workers 

to obtain reliable semiquantitative heavy metal analysis under non-laboratory 

conditions and at low-cost. 

 

An ideal paper-based heavy metal sensor for text-reporting has to meet the following 

performance requirements. First of all, the indicator must be sensitive and form the 

specific complex with the metal ion to be detected and shows a distinctive colour. 

Second, the indicator system as well as the indicator-metal complex must not be easily 

leachable into water. Third, the non-detection area of the sensor must be water-

repellent. On the basis of these requirements, we chose Cu(II), Cr(VI), and Ni(II) as 
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model heavy metal ions to demonstrate our idea. The indicator systems for these heavy 

metal ions meet the above requirements reasonably well. 

 

5.4 EXPERIMENTAL 

5.4.1 Materials and apparatuses 

The paper substrate employed in this study was chromatography 1# paper 

manufactured from WhatmanTM (GE Healthcare UK Limited) and the wax for coating 

the paper was a “Paraffin Wax50 FRJ” purchased from Dussek Campbell Pty.Limited, 

Australia.  Reagents including sodium chloride (NaCl), potassium chloride (KCl), 

calcium chloride dehydrate (CaCl2•2H2O), magnesium sulphate (MgSO4), cobalt 

chloride (CoCl2), copper sulphate (CuSO4),  hydroxylammonium chloride (H3NO• 

HCl), glacial acetic acid (CH3COOH), bathocuproine, chloroform, PEG 400, 1,5-

diphenylcarbazide, sulfuric acid (H2SO4), acetone, potassium dichromate (K2Cr2O7), 

dimethylglyoxime, ethanol, nickel chloride (NiCl2), sodium fluoride (NaF), sodium 

thiosulfate (Na2S2O3), iron chloride (FeCl3), and zinc sulphate (ZnSO4) were all 

analytical-grade and purchased from Sigma-Aldrich. Manganese Chloride tetrahydrate 

(MnCl2•4H2O) was analytical-grade and purchased from MERCK. MilliQ water was 

used throughout this experiment unless the tap water was mentioned for the real 

environmental sample testing. Epson photo scanner 2450 was used to capture the 

colorimetric signals with 600 dpi and Photoshop CS6 was used to measure the colour 

intensity of each colour spot. The ICP-AES method for measuring the pseudo-

environmental samples was conducted by the Optima 7000 DV from PerkinElmer. 

 

5.4.2 Methods 

Before fabrication on paper, chemical symbols of Cu, Cr and Ni was generated by 

Microsoft Word with font of “Ariel Black” and size of “31”, as is shown in Figure 1. 

The average width of each channel is approximate 2.5 mm, and in the experiment, 10 

µL of liquids are adequate for penetrating into each channel.  
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Ni     Cu     Cr 
 
 
 
 
Figure 1. The electronically generated chemical symbol patterns of the three heavy 
metal ions in their true size. 
 
Chromatography no. 1 paper was employed to pattern the chemical symbols of Cu, Cr, 

and Ni by means of generating hydrophilic and hydrophobic boundaries on paper. 

Computer-generated chemical symbols were first printed on office paper and then 

soaked in molten wax. After wax treatment, the office paper was allowed to cool down 

to room temperature. The letters on the wax-loaded office paper was then cut out, 

forming the cut-out pattern. This office paper was then put on to a piece of 

chromatography paper and heated with an electric iron, and the wax was transferred to 

the chromatography paper to form hydrophilic symbols of Cu, Cr, and Ni, surrounded 

by wax [24]. The so-patterned chromatography paper was the final patterned substrate 

for further construction of the analytical devices. Figure 2 shows the process of 

fabrication of the patterned chromatography paper. Indicator systems were then added 

into the chemical symbols of the metals to make the device active. 

 

 
 
Figure 2. Schematic diagram of the fabrication of patterns of heavy metal chemical 
symbols on chromatographic paper. 

2.5 mm 



Chapter 5 

 
166 

 
 

5.4.3 Indicator solution concentration 

These three heavy metal ions are identified via the colorimetric assays of metal ions 

and their specific indicators. When Cu(II) is reduced to Cu(I) by hydroxylamine, Cu(I) 

forms an orange chelate with its indicator bathocuproine. Similar to the copper assay, 

the reduced metal ion Cr(III) from Cr(VI) forms a purple complex with indicator 1,5-

diphenylcarbazide under acidic condition. As for the determination of Ni(II), a pink-

magenta chelate is produced through the interaction between Ni(II) and its indicator 

dimethylglyoxime. The concentrations of indicators were reported to have influences to 

the sensitivity and clarity of colorimetric assay for detection of the heavy metal ions. 

According to the reported concentrations of indicators previously in studies of Cu(II) 

[21], Cr(VI) [19] and Ni(II) [23] analyses using sensors made of paper and other 

substrates, therefore, in our work, a preliminary study was carried out to understand the 

influence of indicator concentrations to heavy metal assay results through the 

colorimetric assays of these three metal ions. As are shown in Figure 3, different 

concentrations of the indicators  

 

 
 
Figure 3. Colorimetric assay for the selection of indicator concentrations: a) 
bathocuproine concetration from 10 to 60 mg/mL for detection of 1.0 mg/L Cu(II) 
sample; b) 1,5-diphenylcarbazide concentration from 0.6 to 4.0 mg/mL for detection of 
0.5 mg/L Cr(VI) sample; c) dimethylglyoxime concentration from 60 to 100 mM for 
detection of 1 mg/L Ni(II) sample. 
 

were used to test the three heavy metal ions to evaluate the sensitivity of different 

concentrations. The heavy metal concentrations in these tests were fixed at 1.0 mg/L, 
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0.5 mg/L and 1.0 mg/L for Cu(II), Cr(VI) and Ni(II), respectively. For all the three 

metals, concentrations of the indicators in the selected range were capable to identify 

the ions clearly, and very small differences on the colour clarity and intensity were 

observed. The results show that the concentration of each indicator in this range is 

sufficient for the identification of the heavy metal ions. Therefore during the main 

experiments of this work, the concentration of the indicators were chosen as 50 mg/mL 

bathocuproine for Cu(II) assay, 1.0 mg/mL 1,5-diphenylcarbazide for Cr(VI) assay and 

80 mM dimethylglyoxime for Ni(II) assay. 

 

 

5.5 RESULTS AND DISCUSSION 

5.5.1 Testing results 

Cu(II) is one of the most common heavy metal ions in water, and according to the 

Australian drinking water guidelines for fresh and marine water quality, Cu 

concentration in drinking water must not be higher than 1 mg/L [25]. Also, the 

Australian and New Zealand guidelines for fresh and marine water quality set the 

standard of Cu(II) in water for irrigation and livestock drinking between 0.2 mg/L 

(long-term use) and 5 mg/L (short-term use) [26]. To fabricate a text-reporting Cu(II) 

sensor, a 10 μL aliquot of hydroxylamine (0.1 g/mL) in acetic buffer (6.3 M, pH 4.3) 

was first added into the letter channel. In total, 50 mg of bathocuproine was dissolved 

in 1 mL of chloroform as the indicator for Cu, and 40 mg PEG 400 was also added into 

this solution to prevent the detection channel from becoming hydrophobic [20]. Before 

the addition of each solution, the paper device was air-dried for 10 min. Cu(II) forms 

Cu-bathocuproine complex which has an orange to brown colour; the complex is not 

highly soluble in water. 

 

In a Cu(II) assay, the formation of an orange to brown Cu-bathocuproine complex 

became visible after 10 µL aliquot of water sample containing higher than 0.8 mg/L Cu 

(II) was dropped onto the device, which displays the “Cu” symbol (Figure 4a). 

Otherwise, if Cu(II) concentration is below 0.8 mg/L, the symbol remains colourless. 

The use of 10 µL of sample is that it just fills the symbol. The colour of the symbol 

became brighter as the copper concentration increases. This appearance of the “Cu” 
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symbol on the device informs users that Cu(II) concentration is higher than the drinking 

water standard. In practical use, the device can be simply dipped into a water sample to 

“read out” the result. 

 

Hexavalent chromium, Cr(VI), is considered as a highly toxic heavy metal ion. A water 

system contaminated by Cr(VI) can be severely harmful to the environment and 

humans. For the chromium assay on the paper device, 1,5-diphenylcarbazide (DPC) 

was dissolved into 50% (v/v) acetone to make the 1 mg/mL solution. The solution was 

introduced into the “Cr” symbol on paper, followed by an addition of 1% H2SO4. 

Under the acidic conditions, a magenta to purple complex will form when a 10 μL of 

Cr(VI) solution is added into the “Cr” symbol. Like the Cu(II) assay, the Cr(VI) assay 

showed a purple symbol of “Cr” when the Cr(VI) concentration exceeded 0.5 mg/L. By  

 

Figure 4. Colorimetric assays showing heavy metal ions of different concentrations: (a) 
Cu(II); (b) Cr(VI) and (c) Ni(II).  
 
the Australian and New Zealand guidelines for fresh and marine water quality, the 

trigger value of Cr(VI) in the water resources for purpose of irrigation, livestock 

drinking and other industries is between 0.1 mg/L (long-term use) and 1 mg/L (short-

term use) [26], the appearance of “Cr” on the paper (Figure 4b) warns the users against 

long-term use of the water for their industrial activities. 



Chapter 5 

 
169 

 
 

Nickel is another heavy metal which could enter into the water system through mining, 

manufacturing activities, and through leaching from e-wastes. For a Ni(II) assay, a 10 

μL aliquot of dimethylglyoxime (DMG) dissolved in an ethanol solution (80 mM) was 

first introduced into the “Ni” symbol, followed by an addition of 10 μL of a solution of 

NaF and Na2S2O3 dissolved in Milli-Q water (20 and 80 mg/mL, respectively). The 

latter solution was used for masking the interference of Cu(II) and naturally existing 

Fe(III) in water [19,20]. The Ni-DMG complex has a stable pink-magenta colour. 

When 50 μL of water sample containing ≥0.5 mg/L Ni(II) was introduced into the 

device, the symbol “Ni” became visible. Since the standard of Ni in the Australian and 

New Zealand guidelines for fresh and marine water quality is 0.2 mg/L (long-term use) 

or 2 mg/L (short-term use) [26], the appearance of the “Ni” symbol warns the users that 

the quality of the water is unsafe for long-term purpose (Figure 4c). 

 

5.5.2 Interference study 

5.5.2.1 Quantitative validation 

To examine the interference tolerance of the paper assays, each metal ion, with and 

without the presence of interfering ions, was assayed on paper and compared. For this 

purpose, validation of quantitative information obtained from paper was first carried 

out using a colorimetric method. A series of solutions with known concentrations of the 

three heavy metal ions were prepared respectively, including the blank samples for 

each to get the background data for functionalized papers. Paper substrate was cut into 

small square pieces to the size of 1 cm × 1 cm; the assay procedures were the same as 

the procedures for the text-reporting assays. After finishing the metal identification, a 

scanner was used to capture the images of the paper squares. The images were then 

analysed using Adobe Photoshop CS6 to determine the reflective colour density to 

establish calibration curves for quantification of target heavy metal ion in water: it was 

transferred to the CMYK model firstly; and then the closest colour to each 

colourimetric assay was chosen to measure colour intensity [4]. For the copper assay, 

yellow colour intensity was measured and magenta colour intensity was obtained for 

the chromium and nickel assays. The colour intensity significantly increases with the 

increasing of the concentration for each ion. The colour density difference between 

each heavy metal detection zone and that of the corresponding blank was calculated 
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and plotted again the heavy metal concentration of the sample to obtain the calibration 

curve for the metal. Linear curves were fitted for the colour intensity with the logarithm 

concentration of copper (Figure 5a) and chromium (Figure 5b), and the direct 

concentration of nickel (Figure 5c). The correlation coefficient R2 for Cu, Cr and Ni 

were 0.9936, 0.9840 and 0.9954, respectively. 
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Figure 5. Calibration curves fitted by the measured colour intensity versus the 
concentration of each ion: a) Copper, concentration from 0.8 to 8 mg/L; b) Chromium, 
from 0.5 to 4 mg/L; c) Nickel, from 0.6 to 6 mg/L.  
 
 

5.5.2.2 Interference 

The calibration curves obtained in the quantitative validation study (Figure 5) were 

then used to determine the paper devices’ interference tolerance, the results were then 

compared with those obtained using an ICP-AES. Specifically, for examining 

interference tolerance of Cu assay on paper, sample solutions containing Cu(II) as the 

target ion and higher concentrations of Ni(II), Cr(VI), Fe(III), and Zn(II) as interfering 

ions were prepared. Similar procedures were used to evaluate the interference tolerance 

of Cr(VI) and Ni(II) assays. Our results show that interfering ions of 10 times the 

concentration of the target ions do not affect the assay results (Figures 6a-c). Interesting 

also, assays showed no colour change to samples that contained only interfering ions 

but no target ions (Figure 6d). Furthermore, other interfering metal ions such as Mn(II) 

and Co(II) which have similar atomic structure to the target ions as well as Na(I), K(I), 

Ca(II), and Mg(II), which can exist in high concentrations from some water sources, 

have also been studied. Results show that interfering ions Na (I) and K(I) of 200 times, 

Ca(II) and Mg(II) of 100 times, and other transition ions of 10 times the concentration 
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of 1 mg/L target ion do not affect the assay results (Figure 7). The interference 

tolerance ratio of different ions when determining 1 mg/L Cu(II), Cr(VI), and Ni(II) is 

presented in Table 1. 

 
 

Figure 6. Interference tolerant studies of the paper devices for the three target heavy 
metal ions in the presence of Cu(II), Cr(VI), Ni(II), Fe(III) and Zn(II) as interfering 
ions (5 parallel tests for each assay): a) Cu(II) assays of 0.8, 4 and 8 mg/L of Cu(II); b) 
Cr(VI) assays of 0.5, 2 and 4 mg/L Cr(VI); c) Ni(II) assays of 1, 4 and 6 mg/L of 
interfering ions; d) The responses of the Cu(II), Cr(VI) and Ni(II) indicator systems to 
non-target multiple interferent ions solutions. For assays in a) to c), the concentration of 
each interfering ion was 10 times higher than that of the target ion. For assays in d), 
samples contained no target ions; the concentrations of all non-target metal ions were 
10 mg/L. 
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Figure 7. Interference tolerant studies of the paper devices for the three target heavy 
metal ions in the in the presence of 10 mg/L Cr (VI), Mn(II), Fe(III), Co(II), Ni(II), 
Zn(II) for 1 mg/L Cu(II) assay; 10 mg/L Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II) 
for 1.0 mg/L Cr(VI) assay; 10 mg/L Cr (VI), Mn(II), Fe(III), Co(II), Cu(II), Zn(II) for 1 
mg/L Ni(II) assay, and 200 mg/L Na(I) and K(I), 100 mg/L Ca(II) and Mg (II) for all 
the three assays. 
 

5.5.3 Pseudo-environmental sample analysis 

Pseudoenvironmental samples were prepared to demonstrate the applicability of the 

paper device for practical water quality monitoring. Tap water from our laboratory was 

spiked with two different known levels of Cu(II), Cr(VI), and Ni(II) and was then used 

for determination of the three heavy metal ions. On the one hand, the target ion 

concentrations were measured using paper squares; images of the paper assays were 

collected to obtain the colour intensity information using the software; and the 

concentration of each heavy metal was calculated by means of the best-fitting equation 

of the corresponding calibration curve (Figure 5). Here paper squares were used to 

obtain error bar information; text-reporting devices were also used, and results obtained 

were in good agreement with the paper squares. On the other hand, ICP-AES was used 

to measure the same samples to compare results with the paper-based assays. Figure 8 

shows the determination of Cu(II), Ni(II), and Cr(VI) in tap water with multiple ions by 

paper- based assays and ICP-AES with 5 parallel tests, respectively. The paper-based 

assays show a mean error within 10% against results obtained by ICP-AES. The 

recovery rate of the spiked water samples obtained using our paper device and ICP-

AES were compared (Table 2). Data in Table 2 suggested the reliable feasibility 
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(within 10% error for sample 1 and 5% error for sample 2) of the paper device as a 

rapid and user-friendly semiquantitative device for environmental monitoring. 

 
 
Table 1. Tolerance ratio of interference ions for detection of 1 mg/L Cu(II), Cr(VI) 

and Ni (II). 
 

 

Interfering 

ion 

10% Tolerance ratio 

Cu(II) Cr(VI) Ni(II) 

K(I)  200 200 200 

Na(I) 200 200 200 

Ca(II) 100 100 100 

Mg(II) 100 100 100 

Cr(VI) 10 ⁄ 10 

Mn(II) 10 10 10 

Fe(III) 10 10 10 

Co(II) 10 10 10 

Ni(II) 10 10 ⁄ 

Cu(II) ⁄ 10 10 

Zn(II) 10 10 10 
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Figure 8. Pseudo-environmental samples analysed by paper-based devices and ICP-
AES method: a) tap water with spiking of 1mg/L Cu(II), 0.5 mg/L Cr(VI) and 1mg/L 
Ni(II); b) tap water with spiking of 5 mg/L Cu(II), 3 mg/L Cr(VI) and 5 mg/L Ni(II). 
 

Table 2. Recovery rate of spike water sample determined by paper device and ICP-AES 
 
 

Tap 
water 

samples 

 
Target 

ions 

Detected ion 
concentration 
(mg/L) in non-
spiked sample 

Detected ion 
concentration 

(mg/L) in spiked 
sample 

Spiked ion 
concentration 

(mg/L)  

 

Recovery rate 

Paper ICP-AES Paper ICP-AES Paper ICP-AES 
 

Sample 
1 

Cu(II)   ND 0.042 1.11 1.38 1.0 111% 134% 
Cr(VI) ND 0.002 0.55 0.53 0.5 110% 105% 
Ni(II) ND 0.005 1.13 1.27 1.0 113% 126% 

 
Sample 

2 

Cu(II) ND 0.042 5.17 5.37 5.0 103% 106% 
Cr(VI) ND 0.002 2.87 3.03 3.0 95.7% 101% 
Ni(II) ND 0.005 5.04 5.44 5.0 101% 109% 

 
 ND: Not detectable, referred as 0 when doing the recovery rate calculation. 
 
Coming back to the periodic table sensor design concept, we fabricated the three 

chemical symbols on one paper device. We show in Figure 9 that an assay could be 

performed by simply dipping the device into a water sample and instantaneously obtain 

the result as a text message. However, we also noticed that while Cu(II) and Ni(II) form 

water insoluble chelates with their corresponding indicators and remain stable on paper, 

the colour product 1,5-diphenylcarbazone-Cr(III) or Cr-(III)-DPCA complex is water-

soluble and could not remain on paper stably. Thus, the Cu and Ni symbols were 

fabricated on the lower section of the device, whereas the Cr symbol was on the upper 

section (Figure 9a,b). The Cr(VI) assay requires a separate sample addition process to 

stop the leaching of the chelate into water (Figure 9c,d). 
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Figure 9. Text-reporting paper device for Cu(II), Ni(II) and Cr(VI) assay in a simulated 
environmental assay: tap water with striking of 5 mg/L Ni(II), 5 mg/L Cu(II), and 3 
mg/L Cr(VI) respectively. 
 
The stability of the three ion-indicator complexes has also been investigated: the Cu(I)-

bathocuproine and Ni(II)-DMG complexes showed high stability; colours of these 

complexes showed no obvious fading after more than 6 months under the ambient 

laboratory conditions. The Cr(III)-DPCA complex faded significantly after 24 h in the 

same environment. The different stability of these ion-indicator complexes are related 

to the stability of the indicators: bathocuproine and DMG are stable compounds, while 

DPC is light-sensitive. The gradual decomposition of DPC under light is likely to be 

the cause of instability of the Cr(III)-DPCA complex. 
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5.6 CONCLUSION 

As discussed above, an ideal periodic-table-style paper device for on-site heavy metal 

monitoring requires the indicator system, and the indicator-metal complex, to be stable 

and non-leachable by water. The Cu(II) and Ni(II) assays are the two systems that fulfil 

the requirements. A water sample assay for these two ions can be achieved by simply 

dipping the device in water; it suits well for Cu and Ni testing, and the results can be 

stored for a long period. However, the Cr(III)-DPCA complex requires further 

improvement of its stability. Protection of the DPC indicator and Cr(III)-DPCA 

complex against light exposure is necessary. It is possible that by significantly reducing 

the leaching of indicators and the metal ion-indicator complexes through further 

research, the concept of paper-based text-reporting sensor can be expanded to 

analyzing other heavy metal ions. It is also expected that an expansion of text-reporting 

paper sensors beyond this application may be possible in the future, not only for 

detection of other heavy metal ions but also for a wide range of chemical/biochemical 

analysis and sensing. 
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This thesis has reported two original concepts, the text-reporting method and the 

sample-only method, both of which significantly enhance the user-friendly, equipment-

free and delivered to users (UED) features of low-cost diagnostics. In a series of trials 

of blood typing and environmental sensing, these concepts have been shown to be 

highly desirable for professionals or non-professional users, and to meet the WHO’s 

ASSURED criteria.  

 

The direct and unambiguous text-reporting method is the major breakthrough of this 

thesis. The text-based information is fabricated using a combination of traditional paper 

sizing (i.e. hydrophobization) chemistry and industrial printing techniques. These 

fabrication approaches avoid the use of specific or high-capital tools, making the text-

reporting method simple and affordable.  

 

The text-reporting method enables the user to communicate with the sensor in a 

straight- forward manner, allowing untrained users to accurately and rapidly understand 

the result without professional assistance. It is also of great value to trained users who 

work in resource-limited situations. Text-reporting devices have potential applications 

in many areas of chemical and biological analysis, and can contribute to improving the 

quality of human life.  

 

Because text-based sensors significantly reduce reliance on special equipment and 

professional personnel when performing an assay, the application of sensors to 

biomedical diagnosis can help to effectively relieve the pressures on hospitals in 

developing countries where medical facilities are scarce, and in developed countries 

where the problems of ageing populations are increasing rapidly. The text-reporting 

method will also contribute to the development of telemedicine, because the results can 

be easily stored and transmitted.  Text-reporting based telemedicine is an effective 

solution to eliminate the barriers of distance and improve access to medical services 

that are often not available in remote rural communities.  

 

The application of the text-reporting method to on-site environmental monitoring 

reported in this project can also help to improve people’s health. On the one hand, the 
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general public can have easier access to water quality monitoring to satisfy the need of 

clean water for drinking, recreation and irrigation, which is very closely related to 

human physical well-being. On the other hand, since the device can provide 

environmental monitoring information immediately, the relevant government 

departments can make a much quicker response to contamination, natural disasters and 

major accidents. This quick response would significantly prevent problems from 

becoming more severe and threatening public health.  

 

The second original contribution of this research is the concept of “sample-only”, 

which minimizes users’ efforts in performing a diagnostic assay. A sensor that requires 

complicated operation and reagent handling by the user usually demands user-training, 

equipment support and strict delivery conditions, which significantly reduce its 

adaptability to non-laboratory situations. Therefore, the second distinctive aspect of this 

research is that it simplifies user’s efforts in existing diagnostics. The “sample-only” 

method explored in this research effectively addresses the problem.   

 

The sample-only concept is performed on inexpensive substrates such as glass and 

plastic slides. It enables the sensor to activate immediately upon the sample 

introduction and report the assay result in a rapid and easy-to-understand manner. 

Based on this concept, introducing the sample to the sensor is the only effort required 

from the user. As a result, comprehensive user training on conducting assays and 

equipment usage can be substantially reduced, and errors in operation can be 

minimized. In addition, the sample-only concept requires prolonged longevity of the 

sensor, and the longevity of the device has been remarkably enhanced in this research. 

With the stable bioactivity of the device, the sample-only method can be effectively 

conducted.  

 

The achievements of this project have been to establish novel and non-conventional 

platforms for designing desirable ASSURED analytical devices with various materials. 

The two main concepts explored in this thesis independently provide effective solutions 

to the serious UED problems in existing point-of-care diagnostics, and possess 

enormous potential to be integrated for the development of other improved devices in 

the future.    



Chapter 6 
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Based on the research reported in this thesis, the following future studies are 

recommended:  

 

(1) Investigation of new methods to control the paper structure for clearer text-

reporting, and expansion of the text-reporting method to many other 

biochemical, biomedical and chemical diagnosis applications.  

(2) Exploration of new methods and substrates to combine text-reporting and 

sample-only concepts.  

(3) In environmental sensing, investigation of the increased sensitivity and 

stability of indicator metal on paper during water monitoring, possibly using 

combined chemical/physical approaches. 

(4) Design of suitable paper networks for IgG-induced blood typing on paper 

networks and development of the understanding of the interference of free 

IgG antibodies in anti-human IgG-sensitized cells interaction.  

(5) Combination of paper and other low-cost materials with telemedicine-based 

platforms, such as smart phones, tablets, and other portable or wearable 

sensors, as the use of telemedicine will continue growing globally as an 

efficient way to avoid complex training for operators administering tests at 

the point-of-care. 

 

End-users and patients will benefit greatly if future low-cost sensors can be built based 

on the full design considerations of ASSURED. This is the ultimate goal of our 

research.  
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A low-cost forward and reverse blood typing
device—a blood sample is all you need to perform
an assay†

Miaosi Li, Junfei Tian, Rong Cao, Liyun Guan and Wei Shen*

For all user-operated blood typing devices in today's market, including those designed by us in our previous

research, a buffer-activation or buffer-washing step is required. The buffer-activation step, as is employed

in some commercial blood typing devices, involves dissolving the antibodies deposited in the assaying

zones of the device before the introduction of a blood sample for an assay. The buffer-washing step

involves washing the blood sample in the assay zone in the end of the assay for result reporting. While all

these devices work well, the activation or washing step does reduce the adaptability of those devices to

resource-poor areas and under emergent circumstances. In this study, we designed a new device to

perform forward and reverse blood typing assays without the buffer-activation or buffer-washing. Low-

cost plastic slides were patterned to form channels containing dried grouping antibodies. Blood typing

assays can be performed by simply placing a few microlitres of a blood sample into the channels and

then tilting the slide. The sample flows along the channel under gravity, dissolving dried antibody and

then spreading into a film, unveiling the reaction of red blood cells (RBCs) and antibodies. This device

enables easy visual identification of the agglutinated and non-agglutinated RBCs in typically 1 minute.

Both forward and reverse blood typing assays can be performed using this device. To optimize the

device design, the antibody dissolution profile, assay sensitivity, and device longevity were investigated in

this work.

Introduction

In today's world there is an increasing need for affordable
healthcare devices which would enable many conventional
diagnostic assays to be carried out from home. The home-
based and patient-operated assays, if made reliable and rapid,
can signicantly alleviate the pressure on hospitals and
pathological laboratories in developed countries.1,2 At the
same time, these technologies also carry the hope to minimize
the impact of disease outbreaks and to increase the drinking
water safety in impoverished areas.3–7 This is because the
centralised laboratories and hospitals taken for granted in the
cities of the developed world are absent in remote and
impoverished areas. In the past few years, novel diagnostic
devices built on low-cost substrates such as paper, thread, and
plastic and glass slides have demonstrated the possibility for
such a hope to become reality.8–21 These innovations showed
the potential impact of low-cost analytical technologies on
future human health and environmental care. Among those
innovations, a series of blood typing diagnostics based on

paper and thread platforms have been developed.19,22–28 The
paper- and thread-based devices have signicant advantages
over the current laboratory- and hospital-based technologies
due to their high adaptability to unsupported eld conditions,
user-friendliness and assaying speed.

Blood typing is a routine clinical test, but also a test of
paramount importance for avoiding fatal haemolytic trans-
fusion reactions (HTRs) during surgeries, clinical emergencies
and blood transfusions. Equally important, since the world
annual blood donations are around 75 million units,1 routine
and rigorous sorting of blood types must be performed in large
numbers and speedily. These healthcare and clinical require-
ments urge the continuous development of accurate, user-
friendly and low-cost blood typing technologies.29–31

For ABO and Rh blood groups most clinical techniques are
based on the visual observation of haemagglutination reac-
tions, although advanced gene-sequencing technology
providing precise determination of blood type through DNA
analysis is now available.32 Upon the contact of RBCs with an
antibody, the absence of RBC agglutination indicates that there
is no haemagglutination reaction; this observation conrms
that there are no corresponding antigens on the RBC surface to
the grouping antibody. Conversely, if agglutination is observed,
it conrms that corresponding antigens to the antibody are
present on the RBC surface.
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Furthermore, for the ABO blood system Landsteiner's rule
applies,31 which states that, for an individual, if an antigen is
present on the surface of his RBCs, the corresponding anti-
body will be absent from his blood plasma. Instead, the
reciprocal antibody will be present in the plasma or serum. For
example, an individual of blood type A has A antigen on his
RBCs and antibody B in his serum. The normal blood typing
assay, also known as the forward blood typing assay, uses
blood grouping antibodies to identify the specic antigens on
RBCs. Conversely, there is another blood typing assay which
determines the antibodies in the serum by using the reagent
RBCs with known antigens. This blood typing assay is known
as reverse blood typing. Since a reversed blood typing assay
determines the interactions between the reagent RBCs and the
antibodies in a patient's serum, it also relies on the observa-
tion of RBC agglutination. Details to explain the forward and
reverse blood typing can be found in Fig. S1 and S2 in the ESI.†
In many countries, both forward and reverse blood typing are
required to conrm the patient's blood type before a blood
transfusion or transplantation is allowed to proceed. The laws
that determine blood types by forward and reverse blood
typing are shown in Table 1.

Technical designs of blood typing assays therefore focus on
using a variety of different methods to differentiate the agglu-
tinated RBCs from the non-agglutinated RBCs. Common
methods include the tube test,33 slide test,34 and column
agglutination system (e.g. Gel Card).35,36 These methods rely on
the different sedimentation velocities of agglutinated RBC
lumps and non-agglutinated RBCs in a serum suspension, or
different migration rates of agglutinated RBC lumps and non-
agglutinated RBCs in a gel column of uniform pore size.31 The
recently reported paper- and thread-based blood typing devices
function as a size-based ltration device. Since within these
devices the interactions of RBCs and antibodies occur inside the
bre networks of paper and thread, the bre networks of paper
and thread restrict the movement of agglutinated RBC lumps,
but do not restrict non-agglutinated RBCs frommoving with the
serum phase or a carrier phase of buffer. Paper- and thread-
based assays allow a short incubation of RBCs with the
grouping antibody (typically 20 seconds for ABO and RhD tests),
followed by a saline wash.19,25,26 The inability of agglutinated
RBC lumps to move in a paper bre network during saline
washing makes them easily differentiated from the non-agglu-
tinated RBCs, which can be readily washed out of the bre
network.

In order to further improve the adaptability of paper-based
devices to non-laboratory conditions, future designs will need to
explore new concepts that can signicantly reduce the effort of
the user required to perform the blood typing assay. In this work
we present a new concept of a blood typing device which does
not require the user to apply the saline buffer for activating or
washing the device in order to perform an assay. This concept
relies on the dissolution of blood grouping antibodies deposited
on a non-absorbing substrate by a blood sample, and the
subsequent thinning of the sample into a lm for blood typing
result identication. In the fabrication of the device, channels
are formed to guide the blood sample ow. Furthermore, we
investigated two factors that affect the performance and sensi-
tivity of the device: the thickness of the blood sample lm and
the antibody dissolution behaviour. A chromatographic elution
method was designed to provide a semi-quantitative estimation
of the antibody dissolution prole from the device surface. The
antibody longevity on the plastic substrate was studied for one
month under ambient laboratory conditions. Apart from per-
forming the general forward blood typing assays, we have also
demonstrated the use of our new device to perform reverse blood
typing. Presently, reverse blood typing can only be performed in
central laboratories and hospitals. This study is the rst one to
demonstrate reverse blood typing using a low-cost device. We
believe that our device concept will allow forward and reverse
blood typing to be combined into one user-friendly device.

Experimental
Materials

Plastic slides were purchased from 3M (3M Visual Systems
Division, USA). Blood samples were sourced from Red Cross
Australia, Sydney. They were stored at 4 �C and used within 7
days of collection. All the antibodies were purchased from ALBA
Bioscience, Edinburgh, UK.

The red blood cells required for reverse blood typing, including
15% A1 cells, 15% B cells and 3% C1 cells, were obtained from
CSL, Australia; they were concentrated to 45% hematocrit level
(the average human whole blood) by centrifugation, stored at 4 �C
and used within 30 days. The 0.9% (w/v) NaCl saline solution and
the phosphate-buffered saline (PBS) were prepared with AR grade
NaCl (Univar) and phosphate (Aldrich), using MilliQ water. Glyc-
erol and Tween 20 were purchased from Aldrich. Surface treat-
ment of the plastic slides was carried out using a plasma reactor
(K1050X plasma asher (QuorumEmitech, UK)).

Table 1 Blood type confirmation by forward and reverse blood typing methods

Reaction of antibodies with
blood

Forward blood type

Reaction of reagent cells with
serum

Reverse blood typeAnti-A Anti-B A1 cells B cells

+ � A � + A
� + B + � B
+ + AB � � AB
� � O + + O

This journal is © The Royal Society of Chemistry 2015 Anal. Methods, 2015, 7, 1186–1193 | 1187
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Methods

Blood typing procedure. A blood typing device for use in
impoverished regions must allow for direct visual identica-
tion of test results; the device should function with a
minimum effort from the user and without the need for any
equipment. Following these requirements, we explored a new
device design concept which provides direct and rapid visual
identication of the test result, while minimizing the effort
from the user to perform the test. It focuses on eliminating
the saline washing step. Fig. 1 describes the advantage of
forming a blood sample lm on an antibody treated plastic
slide for blood typing assays and the device design. Fig. 1(a)
and (c) show the result of adding a drop of blood sample into a
drop of antibody solution on a plastic slide. Although agglu-
tination of RBCs by the corresponding antibodies had
occurred, it could not be visually observed. However, if the
slide is tilted to allow the drop to ow under gravity and form
a thin lm, the user can immediately identify the agglutina-
tion of the RBCs by an antibody. Fig. 1(b) and (d) show the
owing blood sample and the grouping antibodies on a tilted
plastic slide, clearly showing agglutinated and non-aggluti-
nated RBCs, respectively. In order to reduce the users' efforts
to perform the assay, blood grouping antibodies were coated
onto the plastic slide so that users are not required to
administer antibodies for forward blood typing. This device
design principle requires the rapid dissolution of a sufficient
quantity of grouping antibodies by the blood sample; there-
fore the antibody dissolution prole must be veried
experimentally.

Plastic slides were rst treated with plasma at an intensity of
50 W for 1 minute; a water-resistant pen was then used to draw
the boundaries to demarcate the sample ow channels. Three
microlitres of antibodies (anti-A, anti-B and anti-D) were drop-
ped respectively on top of the three channels designated to
these antibodies, and the slide was tilted to allow antibodies to
ow through the channel under gravity. Aer the antibodies
covered the entire length of the channels and were completely
dried, 3 mL of blood sample was dropped from the top of each
channel, following the same procedure. Typically, it takes 30
seconds for the blood sample to ow through the entire
channel. Antibody-specic agglutination of RBCs can be iden-
tied immediately as the blood sample ows through the
channels treated with antibodies and forms lms. A schematic
protocol of the test is shown in Fig. 2.

Quantication of antibody dissolution rates from plastic
slides. Since the working principle of the plastic slide device
relies on the rapid dissolution of the antibodies deposited on
the slide, it is necessary to characterize the dissolution rates of
all three antibodies employed for the device design. To do this,
PBS buffer was used to perform a controlled dissolution study of
all antibodies from the plastic slide surface. Fig. 3 shows the
experimental procedure: channels on a plastic substrate were
pre-treated with antibody and allowed to dry under ambient
conditions. 10 mL PBS was used to ow through each channel to
dissolve the antibody; the contact time was controlled at 30 s.
The ow-through PBS solutions containing the dissolved anti-
bodies were collected using Kleenex paper towel; the solutions
wetted the paper towel and formed circular wetting zones as
shown in Fig. 3.

In order to quantify the dissolved antibodies, antibody
concentrations of the collected PBS washing solution were
analyzed. We designed the quantication step as follows: a
blood sample carrying the corresponding antigen to an anti-
body was introduced into the zone of the collected PBS washing
solution on paper towel. Aer 30 seconds of incubation time
under ambient condition, the edge of the paper was immersed

Fig. 1 Demonstration of a blood typing assay of an A+ blood sample
on a plastic slide substrate by: (a) placing a drop of blood sample on a
drop of anti-A; (b) tilting the substrate to allow the blood sample and
anti-A solution to spread into a film, immediately revealing the positive
assay result; (c) a drop of A+ blood sample placed on a drop of anti-B;
(d) tilting the substrate to reveal the negative assay result. Fig. 2 The designed procedure for blood typing on a plastic slide.

1188 | Anal. Methods, 2015, 7, 1186–1193 This journal is © The Royal Society of Chemistry 2015
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into a chromatography tank containing PBS for elution (Fig. 3),
following the method we reported previously.24 If the antibody
concentration is high enough, the RBCs of the blood sample
will agglutinate, forming a blood stain with a strong colour
which cannot be eluted away by PBS. The elution pattern was
scanned into a computer and then converted to a monocolour
mode (grey scale mode) with the ImageJ soware. The optical
density of the grey scale image of the blood spot was determined
using the soware. The gray scale is digitized into 256 steps,
which represent different tones from dark to bright in an
ascending manner, with 0 being the darkest and 255 being the
brightest tone. The optical density of the blood spot therefore
provides a simple and semi-quantitative method for deter-
mining the antibody dissolution behaviour. An antibody dilu-
tion standard calibration curve can be established by
determining the optical densities of agglutinated blood spots by
a series of step dilutions of an antibody.

Results and discussion

There are in total eight different blood types in the ABO and
RhD blood groups; all of them can be clearly identied by the
plastic slide method (Fig. 4). Aer a blood sample was intro-
duced into the channels, it takes typically up to 1 minute for 3
mL of blood sample to ow through the entire length of the
channel. During this process, antibody-specic agglutination of
RBCs forms large lumps, which become clearly identiable
when the blood sample ows halfway through the channels,
making the assay time with the plastic slide shorter than
1 minute.

Antibody dissolution from the plastic slides

Fig. 5(a) shows the chromatographs of the agglutinated type A
blood sample by a serially diluted anti-A; the dilution was made

from 1 (original anti-A) to 512 fold. The serial dilution data show
that the anti-A retained its activity aer being diluted 128 fold.
Further dilution, however, weakens the antibody activity,
causing weak RBC agglutination. Fig. 5(b) presents the anti-A
dilution curve of the blood spot colour density against the
dilution factor. Since the concentration of the commercial
antibody was unknown, the dilution factor was used as the
relative antibody concentration. Fig. 5(c) shows the result of a
serial dissolution of anti-A from the plastic slide; the anti-A
standard solution was gradually diluted into a series of
concentrations and dropped onto the paper towel, followed by
the introduction of reagent red blood cell A onto each antibody
spot. Then the chromatographic elution method was applied to
the paper towel and the colour intensity of each blood spot was
tested for building the standard curve of anti-A dilution
behaviour, as shown in Fig. 5(a) and (b). The standard curve in
Fig. 5(b) shows that a signicant loss of anti-A activity to A
antigen on the RBC surface by visual evaluation occurred only

Fig. 3 Schematics of the procedure for studying the antibody disso-
lution behaviour from the plastic slide. This procedure involves an
antibody dissolution step by PBS, followed by quantifying the
concentration of the antibodies washed off the plastic slide.

Fig. 4 Assay results reported by the plastic slide device for all 8 ABO
and RhD blood groups.

Fig. 5 Antibody dissolution behaviour study for anti-A: (a) anti-A
activity as a function of a series of dissolutions with PBS; antibody
activity can be determined by the reflective optical density of the
agglutinated A1 reagent red cell (concentrated from the commercial
reagent to a hematocrit level of 45%) on paper. (b) The calibration
curve of the A1 cell optical density as a function of anti-A dilution
factor; the red curve is the fitting curve of a natural logarithm function
(formula (1)); (c) anti-A dissolution behaviour of five consecutive PBS
dissolution rinses collected from the plastic substrate.

This journal is © The Royal Society of Chemistry 2015 Anal. Methods, 2015, 7, 1186–1193 | 1189

Paper Analytical Methods

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 2
01

4.
 D

ow
nl

oa
de

d 
by

 M
on

as
h 

U
ni

ve
rs

ity
 o

n 
04

/0
3/

20
15

 0
6:

06
:2

1.
 

View Article Online



when it was diluted to 1/128 of its original concentration. This
result suggests that the dissolving rate of anti-A is slow, and the
following phenomenon provided reasoning. The standard curve
in Fig. 5(b) can be tted to a logarithmic formula (formula (1)) to
establish the relationship of the colour density and the relative
concentration of the antibody. This standard curve provides a
way to quantify the antibody that was washed off the plastic
substrate by the saline solution. Since the precise original
antibody concentrations were unknown, we could assume that
they were CA, CB and CD, and measure the concentration
changes caused by the saline dissolution.37 Through measuring
the colour density of each blood spot in Fig. 5(c), the relative
concentration of anti-A released from the substrate aer each
saline wash can be calculated; the results are shown in Table 2.
Anti-A deposited on the plastic substrate dissolved only 11.1%
by the rst wash, the remaining anti-A on the substrate still
retained sufficient bioactivity for blood typing aer another
three such washes.

Optical density A ¼ 26:5� 14:6� ln
�
fA � 5:42� 10�4

�
;

fA ¼ C 0
A

CA

(1)

where fA is the dilution factor of anti-A; C 0
A is the concentration

of anti-A of each dilution.
Following the same procedure for quantifying anti-A, the

dissolution behaviour of antibodies B and D has also been
quantied. The calibration curve of anti-B dilution showed that
anti-B lost its activity aer a dilution of 1/16, indicating its
weaker activity compared with anti-A (see Fig. S3a in the ESI†).
The calibration curve was tted with formula (2) (Fig. S3b†),
which quantitatively showed that the concentration of anti-B in
the rst saline wash was 23.1% of its original concentration CB

(Table 2). The more efficient dissolution of anti-B by saline
solution than of anti-A conrms that anti-B can be dissolved
more easily from the plastic slide, therefore anti-B weakened
more rapidly than anti-A with the number of washes by saline
(Fig. S3c†). As shown in Fig. S1c,† anti-B could sustain three
washes and the residual anti-B on the plastic substrate still had
sufficient activities for unambiguous blood typing. However, as
for anti-D, the dissolution was even more efficient (Fig. S4a and
b†), our measurement showed that 92.0% of its original
concentration was dissolved (formula (3) and Table 2) and
removed from the plastic substrate in the rst saline wash; anti-
D lost its activity at 1/8 dilution (Fig. S4c†).

Optical density B ¼ 41:4� 17:2� lnðfB � 0:02Þ; fB ¼ C 0
B

CB

(2)

Optical Density D ¼ 81:1� 10:7� lnðfD � 0:03Þ; fD ¼ C 0
D

CD

(3)

where fB and fD are the dilution factors of anti-B and anti-D; C 0
B

and C 0
D are the concentrations of anti-B and anti-D aer each

dilution.
According to the denition of reective optical density used

in the printing industry,40 the reective optical density is
dened as a logarithmic ratio of the reected radiation from a
printed grey tone on paper to the reected radiation from the
unprinted paper. This is usually presented in the form of
logarithm based to 10,40 but can be easily converted to the form
of natural logarithm:

D ¼ � ln
I

I0
(4)

where D is the reective optical density, usually measured with a
reective densitometer in the printing industry, I and I0 are the
reective radiation intensity from a printed grey tone and from
unprinted paper, respectively. In this study grey tones generated
by the agglutinated blood spot on paper loaded with different
amounts of antibodies create a similar concept for the tones to
be quantied by reective optical density.

Blood spot optical density data (Fig. 5, S3b and c†) can also
be correlated with concentrations of corresponding antibody (or
dilution) data by logarithm functions, which suggests that
optical density data can be correlated with the concentration
ratios of the dissolved antibodies. Such correlations have been
experimentally given in eqn (1)–(3) and are expected to provide
semi-quantitative results for antibody dissolution evaluation.

Sensitivity

The sensitivity of any blood typing device must be investigated
for typing blood samples with low concentrations of RBCs. This
requirement is essential, as clinically the RBC concentration
from blood samples of anaemia patients could be more than
50% lower than those from a healthy patient. Since almost all
commonly used blood typing assays rely on the development of
large agglutinated RBC lumps, those methods can be less
sensitive to samples with low RBC concentrations.

Table 2 The blood spot optical density data and the calculated concentrations of three antibodies of each dissolution from the plastic substrate

Antibody

Number of dissolution washes

X1 X2 X3 X4 X5

Anti-A Colour density 58.7 � 2.3 62.0 � 2.8 66.3 � 2.4 75.8 � 1.8 99.6 � 2.6
Relative concentration (11.1 � 1.7)%CA (8.9 � 1.7)%CA (6.6 � 1.1)%CA (3.5 � 0.4)%CA (0.7 � 0.1)%CA

Anti-B Colour density 68.3 � 1.9 76.1 � 1.6 86.8 � 2.5 100.5 � 2.8
Relative concentration (23.1 � 2.4)%CB (15.6 � 1.3)%CB (9.4 � 1.1)%CB (5.5 � 0.5)%CB

Anti-D Colour density 82.4 � 1.7 110.6 � 3.2 143.9 � 2.2
Relative concentration (92.0 � 14.3)%CD (9.5 � 1.9)%CD (3.2 � 0.1)%CD

1190 | Anal. Methods, 2015, 7, 1186–1193 This journal is © The Royal Society of Chemistry 2015
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The sensitivity study of the plastic slide method was con-
ducted by identifying the agglutination patterns of serially
diluted reagent RBCs that carry known antigens. The original
RBC samples used for testing were the red cells A1, B and C1. To
prepare samples with low RBC concentrations, the suspension
medium of the reagent red cells was rst removed by centrifu-
gation and then the red cells were diluted to haematocrit of 45%
with PBS; this RBC concentration simulates the blood RBC
concentration of a healthy individual. Low RBC concentration
samples were prepared by diluting this sample by factors of
75%, 50% and 25% with PBS. The diluted blood samples were
then used for the sensitivity tests of the device and results are
shown in Fig. 6. All positive tests of diluted blood samples A, B
and D can still be clearly identied via RBC agglutination, even
though they were diluted to 25%. These results conrm that the
plastic slide blood typing device is able to deliver the equivalent
sensitivity of a high performance blood typing device. The lm
forming process of the blood sample provides a simple way to
enhance the sensitivity of blood typing using the plastic slide
method.

Antibody longevity on the plastic slide

It was found that the original antibodies gradually lost their
activity within 10 days of deposition on plastic slides and
allowed to dry. This is because the dried antibodies dehydrated
aer long exposure to air. As a result, the surface of the channel
became more hydrophobic and this signicantly reduces the
speed of the blood ow in the channel. Fig. 7 shows the
hydrophobic development of the slide surface with time. To
solve this problem, glycerol and Tween 20 were chosen as
additives to prevent antibody dehydration and to increase the
channel surface wettability. Glycerol has been used as a tradi-
tional additive for protecting biomolecules from denaturing.38

Its high humectant effect attracts water molecules and prevents
biomolecules from dehydration; such a protective effect is most
likely related to the presence of 3 hydroxyl groups in the glycerol
molecule and its small molecular size. Apart from attracting
water molecules, glycerol may also provide direct hydrogen-
bonding, like many sugar molecules, to stabilize the biomole-
cule.39 The addition of Tween 20 as a biologically compatible
surfactant is intended to enhance the wettability of the depos-
ited antibody layer on the plastic slide aer ageing. Additives
with a series of different proportions of glycerol and Tween 20
were mixed with the antibodies to form solutions to treat the
channels of the device; the wettability of the channels was
tested at different storage times by measurement of the ow
length of blood samples in the channels in 30 seconds; results
are presented in Table 3. Our results show that antibody solu-
tions containing 20% glycerol, or 10% glycerol and 0.1% Tween
20 enhanced the channel wettability; testing aer 30 days of
storage showed that the device's wettability was unchanged and
all antibodies still retained their activity. We chose 10% glycerol
and 0.1% Tween 20 as the preferred additive formulation to
perform further experiments. Fig. 8 shows the blood test results
obtained aer 45 days of storage under ambient temperature
and open to air; all the antibodies were still active and gave
accurate blood typing within 30 seconds (Fig. 8).

Fig. 6 Sensitivity tests of the plastic slide method by dilution of
reagent red blood cell carrying known antigens: (a) A1 cells in the anti-
A treated channel; (b) B cells in the anti-B treated channel; (c) C1 cell in
the anti-D treated channel. The negative control channel was treated
with BSA only.

Fig. 7 Lifetime detection for blood group A interaction with the anti-A
treated device for different periods.

Table 3 The effect of additives on the surface hydrophilicity for blood
flowing with the increase of time

Additive

Blood sample ow distance (mm)

1 hour 2 days 10 days 30 days

Pure antibody 21 13 8 4
Tween 20 (0.1%) 25 14 3 3
Tween 20 (0.5%) 25 12 3 3
Tween 20 (1%) 20 8 3 3
Glycerol (1%) 25 15 8 4
Glycerol (5%) 25 17 12 6
Glycerol (10%) 25 25 22 20
Glycerol 10% + Tween 20 0.1% 25 25 25 25
Glycerol (20%) 25 25 25 25

This journal is © The Royal Society of Chemistry 2015 Anal. Methods, 2015, 7, 1186–1193 | 1191
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Reverse blood typing using the plastic slide assay

The reverse blood typing assays were also performed using the
plastic slide method. Patients' blood serum was rst separated
from the whole blood sample, which can be prepared by the
traditional centrifugation or the new low-cost POC methods on
membrane41,42 or paper.43 Then the serum samples were drop-
ped into the channels on the plastic slide and allowed to spread
throughout the channel. Reagent red blood cells A and B were
then pipetted into separate serum-coated channels. By allowing
the reagent RBCs to spread in the channel and form a lm, the
agglutinated RBCs can be clearly identied by the naked eye
without any aid (Fig. 9).

Proposed mechanism of RBC agglutination on the plastic
slide

The use of lm formation as a sensitive method for blood typing
takes advantage of the following two processes: rstly, the
spreading of blood samples over the antibody coated channel
surface provides a large contact area between the blood sample
and antibody. The large contact area promotes interactions
between the RBCs in the blood sample and the antibodies on
the plastic slide; agglutination of RBCs by their corresponding
antibodies can therefore occur quickly. Secondly, the relatively
slow spreading of blood samples in an antibody treated channel
is likely to give sufficient time for the blood sample and anti-
body to interact and incubate. This, combined with the small
thickness of the blood sample lm, tends to lead to the
formation of sheet-like agglutination lumps, which are very easy
to visually identify. The plastic slide device thus offers a sensi-
tive means for rapidly performing both forward and reverse
blood typing assays.

Conclusions

In this work we designed and demonstrated a new user-friendly
blood typing device. The device was fabricated by patterning the
plastic slide with channels treated with different blood
grouping antibodies; this design requires the user to simply
introduce the blood sample into the channels to complete the
blood typing assay, without the need for buffer washing or
stirring operations. This device functions by letting the blood
sample spread under gravity over a surface treated with blood
grouping antibodies. The agglutinated RBC lumps can be
rapidly and clearly differentiated from the non-agglutinated
RBCs, providing unambiguous visual identication of the
positive and negative blood typing assays. This method provides
a user-friendly design concept that requires minimum effort
from the user to perform an assay to determine the blood type of
a patient within 1 minute.

The lm-forming principle of this method provides a high
level of sensitivity to identify the blood types of samples with
low RBC concentrations. Preliminary investigation of the
longevity of the device was also conducted; a mixture of glycerol
and Tween 20 was chosen as an effective additive mixture to
maintain the bioactivity of the antibodies on the device for the
testing period of 30 days.
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Fig. 8 Antibody activity for its corresponding antigen after being
deposited for 45 days on the device surface coated with an additive
mixture of 10% of glycerol and 0.1% of Tween 20. Test was conducted
under ambient laboratory conditions.

Fig. 9 The reverse blood typing results for identifying ABO blood
groups.
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Paper-Based Blood Typing Device That Reports Patient�s Blood Type
“in Writing”**
Miaosi Li, Junfei Tian, Mohammad Al-Tamimi, and Wei Shen*

The British author, J. K. Rowling, presented a visionary idea
in her novel “Harry Potter and the Chamber of Secrets” that
one can interrogate a piece of paper for information and get
unambiguous answers from the paper in writing. Here we
report a study, following her vision, on using a low-cost
bioactive paper device to perform ABO and rhesus (RhD)
blood typing tests and obtain test results from the paper in
writing. Paper text patterns are designed and printed to allow
interactions between grouping antibodies and red blood cells.
Composite text patterns consisting of the bioactive and non-
bioactive sections are used to form the letters and symbols for
the final display of the testing report. This paper-based blood
typing device rapidly reports patient�s blood type in unam-
biguous written text.

Patterned bioactive paper as a tool for biochemical
analysis has become a platform for making low-cost and
user-operated devices for diagnosis,[1] point of care (POC),[1–6]

pathogen and biomarker detection,[1,4, 5] and food and drink-
ing water quality testing.[7] The potential of this platform to
deliver affordable, rapid, and user-friendly diagnostic sensors
for disease screening, healthcare and drinking water quality
evaluation to the developing countries has become increas-
ingly clear.[1,4, 8–10] Over the last five years, there has been an
explosion of research in bioactive paper-based low-cost
sensor fabrication,[1,3,4, 11–16] electronic transmission of colori-
metric assays for real-time diagnosis,[6,17] as well as new
diagnostic and environmental applications using low-cost
sensors.[6,7,18–21] Colorimetric and electrochemical methods are
the preferred analytical approaches for bioactive paper
sensors, since these methods are proven to be effective in
qualitative and semi-quantitative sensing and can be easily
adapted onto paper.[3,6, 21, 22] However, those studies also
revealed certain limitations of those new concepts in their
practical applications. Whilst a colorimetric or voltammetric

signal can report the test results, in most situations the results
need to be interpreted by trained personnel. This is partic-
ularly true if an assay has multiple outcomes and requires
careful examination in order for the diagnosis to be made.
Therefore, among the many challenges in low-cost diagnos-
tics, unambiguous reporting of the test results by the sensors
to the users is critical. Where sensors are used in developing
regions for large-scale disease screening, even if we can
fabricate sensors that are robust enough to function under an
unsupported field condition, misinterpretation of the assay
results may still be a significant factor that can compromise
the value of low-cost diagnostics.

Are there other means by which we can design and
interrogate bioactive paper sensors for diagnostic results? An
inspiration can be found in the movie adapted from J. K.
Rowling�s novel “Harry Potter and the Chamber of
Secrets”;[23] Potter interrogated Tom Riddle�s Diary by
writing on a page of paper in the Diary “Do you know
anything about the Chamber of Secrets?”; the paper
responded with a “Yes” in writing, instead of with a color
change. The artist�s vision shows that non-conventional
mechanisms of reporting assay results using paper-based
sensors should be explored. To the authors� best knowledge,
equipment-free bioactive paper-based diagnostic devices
capable of reporting multiple conditions in written text from
a single test is currently not available. In this study, we present
a bioactive paper blood typing device that is capable of
reporting ABO RhD blood types rapidly and in written text.

Correct typing of human blood is extremely important in
blood transfusion and in events of medical emergency. The
blood type of an individual is determined by the presence or
absence of certain antigens on the surface of a red blood cell
(RBC). In addition, antibodies existing in blood serum
protect the body from incompatible and hostile antigens.[24]

The vast majority of techniques for ABO and RhD typing of
blood to date have been based upon the principle of
haemagglutination reactions between RBCs and antibodies.
The absence of agglutination indicates no haemagglutination
reaction.[24] Recently low-cost bioactive paper[19] and bioac-
tive thread[18,25] microfluidic sensors have been reported for
human blood grouping applications. These devices are also
based on the principle of haemagglutination reactions.
Through observing the differences in wicking distances of
the agglutinated red blood cells and the blood serum, an
indication of haemagglutination reaction can be identified.
However, paper- and thread-based technologies still require
users who have the blood typing knowledge to interpret the
result. For the blood typing devices to be more adaptable to
conditions in developing countries, they must be able to
report results unambiguously to users who may not have the
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knowledge to interpret the results based on the first principle.
An easy way to bridge this application gap is to design paper-
based devices that can report blood typing results to the users
in written text.

The text-reporting blood typing device we present here is
partly based on the principle of haemagglutination reactions.
Its fabrication involves the use of hydrophobic–hydrophilic
contrast to form text patterns and to use these text patterns as
sites for RBC and antibody interactions. The hydrophobic-
hydrophilic contrast will ensure the unambiguous legibility of
the text pattern of agglutinated blood to be displayed. In our
design the text patterns are made hydrophilic, and antibody
solutions are introduced into the corresponding text patterns
(e.g. Anti-A into text pattern “A”). In a blood typing assay
a blood sample is introduced to all text patterns. To clearly
identify the occurrence of haemagglutination reactions inside
the hydrophilic text patterns, a saline-washing step is
employed. If the antibody in a text pattern is not the
corresponding antibody to the antigens carried by RBCs,
there will be no haemagglutination reaction; the non-
agglutinated RBCs can be easily washed out of the text
pattern with the saline solution. Contrary to this, if RBCs
have haemagglutination reaction through the antibody-anti-
gen interaction, agglutinated RBC lumps will form inside the
fiber matrix of the paper and cannot be washed out by the
saline solution.[26] Those text patterns occupied by the
agglutinate RBC lumps therefore have unambiguous legibil-
ity with high resolution and contrast.

In devices for ABO RhD blood typing, three antibodies
(Anti-A, Anti-B, and Anti-D) are used to display blood
typing results by text. The interaction of each antibody with
RBCs can have two possible outcomes, that is, “Agglutina-
tion” and “No agglutination”. The total number of blood
types determinable by the three antibodies will be 23= 8.
Taking an A+ blood sample, for example, the interaction of
the A+ blood sample with the three antibodies can be
expressed as ABD, that is, A (agglutination with antibody A
occurs), B (no agglutination with antibody B), and D
(agglutination with antibody D occurs). Following this
expression, all different blood types (column 3) determinable
by these antibodies through the presence and absence of RBC
agglutination (column 2) can be listed in Table 1.

If we use only haemagglutination reactions to design
a text-reporting device for blood typing, many blood types
cannot be unambiguously reported by text. This situation

includes two circumstances where blood types have no
haemagglutination reactions with the grouping antigens,
therefore no visually perceivable text patterns can be
formed to make the text report. The first circumstance
involves all Rh(�) blood types; the lack of interactions of
RBCs with Anti-D results in no haemaaglutination reaction
(i.e. D) and therefore cannot form visually perceivable text
patterns. The second circumstance involves O-type blood.
Since red cells of O-type blood do not carry A and B antigens,
they do not have haemagglutination reactions with either
Anti-A or Anti-B (i.e. AB). O-type blood cannot be reported
in written text formed by haemagglutination reaction only.
Table 1 (column 4) lists all five blood types that are associated
with these two circumstances. Further design of the devices
must overcome these obstacles.

In this study we present a design of a composite text
symbol that can report both D and D unambiguously. This
symbol takes the form of “+ ”; it consists of a permanent “�”
printed using a non-bioactive water-insoluble ink and a bio-
active “ j ” printed using Anti-D (Figure 1a). In a blood test
when a sample is introduced into “ j ”. If the sample carries D
antigen, haemagglutination reaction will occur inside “ j ” and
saline washing will not be able to remove the agglutinated
RBCs out of pattern “ j ”. The composite text symbol will
report “+ ”. On the other hand, if the sample does not carry
the RhD antigen, then no haemagglutination reaction will
occur. After saline washing, no agglutinated blood sample will
be perceivable in “ j ”; the composite text symbol will report
“�” (Figure 1a). This design fulfills the requirement of using
one composite pattern to unambiguously report RhD(+) and
RhD(�) in text.

For O-type blood samples, we again employ another
composite text symbol to report both “O” and “non-O” types
of blood samples. This composite text symbol takes the form
of “�”; it consists of a permanent letter “O” printed using
water-insoluble ink and a “ � ” printed using an equal-volume
mixture of Anti-A and Anti-B (see Figure 1b). In a blood test
when a sample is introduced into “ � ”, the sample is mixed
with Anti-A and Anti-B inside “ � ”. If the sample carries A-
antigen or B-antigen, or both, then haemagglutination
reaction will occur inside “ � ” and saline washing will not
be able to remove the agglutinated RBCs out of the pattern.
The composite text symbol will report “�”. On the other
hand, if the sample does not carry A-antigen and B-antigen,
then no haemagglutination reaction will occur inside “ � ”.

Table 1: Blood types that can be reported in text by specific antigen–antibody agglutination reactions before and after implementing our design
solutions (see Figure 1).[a]

No. Agglutination Blood types
determined by
RBC agglutination

RBC antigens unable to be expressed
in text by RBC agglutination
(and reasons)

RBC antigens unable to be expressed
in text after implementing
design solution 1

Text reporting
after implementing
design solutions 1 and 2

1 ABD AB+ Enabled
2 ABD A+ Enabled
3 ABD AB� x (D) Enabled
4 ABD A� x (D) Enabled
5 ABD B+ Enabled
6 ABD O+ x (A;B) x (A;B) Enabled
7 ABD B� x (D) Enabled
8 ABD O� x (D,A;B) x (A;B) Enabled
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After saline washing, the composite text symbol will report
“O” (Figure 1b). This design fulfills the requirement of using
one composite pattern to unambiguously report “O” and
“non-O” types of blood samples in text. The three blue dots in
the printed device are for positioning purpose.

Negative text patterns consisting of letters “A” and “B”
and two text symbols, “ � ” and “ j ” were created electroni-
cally. A Canon ink jet printer was used to print a 2% (w/v)
heptane solution of an alkenyl ketene dimer (AKD)[3,4] on the
paper sample, forming the negative patterns of letters and
symbols (see Figure S1 in the Supporting Information).
Printing of negative patterns of letters and symbols ensures
that these patterns remain hydrophilic and are surrounded by
hydrophobic areas. The hydrophilic patterns are, however,
invisible. After printing of the hydrophilic patterns, 2.5 mL of
Anti-A, clone 10090; Anti-B, clone 10091; and Anti-D, clone
20093 were introduced into the hydrophilic patterns “A”, “B”,
and “ j ”, respectively, by ink jet printing or writing with a pen

(Figure 2a). Two and a half microlitres of an equal-volume
mixture of Anti-A and Anti-B were introduced into the
pattern “ � ” (Figure 2a). Then letter “O” was printed using
a water-insoluble ink over the hydrophilic and invisible “ � ”
symbol; symbol “�” was also printed with a water-insoluble
ink over the hydrophilic and invisible “ j ” symbol as shown in
Figure 2b. The strong hydrophilic–hydrophobic contrast
ensures a high resolution of the text patterns formed by
antibody solutions. After drying under ambient conditions the
device is ready for use. Detailed fabrication steps can be
found in the Supporting Information.

In a blood typing assay, 2.5 mL of blood sample were
introduced into each of the antibody-loaded patterns (i.e. A,
B, � , and j) with a micropipette (Figure 2c). Twenty seconds
were allowed for the antibodies in the letter and symbol
patterns to react with the antigens carried by the RBCs. After
20 seconds, two aliquots of 50 mL saline solution were
introduced into each of the letter and symbol patterns. In
cases where haemagglutination reactions occur in certain text
or symbol patterns, the agglutinated blood sample could not
be washed out of those patterns. The agglutinated RBCs
formed legible text patterns that report the occurrence of the
specific haemagglutination reaction. On the other hand, if the
haemagglutination reaction does not occur, the non-aggluti-
nated blood can be easily washed out of the patterns through
the vertical flow, leaving no visible trace of the blood sample
(Figure 2d). The legible letter and symbol patterns, in
combination, form the text report of the blood type of the
sample. Figure 3a shows the expected reports for the eight
blood types by the device; Figure 3b shows a photo of the
actual blood type tests of all eight blood types.

The sensitivity of the bioactive paper text-reporting
device was evaluated by testing blood samples (A+ and
B+) diluted with saline solution (see Figure S4 in Supporting
Information). This method is used to evaluate the sensitivity
of blood typing assays for samples from patients with anaemia
conditions; these samples have a decreased RBC color

Figure 1. The two design solutions using composite text symbols to
report blood test results in text. a) Design solution 1: The composite
text symbol for reporting the presence of RhD takes the form of “+ ”;
it consists of a permanent “�” printed using a non-bioactive water-
insoluble ink and a “ j ” printed using Anti-D. b) Design solution 2: The
composite text symbol for reporting “O” and “non-O” types of blood
samples takes the form of “�”; it consists of a permanent letter “O”
printed using non-bioactive water-insoluble ink and a “�” printed
using an equal-volume mixture of Anti-A and Anti-B.

Figure 2. Fabrication and testing procedures of the text-reporting
blood-typing devices. Negative patterns of letters and symbols are
printed using a heptane solution of an alkenyl ketene dimer; letters
and symbols remain hydrophilic and are surrounded by hydrophobic
areas (see Figure S1 in the Supporting Information). a) Anti-A and
Anti-B are introduced into the corresponding letters. An equal-volume
mixture of Anti-A and Anti-B is introduced into “�”, and Anti-D is
introduced into “I”. b) Letter “O” and symbol “�” are printed over
“�” and “�”, respectively, using a non-bioactive and water-insoluble
ink. c) A blood sample is introduced in the device for blood typing
test. d) After washing each pattern with 2�50 mL of saline solution,
the blood typing result is reported by the device in text.
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intensity. The bioactive paper text-reporting device can
confidently identify A and B antigens on RBCs after the
blood samples were diluted by a factor of four and D antigens
by a factor of two. This level of sensitivity is sufficient, since
dilution by a factor of two is considered an adequate
threshold for anaemia samples (see the Supporting Informa-
tion).

A total of 99 samples were tested using the text-reporting
device; this sample set contained all eight blood types. All test
results using the bioactive paper text-reporting devices
matched with the results obtained by the pathological
laboratory using the gel card technology. Details of the
tested samples are presented in Table 1 in the Supporting
Information. Among the samples, two weak samples, a weak
AB and a weak D, were confirmed by the pathological
laboratory following the gel card protocol. These weak
samples were tested using the bioactive paper text-reporting
device. The device is able to make clear identification of the
blood types of these weak samples and the results match with
the confirmation made by the pathological laboratory (see the
Supporting Information). Figure 4 shows the test results of
the two weak samples by bioactive paper text-reporting

device. The ability of the bioactive paper text-reporting
device to confidently identify weak samples is also supported
by our recent validation study of paper-based assays for rapid
blood typing.[27]

We show in this study that this bioactive paper text-
reporting blood typing device meets the basic requirements of
sensitivity, specificity, and text legibility. It is capable of
reporting all blood types in the ABO RhD system. This
reporting method significantly increases the ability of the
device to report the results unambiguously to non-professio-
nal users. It is expected that an expansion of text-reporting
bioactive paper sensors beyond the ABO RhD blood typing
application may be possible. The concept of text-reporting
using paper-based devices for low-cost diagnostic applications
will be valuable for making affordable, sensitive, specific,
rapid, equipment-free, and user-friendly (ASSURED[10])
devices for developing countries.
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Abstract We report the use of bioactive paper for typing of
secondary human blood groups. Our recent work on using
bioactive paper for human blood typing has led to the discov-
ery of a new method for identifying haemagglutination of red
blood cells. The primary human blood groups, i.e., ABO and
RhD groups, have been successfully typed with this method.
Clinically, however, many secondary blood groups can also
cause fatal blood transfusion accidents, despite the fact that the
haemagglutination reactions of secondary blood groups are
generally weaker than those of the primary blood groups. We
describe the design of a user-friendly sensor for rapid typing
of secondary blood groups using bioactive paper. We also
present mechanistic insights into interactions between second-
ary blood group antibodies and red blood cells obtained using
confocal microscopy. Haemagglutination patterns under dif-
ferent conditions are revealed for optimization of the assay
conditions.

Keywords Bioactive paper . Blood typing . Secondary blood
groups . Confocal microscopy . Haemagglutination

Introduction

Blood groups were discovered at the beginning of the twen-
tieth century, and for many years they have been considered
the best human genetic markers since they carry a significant
amount of information for mapping the human genome. To
date, 30 blood group systems, including 328 authenticated
blood groups, have been classified [1, 2]. The discovery of
the ABO blood groups by Landsteiner made blood transfusion

feasible. The later discovery of the RhD antigens led to the
understanding and subsequent prevention of haemolytic dis-
ease of the newborn (HDN) [3–5]. Although the ABO and
RhD groups are the most important systems in transfusion
medicine, many other blood group antibodies are also capable
of causing haemolytic transfusion reactions or HDN. These
blood groups, known as minor or secondary blood groups, are
also of great clinical and biological importance in blood
transfusion and transplantation [5, 6]. Each of these blood
groups contains unique subtype antigens and has a different
weight of distribution in the human population [7]. Further-
more, secondary blood groups do not follow the second part
of Landsteiner’s law—“If an agglutinogen is absent in the red
cells of a blood, the corresponding agglutinin must be present
in the plasma”—which is true only of the ABO groups.
Although antibodies A and B are naturally present in human
blood serum corresponding to the antigens which they lack,
the Rh and secondary antibodies in serum are generated only
as a result of an immunization response triggered by trans-
fused red blood cells (RBCs) that carry secondary antigens, or
by fetal RBCs leaking into the maternal circulation during
pregnancy or during birth [5]. Table 1 summarizes the com-
mon secondary blood groups and their subtype antigens.
Among these blood groups, some antibodies, such as M, N,
Lewis and Lutheran system antibodies, are inactive below
37 °C and are therefore not considered clinically important
[5]. Others, however, are as clinically significant as primary
blood groups. The mismatching of these blood groups may
cause immediate and severe haemolytic transfusion reactions
and HDN.

Accurate and rapid identification of human secondary
blood groups is important for blood banking and medical
procedures under either laboratory or field conditions [8].
Routine minor blood grouping methods rely primarily on the
haemagglutination reactions between antigens and antibodies
that are performed either manually or by automatic means
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[9, 10]. Currently, the commonly used method for secondary
blood grouping is based on a gel card test procedure, which
requires concentrated RBCs and centrifugation [9]. Because
there are a large number of antigens in secondary blood
groups, a full identification of the antigens in those groups
using this procedure is expensive and requires central labora-
tory conditions. Other methods, such as slide techniques,
although of low cost and equipment-free, are insensitive and
therefore are not recommended for initial or definitive antigen
determinations, particularly when dealing with neonatal sam-
ples [5]. Investigations into novel techniques for rapid and
low-cost secondary blood group typing diagnostics are there-
fore necessary and significant, especially for use in less-
industrialized areas, for home care, and for local and tempo-
rary blood banking in disaster-response missions.

Recent research on the use of bioactive paper for human
blood typing has established a new method for identifying
haemagglutination of RBCs [11–16] which relies on using
fibre networks in paper with controlled pore sizes to filter out
and retain the agglutinated RBC lumps. When a blood sample
is introduced onto a piece of paper pretreated with the corre-
sponding grouping antibody, haemagglutination will occur,
leading to the formation of agglutinated RBC lumps inside
the fibre network [17]. The agglutinated lumps of RBCs are
captured by the fibre network and cannot be removed by
chromatographic elution with phosphate-buffered saline
(PBS) or saline solution, leaving a clearly visible bloodstain
on the paper. Conversely, if a blood sample is introduced onto
paper treated with non-corresponding grouping antibodies,
haemagglutination will not occur and free RBCs can be easily
washed out of the fibre network, leaving no discernible stain.
This phenomenon forms the foundation of using paper to
make low-cost, rapid and user-friendly devices for ABO and
RhD blood typing assays [16].

The antigens of some secondary blood groups are found to
be less antigenic than the primary blood groups [18]. Those
antigens show weaker interactions with their corresponding
antibodies, resulting in increased difficulty in their identifica-
tion in blood grouping assays. Different antibodies [e.g. im-
munoglobulin G (IgG) instead of immunoglobulin M (IgM)]

available to certain secondary RBC group antigens present
further difficulties in blood grouping assays. Although the
capabilities of IgG and IgM antibodies in the typing of sec-
ondary blood groups have been well understood, RBC re-
sponses to bonding with those antibodies are not. In this study,
we investigate the secondary blood group antibody–RBC
interactions in the fibre network of paper for the purpose of
designing highly efficient paper-based secondary blood
grouping devices. The confocal microscopy method we de-
veloped for paper-based blood grouping assays [17] was used
to obtain mechanistic details of RBC behaviour in the inter-
actions with secondary blood group antibodies. Our results
elucidate (1) the differences in antibody-specific RBC
haemagglutination caused by primary and secondary blood
group antibodies, (2) the responses of RBCs to bonding with
IgG and IgM antibodies, (3) the time-dependent antibody–
antigen interactions in secondary blood grouping, and (4) a
concept of secondary blood group assay result reporting using
symbols. The protocols and conditions of assaying have also
been established and are discussed. The outcome of this work
provides microscopic details for the engineering of low-cost,
sensitive, specific and rapid paper-based blood grouping de-
vices for secondary human blood groups.

Experimental

Materials and appliances

The paper substrate used in this study was Kleenex paper
towel (Kimberly-Clark, Australia). Alkyl ketene dimer
(AKD; wax 88 Konz) as a paper hydrophobilization reagent
was obtained from BASF. AR grade n -heptane was obtained
from Sigma-Aldrich (Australia); it was used to formulate an
inkjet-printable solution for patterning text on paper through
the formation of hydrophobic borders. Blood samples were
sourced fromRed Cross Australia (Sydney). They were stored
at 4 °C and used within 7 days of collection. All antibodies
were purchased from Alba Bioscience (Edinburgh, UK). The
0.9 % (w/v) NaCl saline solution and the PBS were prepared
with AR grade NaCl (Univar) and phosphate (Sigma-
Aldrich), using Milli-Q water. Fluorescein isothiocyanate
(FITC; isomer I, product number F7250, from Sigma-
Aldrich) was used for labelling RBCs [17, 19, 20]. Anhydrous
dimethyl sulfoxide (Merck, Australia) was used to dissolve
the FITC. Anhydrous D -glucose was provided by Ajax
Finechem (Australia).

A reconstructed Canon inkjet printer (Pixma iP3600) was
used to print the AKD–n-heptane solution onto a Kleenex paper
sheet to form the required patterns defined by the hydrophilic–
hydrophobic contrast. A series of micropipettes (Eppendorf
Research®, 2.5–50 μL) were used to transfer antibodies, blood
samples and saline solutions onto the paper device.

Table 1 Common sec-
ondary blood group
systems

* Group D is one of the
blood groups in the Rh
system, but it is not con-
sidered as a secondary
blood group

Secondary blood
group systems

Antigens

Rh D*, C, c, E, e

Kell K, k

P P1

Kidd Jka, Jkb

MNS M, N, S, s

Lewis Lea, Leb

Lutheran Lua, Lub
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A Nikon Ai1Rsi confocal microscope in the Melbourne
Centre for Nanofabrication was used to obtain the confocal
micrographs. The objective lens used for imaging was a×60
oil immersion lens.

Symbol patterning onto paper

In our previous work for ABO and RhD blood group tests
[16], the fabrication of a paper-based blood grouping device
involved patterning letters and symbols as hydrophilic sites
for RBC and antibody interactions, surrounded by hydropho-
bic borders, onto paper. It was done with inkjet printing of
AKD onto paper to selectively hydrophobize it. The hydro-
phobic–hydrophilic contrast allows unambiguously legible
text patterns of agglutinated blood to be displayed. Following
the international convention, the blood types of the ABO
group are reported directly with letters, whereas Rh and other
secondary blood groups are reported with the symbol “+” or
“-” to indicate either their presence or their absence in RBCs.
In this work, for patterning paper for secondary blood group-
ing, we used “+” and “-” to indicate either a positive or a
negative assay result. The symbol consists of a vertical hydro-
philic channel and an overlapping horizontal bar printed with
water-insoluble ink, as shown in Fig. 1.

An assay for identifying multiple secondary blood groups
was performed by introducing 2.5 μL of the corresponding
antibodies onto the vertical section of the symbols, and
allowing the antibodies to dry under ambient conditions.
Two and half microlitres of a blood sample was then intro-
duced onto the vertical channel of all the symbols; a
predetermined reaction time was allowed for the antibodies
to interact with the RBCs. Subsequently, two 30-μL aliquots
of saline solution were introduced onto the vertical section of
the cross symbol to wash out the non-agglutinated RBCs.

After washing, the results can be directly read from the de-
vice—“+” indicating positive and “-” indicating negative.

For confocal imaging, RBCs were labelled with FITC
using the method reported by Li et al. [17], Hauck et al. [19]
and Hudetz et al. [20]. The whole blood sample was first
centrifuged at 1,300g relative centrifugal force for 3 min to
separate the RBCs from the plasma. The plasma layer was
then removed and the RBC layer was washed once with
physical saline solution (PSS). FITC was dissolved in dimeth-
yl sulfoxide at a high concentration (40 mg/mL), and was then
diluted with CellStab solution to 0.8 mg/mL. This FITC
solution and a D-glucose solution in PBS were then added to
the RBCs until the concentrations of FITC and D-glucose
reached 0.5 mg/mL and 0.4 mg/mL, respectively. This RBC
suspension was then incubated in the dark for 2 h to allow
FITC to attach onto the cell surface. After incubation, the
RBC suspension was washed 13 times with PSS to remove
unattached FITC and the RBCs were then resuspended at a
haematocrit of around 35 % for further use.

Kleenex paper towel was cut into 10 mm×10 mm pieces
for use as the test substrate. Ten microlitres of antibody
solution was dropped onto paper pieces and allowed to dry,
and then 6 μL of labelled RBCs was dropped onto them. A
preset reaction time was allowed. Then, 20 μL of PSS was
pipetted onto the sample and the sample was immediately
placed onto a glass slide for confocal imaging.

Results and discussion

Following the testing procedure illustrated in Fig. 1, a number
of secondary blood groups can be assayed on a paper strip; the
typical assay results of one blood sample are shown in Fig. 2
by putting the assay papers together. Gel card tests of the same

Fig. 1 Design, fabrication,
testing procedures and result
reporting of paper diagnostics for
secondary blood group typing.
AKD alkyl ketene dimer
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blood sample performed in the laboratory of Red Cross
Australia were used to compare the results with the results
obtained using our paper-based assays.

Two observations can be made. First, with the exception of
blood group M, the secondary blood grouping results reported
by our paper-based assays matched the gel card results. Second,
like the gel card tests, where the clarity of the results of second-
ary blood groups is less consistent than that of primary blood
groups, on paper-based assays the colour intensity of antigen-
positive RBCs differs significantly despite all tests being con-
ducted under the same conditions. These results suggest that
paper-based sensors are capable of performing assays for sec-
ondary blood grouping, and the reaction conditions of secondary
blood group antigens and antibodies differ. To further under-
stand the antigen–antibody interactions of secondary blood
groups, and to optimize the assay conditions, we focused on
the influence of the following factors on RBC agglutination: the
antibody–antigen reaction time, antibody types, and washing
conditions. Microscopic information obtained with confocal
microscopy was compared with information obtained from the
visual assays to study the interactions of RBCs in paper.

The effect of the interaction period

The bonding of ABO and RhD antigens with their correspond-
ing antibodies normally occurs instantaneously [16]; therefore,
haemagglutination can be visually identified within 30 s [17].
This reaction time, however, is not sufficient for some second-
ary blood group antigens as they are less antigenic. As a result,
the time required for secondary blood group agglutinations to

be visually identifiable ranges from 30 s to 3min, depending on
the antibody–antigen pair. For example, blood groups C and E
have strong interactions with their corresponding antibodies
within 30 s, whereas blood groups c and e would show false-
negative results if the same interaction time of 30 s were
allowed. We found that longer interaction times (i.e. 2–3 min)
must be allowed for secondary blood groups to improve the
clarity of the results (Fig. 3). However, a prolonged reaction
time can lead to false-positive results, as excessive exposure of
a blood sample to the atmosphere causes aggregation of RBCs.
Our study showed that a reaction time up to 3min is appropriate
and adequate for the unambiguous identification of the weaker
haemagglutinations.

Confocal microscopy was used to gain a microscopic un-
derstanding of haemagglutination processes of RBCs carrying
secondary blood group antigens. For comparison,
haemagglutination of RBCs by corresponding primary and
secondary blood group antibodies was investigated to show
the differences in the strength of RBC agglutination. Figure 4
shows four confocal microscopy images taken with a×60 oil
immersion lens. RBCs carrying D(+) (primary) and E(+)
(secondary) antigens showed rapid agglutination within 30 s
after contact with their corresponding antibodies. RBCs car-
rying primary blood group D antigens interacted strongly with
their corresponding antibodies, leading to strong deformation
of RBCs, which formed large lumps; individual RBCs in the
lump could not be identified (Fig. 4a). RBCs carrying second-
ary blood group E antigens showed weaker agglutination than
the RBCs carrying group D antigens. Although E(+) RBCs
also formed lumps on reacting with the E antibody, cell

Fig. 2 Paper-based blood group assay designed for identifying 12 anti-
gens in six secondary blood group systems. The blood grouping assay was
performed under the same conditions: the reaction time was 30 s and the
washing of free red blood cells (RBCs) was done using 0.9 % NaCl

physical saline solution. Reference assays using mainstream technology
(gel card) showed that the secondary blood group systems of this blood
sample were C(−), E(−), c(+), e(+), K(−), Jka(+), Jkb(+), M(+), N(+), S(+),
P1(+), and Lea(+)

30 s

Anti-e

1 min 2 min 3 min

Anti-e Anti-e Anti-e
Fig. 3 Increasing degrees of
haemagglutination of secondary
blood group e in antibody-treated
paper as a function of time
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deformation was less severe than that of the D(+) RBCs
(Fig. 4b). The e(+) RBCs showed even weaker agglutination;
no agglutination was observable for 30 s of reaction time
(Fig. 4c). However, when 3 min of reaction time was allowed,
the e(+) RBCs clearly showed agglutination, even though the
degree of agglutination was much weaker than for RBCs of
the D(+) and E(+) groups (Fig. 4d). These results correlate
with the visual assays performed on paper (Fig. 3). More
importantly, the confocal microscopy results confirmed the
time-dependent haemagglutination reaction of some second-
ary blood groups. Table 2 summarizes the reaction time re-
quired by different secondary blood groups.

The effect of antibody structure

Although some commercial antibodies for secondary blood
grouping can easily identify the corresponding secondary
blood group antigens through RBC haemagglutination, others

cannot. This is partially due to the structure of antibodies; the
IgM and IgG antibodies show a strong performance contrast
in causing haemagglutination of RBCs. The commercial prod-
ucts of IgM are monoclonal immunoglobulin which has a
pentameric form; each monomer has two binding sites, and
IgM therefore has ten sites in total. IgG antibodies, however,
are monomers with only two binding sites in total. The mo-
lecular dimension of an IgM molecule is also greater than that
of an IgG molecule, being 30 nm and 14 nm, respectively [5].
Consequently, the distance between the two binding sites of an
IgG molecule is too small to allow it to simultaneously bind
with antigens on two RBCs and cause direct agglutination.
Generally, IgM antibodies will directly agglutinate antigen-
positive RBCs, whereas most IgG antibodies require potenti-
ators or anti-human globulin to effect agglutination [5].

For secondary blood grouping on paper, the IgM antibodies
can simultaneously bind to antigens on two RBCs, thus pro-
ducing sufficiently large agglutinated RBC lumps that can be

Fig. 4 Haemagglutination
behaviour of three blood groups
investigated by confocal imaging
(×60 oil immersion lens): a RBCs
of primary blood group D(+)
agglutinated by D antibodies
within 30 s; b RBCs of secondary
blood group E(+) agglutinated by
E antibodies within 30 s; c RBCs
of secondary blood group e(+) did
not show any sign of
agglutination after reacting with e
antibody for 30s; d blood group
e(+) RBCs showed clear
agglutination when reacting with
e antibody for 3 min

Table 2 Agglutination reaction time required by each secondary blood group for the Alba Bioscience antibodies specified in this study

Blood groups

C c E e K k Jka Jkb P1 S s

Required reaction period 30 s 3 min 30 s 3 min 2 min 30 s 2 min 2 min 30 s 2 min 2 min
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immobilized in the porous structure of paper. In contrast,
agglutination reactions between IgG and RBC antigens

without anti-human globulin are either extremely weak or do
not occur at all, leading to false-negative results. The example

IgG Anti-s IgM Anti-sIgM Anti-KIgG Anti-K

c

a b

d

e f

Fig. 5 Comparison of the effect
of antibody structures (IgG and
IgM) on the visual identification
of the test results: a for K antigen
test; b for s antigen test. The
confocal images show details of
the haemagglutination behaviours
of K(+) and s(+) on paper treated
with different antibodies: c anti-K
IgG, d anti-s IgG, e anti-K IgM
and f anti-s IgM. The reaction
times of all assays were 2 min and
a×60 oil lens was used

Fig. 6 a Visual assay of an M(+)
blood sample on paper and b
confocal image of the same
sample. A commercial anti-M
IgM obtained from human sera
was used for the assay and a
reaction time of 3 min was
allowed
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of K antigen in the Kell system is used to illustrate the
different performance of antibodies with different structures.
Both IgM and IgG antibodies corresponding to K antigen are
commercially available. Figure 5a shows a distinct difference
in RBC agglutination patterns: whereas IgM causes strong
agglutination of the K-positive sample, IgG shows little or no
effect. Another example of detecting s antigen (of the MNS
system, Table 1) using IgM and IgG antibodies also shows
results very similar to those of the K antigen in the Kell
system, confirming that the different structures of antibodies
can lead to extremely different agglutination behaviours
(Fig. 5b).

Confocal microscopy was used to capture the agglutination
patterns of the K(+) and s(+) RBCs by IgM and IgG antibod-
ies. Figure 5c and d show agglutination patterns of K(+) and
s(+) RBCs after they had being introduced onto papers treated
with anti-K IgG and anti-s IgG, respectively. In both cases, no
discernible RBC agglutination could be observed. An inter-
esting observation was that K(+) RBCs show strong deforma-
tion and crenation when mixed with anti-K IgG. This is
because the commercial anti-K IgG reagent was directly ob-
tained and prepared from a donor’s plasma. The impurity of
the antibody solution might have caused the RBC deforma-
tion. After a drop of 10 μL CellStab solution had been added
to the paper, the RBCs regained their natural biconcave disc
shape (result not presented), but agglutination of RBCs never
occurred. In contrast, when K(+) and s(+) RBCs were intro-
duced onto papers treated with anti-K IgM (Fig. 5e) and anti-s
IgM (Fig. 5f), agglutination of RBCs was clearly observed

under the confocal microscope. The confocal microscopy
results also show that anti-s IgM causes a stronger degree of
agglutination than anti-K IgM (Fig. 5e, f); these results concur
with the visual assay on the paper surface (Fig. 5a, b). They
provided a clear understanding of the effects of antibody
structures on the efficiency of RBC agglutination; such effects
were further confirmed on a microscopic level.

In another study, antibody–antigen interactions of second-
ary blood group M were investigated using confocal micros-
copy. The motivation of this investigation was to understand
why a false-negative result was observed for this blood group
in our screening test (Fig. 2). A repeat of the assay on paper
showed no RBC agglutination, even though a reaction time of
3 min was allowed (Fig. 6a). The confocal image showed that
M(+) RBCs could not be agglutinated by anti-M IgM
(Fig. 6b). Although anti-M is IgM antiserum, it is considered
as a naturally occurring antibody in the human body, rather
than an antibody generated by immunoreactions [21]. This
type of antibody is a cold-reacting antibody which is not
active at 37 °C, and therefore is regarded as clinically insig-
nificant [5, 21]. In general, the detection of anti-M can be
disregarded for transfusion purposes.

The effect of washing conditions

The selection of the washing solution affects the result of
secondary blood grouping assays. Firstly, water cannot be
used to remove the non-agglutinated blood because of the
osmotic effect. Under osmotic pressure, water penetrates into
the RBC through its membrane, causing RBC haemolysis by
bursting. The agglutinated RBCs therefore can also be re-
moved from the paper (Fig. 7, test a). Secondly, the pH is also
an important factor in washing. Under normal circumstances,
a washing solution with a pH of about 7 is acceptable because
RBCs carry a negative charge and at pH 7–7.5 most antibody
molecules have weak positive charges. This enhances the
attraction between the RBCs and antibody molecules during
the first stage of interaction. Significant lowering of the pH
increases the dissociation of the antigen–antibody complexes.
This influence of pH levels on the assay result was found to be
much more important for secondary blood groups than for
primary blood groups; this is due to the weaker antibody–

a b c
Fig. 7 Identification for agglutinated RBCs of blood group c washed
with distilled water (a), 0.9 % NaCl (b), and phosphate-buffered saline
(c). An RBC–antibody interaction time of 2 min was allowed

Table 3 Secondary blood group typing data obtained using paper devices

Blood type

C E c e P1 K k Jka Jkb S s

Antibody type IgM IgM IgM IgM IgM IgM IgM IgM IgM IgM IgM

Reaction period 30 s 30 s 3 min 3 min 30 s 2 min 30 s 2 min 2 min 2 min 2 min

Number of samples 127 127 127 127 79 79 19 30 30 11 11

Matching with the laboratory results (%) 100 100 100 100 100 100 100 100 100 100 100
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antigen interactions of secondary blood groups. Figure 7 (tests
b and c) shows the washing of the agglutinated RBCs from the
paper. Our results show that for the best results of secondary
blood grouping assays, PBS should be used for washing.

Five clinically important secondary blood group systems,
including 11 blood groups, have been tested under their opti-
mum conditions. Each blood group involved from 11 to more
than 100 samples and all test results using the bioactive-paper
devices matched the results obtained in a pathology laboratory
using gel card technology. Details of the samples tested are
presented in Table 3. The accuracy of this paper diagnostic
assay for the blood samples studied was 100 %.

Conclusion

We have shown in this study that paper-based diagnostics are
capable of testing various clinically important secondary blood
types. Compared with the typing of primary blood groups, the
major challenges in secondary blood group assaying were
identified to be the antibody–RBC interaction time, the anti-
body types, and the pH of the washing buffer. Visual observa-
tion of the agglutination pattern on paper was used to evaluate
the degree of agglutination under the conditions of the investi-
gation, and confocal microscopy was used to obtain microscop-
ic information on the agglutination patterns in a fibre network at
a cellular level. The microscopic and macroscopic results pre-
sented in this work establish a detailed understanding of sec-
ondary blood grouping in paper. First, RBCs carrying some
secondary blood group antigens require a longer time to react
with their corresponding antibodies in order to form a sufficient
level of agglutination for unambiguous visual identification on
paper. Second, the types of antibodies are important in second-
ary blood group typing. This work confirmed, at a cellular level,
that whereas IgM antibodies are able to cause direct agglutina-
tion of RBCs, IgG antibodies are unable to do this. In that case
an indirect method must be used. Third, the pH of the washing
buffer must be maintained at neutral, or at a slightly basic level,
to prevent the undesirable dissociation of the agglutinated RBC
lumps during washing.

This work is the first research on using paper-based diag-
nostics for secondary blood group typing. Of the 11 clinically
important secondary blood groups we investigated in this study
(Table 3), the results obtained by paper-based devices showed a
100 % match with the mainstream gel card technology. The
design concept of the paper assay allows both professionals and
non-professionals to easily understand and perform the assay.
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Background and Objectives Paper biodiagnostics for blood typing are novel,
cheap, fast and easy to use. Agglutinated red blood cells cannot travel through
the porous structure of paper, indicating a positive antibody–antigen interaction
has occurred. Conversely, non-agglutinated blood can disperse and wick through
the paper structure with the ease to indicate a negative result. This principle has
been demonstrated to detect blood group phenotypes: ABO and RhD. However,
typing for red blood cell antigens such as Rh, Kell, Duffy and Kidd has not yet
been explored on paper.

Materials and Methods Two paper testing methods – an elution and a direct
flow-through method – were investigated to detect red blood cell antigens
excluding the ABO system and RhD. Antigens explored include the following:
C, c, E, e, K, k, Fya, Fyb, Jka, Jkb, M, N, S and s, P1, Lea and Leb. The variables tested
include the following: reaction time and reagent concentration. The importance of
antibody type/structure for successful agglutination on paper was confirmed.

Results Some blood group phenotypes showed less agglutination due to weaker
antibody–antigen interactions. Most blood groups with antibodies available as
IgM, such as C, c, E, e, K and k, and Jka and Jkb, and P1, were successful using
both methods. However, other blood groups, especially those with antibodies
only available as polyclonal antibodies, were unsuccessful and require further
scrutiny.

Conclusion Paper can be used as an alternative blood grouping diagnostic tool
for selected blood group phenotypes.

Key words: blood groups, blood typing, haemagglutination, IgG, IgM, paper diag-
nostics.

Introduction

Although ABO and RhD are the most important blood

group systems in transfusion medicine, many other blood

group antibodies can cause serious or fatal haemolytic

transfusion reactions (HTRs) or haemolytic disease of the

foetus and newborn (HDFN). Current blood typing tech-

niques rely on antibody–antigen interactions to cause red

blood cell agglutination for positive identification. Tech-

niques, such as gel columns, are well established. Com-

mon methods for phenotyping blood groups are the tube

test and column agglutination test (CAT), which require

centrifugation only available under laboratory conditions,

unsuitable for in-field and remote testing [1]. Currently,

CATs are more widely used, relying on gels or glass beads

to visualize agglutination. However, the process requires

trained personnel, is more expensive, lengthy and time-

consuming to operate. Low-cost and equipment-free

methods, such as the glass slide test, can be insensitive

and are unsuitable for antigen identification, particularly

for neonatal samples [2]. This is especially true when test-

ing for the wide array of clinically significant blood

group phenotypes.

For many years, blood groups were the best genetic

markers and have played a key role in the mapping of

Correspondence: Gil Garnier, Department of Chemical Engineering,
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the human genome [3]. Blood group antigens are found

on the surface of red blood cells (RBCs). These dictate an

individual’s blood type. Blood group antibodies are pres-

ent in the blood plasma and generally result from an

immune response triggered by prior exposure, such as

previous transfusions or during pregnancy, to the corre-

sponding antigen not located on that individual’s RBC

surface (alloantibody). There are now 35 blood group sys-

tems recognized, with more than 300 blood group anti-

gens, many of which are clinically significant, requiring

detection and the identification of antibodies to be per-

formed prior to blood transfusions [3, 4]. The discovery

of the ABO blood groups made blood transfusions safe;

the disclosure of the RhD antigens led to the understand-

ing and prevention of HDFN [2, 5, 6]. Each of the blood

group phenotype systems contains antigens that are

unique and have a different frequency depending on the

patient’s ethnicity [7]. The blood groups and their corre-

sponding alloantibody examined in this study are sum-

marized in Table 1. Aside from these blood groups, some

alloantibodies, such as Anti-M, N, P1 and Lewis antibod-

ies, are seldom active at body temperature (37°C) and are

generally not considered clinically significant [2]. The

mismatching of a blood group antigen in the presence of

a clinically significant antibody could cause immediate,

delayed or severe HTRs or HDFN, necessitating tests to

identify or confirm the presence of these antigens. Prior

to blood transfusion, the accurate and fast identification

of the blood group phenotypes is essential for patients

who possess an alloantibody [8].

Further development in low-cost minor blood typing

methods is necessary, especially for testing in developing

countries and the battlefield. Novel paper diagnostic for

human blood typing through the haemagglutination of

RBCs was developed [9–17]. Paper can be pretreated with

a blood typing antibody reagent. When a blood sample is

subsequently introduced onto the antibody pretreated

paper, if positive, a haemagglutination reaction will occur

between the RBCs and corresponding antibody. These

blood agglutinates are formed within the porous structure

of paper and cannot be removed when washed with solu-

tions such as phosphate-buffered saline (PBS) or 0�9%
NaCl saline. Inversely, during negative reactions, the

RBCs do not agglutinate and the cells are easily washed

away. This phenomenon is the foundation of paper sub-

strates for blood typing which was used to design diag-

nostics for ABO and RhD blood testing [12].

In this study, paper diagnostics were engineered to

identify blood groups using haemagglutination, focusing

on common clinically significant blood group phenotypes.

The method for phenotyping these blood groups proved

not to be as simplistic as the ABO and RhD groups; time-

dependent reactions became evident [10, 17]. The influ-

ences of antibody types, reaction time, washing condi-

tions and antisera concentration on the identification of

blood group phenotype were investigated.

Two separate testing methods were developed using

paper, each using different principles regarding the inter-

actions of the analytes, samples and washing method.

One method follows the principles of chromatography,

allowing the washing solution to elute unbound blood

cells laterally along the paper structure (wicking). This

method was used for ABO and RhD groups [11]. The sec-

ond uses the flow-through method [12, 18, 19], which

washes through the paper, rather than along, utilizing a

filtration mechanism. While each method has been suc-

cessful when testing ABO and RhD blood types, this is the

first report testing paper diagnostics for the detection of

blood group phenotypes other than ABO and RhD using

both methods.

Materials and methods

Materials and equipment

Professional Kleenex paper towel from Kimberly-Clark,

Australia, was employed as paper. Antisera blood typing

antibodies were purchased from ALBA bioscience, Edin-

burgh, United Kingdom, and used as received (Table 1).

Washing solutions 0�9% (w/v) NaCl saline and PBS were

prepared using MilliQ water, analytical grade NaCl (Uni-

Table 1 Blood groups and the corresponding antibodies used for blood

group phenotyping on paper. The antibody structure and clone is also

included

Blood system Blood type Reagent type Clone

Rh C IgM P3x25513G8

E IgM DEM1

c IgM H48

e IgM MS-36 and P3GD512

Kell K Polyclonal Polyclonal (human source)

K IgM MS-56

k IgM Lk1

Kidd Jka IgM P3HT7

Jkb IgM P3�143
Duffy Fya Polyclonal Polyclonal (human source)

Fyb Polyclonal Polyclonal (human source)

MNS M IgM LM1

N IgM LN3

S IgM P3S13JS123

s Polyclonal Polyclonal (human source)

P P1 IgM 650

Lewis Lea IgM LEA2

Leb IgM LEB2

© 2014 International Society of Blood Transfusion
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var) and PBS tablets (Sigma-Aldrich, Castle Hill, Austra-

lia), respectively. Alkyl ketene dimer (AKD) from BASF

was used for paper hydrophobilization. Analytical grade

n-heptane from Sigma-Aldrich was used to formulate

ink-jet solution to print text on paper. EDTA blood sam-

ples were sourced from Australian Red Cross Blood Ser-

vice (ARCBS), stored at 4°C and used within 7 days of

collection.

Micropipettes (Eppendorf research�, 2�5–50 ll) were

used to introduce the antibodies, blood samples and sal-

ine solutions on paper. Millipore centrifugation tubes

(50 kD cut-off) from Merck, Australia, were used to

remove supernatant and increase concentration of the

antibodies by filtration.

Method

Two methods were tested: the first was the elution meth-

odology for high-throughput diagnostics in laboratory

settings [11] and the second flow-through method used

the direct-reporting method suited for remote and emer-

gent situations [12]. These methods differ by the direction

of liquid transport within paper during the washing step.

The elution method relies on the paper structure to wick

saline solution laterally and separate by chromatography

along paper, while direct-reporting washes via a flow-

through filtration-like method.

Elution
A known antibody reagent is dotted along the bottom of

paper (10 ll) before the addition of mixed EDTA blood

sample (3 ll) [11]. After a reaction period, ranging from

30 to 120 s, the substrate was hung in a vertical-standing

elution tank containing 0�9% NaCl saline solution at a

depth of 1 cm. Following an elution period of 5 min, the

substrate was removed and dried in the laboratory

(T = 22 – 1°C; relative humidity = 30–50%) (Fig. 1).

Qualitative evaluation of results was conducted visually.

Agglutination showed a distinct bloodspot, while non-

agglutinated RBCs were defined by the absence of a blood

spot and by a clear elution path on paper. Quantitative

analysis was achieved using IMAGEJ software (National

Institute of Health, Bethesda, MD, USA) to measure colour

densities of the blood spot (BS) and elution pathway (EP).

Kleenex paper towel was selected for performance,

attainability and cost. Compared with other paper, such

as Whatman filter, the results achieved were clearer and

more reliable [11, 16].

Flow-Through Direct reporting
Agglutinated cells can form patterns to resemble text or

signs. This can be achieved by hydrophobic barriers

printed onto the paper prior to the addition of cells. The

hydrophobic barrier guides where antisera will be

absorbed into the paper. This strong hydrophobic–hydro-

philic contrast can be used to border the RBC–antibody

interactions on paper, forming shapes or ‘text’ that can

be easily read when fabricating a user-friendly blood

group device [15]. A reconstructed Canon ink-jet printer

(Pixma iP3600) was used to print channels onto paper

with an AKD–heptane solution (Fig. 2).

Aliquots of 2�5 ll of antibody solutions were intro-

duced into the corresponding patterns. After the antibody

solution was dried, 2�5 ll of blood sample was introduced

1. Pipette antibody along 
paper

10 μL 3 μL each

2. Pipette blood sample 
along paper

3. Wait for reaction 
period 

Normally a 
minimum of 
30 
seconds

6. Read results4. Hang in elution tank 
with saline solution  

5. Wait for elution period 
(5 mins) 

– –– –
+ + + ++

Fig. 1 Methodology for blood group

phenotyping using paper via elution.

© 2014 International Society of Blood Transfusion
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into the vertical channel. A reaction period was allowed

for the antibodies to interact with the RBCs inside the

channels. Washing was performed with two 30 ll aliquots
of saline solution introduced into the patterns to wash

out non-agglutinated RBCs. The blood types were then

read directly. Quantitative analysis used IMAGEJ to measure

channel density.

Analysis criteria

Successful testing should easily distinguish positive from

negative, while preventing false-positive and false-nega-

tive results. For the elution method, a positive result

should report a well-defined blood spot (BS) with no

RBCs in the elution pathway (EP); conversely, a negative

result would have no BS, but show distinct wicking in the

EP. The direct-reporting method prints a positive ‘+’ sign,
while a negative in the absence of RBCs leaves a negative

‘-’ sign. Two hundred and thirty-six different patient

samples were tested. However, not all samples were fully

phenotyped. The number of samples for each antigen

tested was restrained by blood availability, outlined in

Table 2.

To compare the strength of each blood group’s anti-

body–antigen reactions and the testing conditions, the

colour densities of the resulting BS were measured

using IMAGEJ. Distinct patterns emerged when comparing

positive and negative results. Higher density values indi-

cated a positive result (usually >100), while lower val-

ues indicated negative samples (<40). Densities between

this range (40–100) could be classified as weaker reac-

tions. This distinction was used for the text-reporting

method.

However, to analyse the elution method results, the BS

alone was insufficient to indicate the interactions of cer-

tain blood groups. In such instances, the BS optical densi-

ties bordered the weak reaction threshold. In some cases,

the BS for negative and positive looked too similar for

accurate determination by the naked eye. It was the pres-

ence/absence of an EP that confirmed the result. There-

fore, in addition to BS density, an area of the EP 2 cm

above the BS was measured. Positive results contained lit-

tle or no RBCs in EP with low density values. Conversely,

negative results showed high densities representing

unbound RBCs travelling through paper after washing.

This difference was translated into a fraction, the optical

density ratio (ODR), comparing density of BS to EP. A

higher ODR value (>6�0) indicated positive, while low val-

ues (<3�0) indicated negative, with weak reactions

between indicated in between (3�0–6�0),

ODR ¼ BS

EP
:

Results

A series of antibody–antigen reaction tests were per-

formed using both procedures to detect blood group

phenotypes (Figs 1 and 2). As each antibody–antigen pair

behaves differently when tested, each needed to be analy-

sed individually. This differs from the major blood groups

(A, B, O and RhD), which react strongly and clearly for

most patients; exceptions include the weak subgroup

variants [10, 11, 16]. It was found that several factors

impacted the interaction strengths observed for each anti-

gen tested. These factors are as follows: (1) reagent type,

(2) reaction time, (3) antibody concentration and (4)

washing conditions. The washing conditions were found

to affect the results of the text-reporting method, but not

the elution method. This is due to the effects of direc-

tional flow during washing. Table 2 and Fig. 3 depict the

Blood sample added 
to channel

Fig. 2 Fabrication, testing procedures and result

reporting of paper diagnostics for antigen

detection using example: blood group K.

© 2014 International Society of Blood Transfusion
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results achieved for both the elution and text-reporting

method for the blood groups investigated (Table 1). How-

ever, testing for Duffy groups, Fya and Fyb, MNS groups,

and Lewis groups, Lea and Leb, was unsuccessful.

Testing conditions

The main variables investigated for optimization include

the following: (1) reagent type, (2) reaction time, (3) anti-

body concentration and (4) washing conditions.

Reagent type
The effect of reagent type was investigated. Certain anti-

bodies are only commercially available as polyclonal

(human source), not immunoglobulin M (IgM). IgM anti-

body reagents are generally monoclonal, containing a

pentameric structure, with ten binding sites. IgG anti-

bodies are monomers, containing only two binding sites.

While IgM antibodies show strong agglutination, IgG

antibodies generally only sensitize cells without aggluti-

nation. This is due to electrostatic repulsion between

RBCs. IgM antibodies provide over twice the bridging

distance, overcoming the electrostatic double-layer sur-

rounding RBCs. IgM antibodies are expected to exhibit

better binding capabilities compared with IgG antibodies,

allowing direct agglutination rather than only sensiti-

zation to occur. The identification of certain blood

groups by direct agglutination using paper is therefore

constrained by the commercial availability of IgM

antisera.

Reaction time
The reaction time is the time allowed for the antibody sera

and RBCs to react. Haemagglutination between ABO and

RhD antigens and antibodies can be achieved within 30 s.

However, some minor blood group antigens take longer

0

2

4

6

8

10

12

14

16

18

20

O
pt

ic
al

 d
en

si
ty

 ra
tio

 (O
DR

)

Antibody reagent

Positive Negative

0

20

40

60

80

100

120

140

160

180

De
ns

ity

Antibody reagent

Positive Negative

(a)

(b)

Fig. 3 Blood group phenotyping using (a)

elution and (b) text-reporting methods on

paper. Blood spot (BS) and elution pathway

(EP) are represented as density. Extent of

coagulation is represented as optical density

ratio (ODR) comparing density EP:BS. Positive is

denoted by high density and ODR, negative has

lower densities and ODR. (Fyb was not tested

using the text-reporting method.)

© 2014 International Society of Blood Transfusion
Vox Sanguinis (2014)

6 W. L. Then et al.



than 30 s to bind with their antibodies to show strong hae-

magglutination for clear identification. Thus, the time the

RBC antigens had to bind was extended and compared.

Reaction times 30, 60, 120 and 180 s were tested, with

optimum conditions reported in Table 2. Reaction times

beyond 180 s were not explored as longer reaction times

could increase the potential of false positives.

Antibody concentration
The effect of antibody concentration was explored. Anti-

body concentration was increased by filtering the reagent

using Millipore centrifugation tubes. These tubes retain

biomolecules 50 kDa or larger and remove supernatant.

Increased concentration allows faster collision rates and

resulted in stronger agglutination for positive tests. How-

ever, this raises the possibility of provoking the prozone

effect where agglutination does not occur due to an

excess of antibody or antigen.

Washing conditions
Varying the washing buffer was investigated to determine

the effect of pH, ionic strength and specificity has on the

elution of RBCs and clarity of results. Using the text-

reporting method, washing using PBS yielded clearer

results, while the effects were nominal for the elution

method.

Discussion

Each blood group typing reaction behaved differently

when tested, and therefore, each required individual

analysis.

Rh blood group system

Apart from the ABO blood groups, the antibodies against

the Rh blood group system are the most common clini-

cally significant antibodies. Of these, D is the most immu-

nogenic antigen. The additional antigens investigated

within the Rh system which are important when screen-

ing patient or donor blood are C, c, E, and e. Testing

using paper for these four antigens was successful using

the commercial antibody reagent at a standard reaction

time of 30 s. The Rh antisera used were all monoclonal

IgM (Table 1).

Using the elution method, the C and E antigens were

strongly detected (ODR pos: 17 – 2�7, neg: 2�9 – 0�55;
pos: 16 – 3�6, neg: 1�0 – 1�4, respectively) (Fig. 3a), only
needing 30-s reaction time. However, c and e antigens

showed a slightly less clear BS with higher density in the

EP. The clarity of tests for c and e improved with longer

reaction times of 120 s (ODR pos: 12 – 3�7, neg:

1�8 – 0�39; pos: 18 – 1�5, neg: 0�72 – 0�12, respectively).
Extending the RBC–antibody contact time to 2 min or

more showed better agglutination with less unbound

RBCs able to migrate through the paper structure.

A maximum reaction time of 180 s was selected as

longer reaction times could increase false positives. For

the elution method for c and e, a 180-s reaction time pro-

vided less distinct results with negative ODRs of

1�8 – 0�39 and 3�0, respectively. While above the thresh-

old, a lower ODR for negative results provides a clearer

result (Fig. 4).

The text-reporting method was similar. C and E had

clear and distinct densities (pos: 152 – 7�4, neg:
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28 – 3�8; pos: 145 – 7�1, neg: 30 – 4�9, respectively).

When compared to the BS data of the elution method, the

text-reporting method showed a clearer distinction

between positive and negative. The c and e tests similarly

improved with a longer reaction time of 180 s (pos:

154 – 5�8, neg: 30 – 3�7; pos: 135 – 9�2, neg: 29 – 4�2,
respectively) (Fig. 4).

Kell blood group system

Two clinically significant blood group antigens from the

Kell system were explored: K and k. Two types of K

reagents commercially available were tested: monoclonal

IgM and polyclonal (Table 1). The anti-K polyclonal

reagents manufactured from human plasma are expected

to be composed of IgG antibodies because the immune

response against the Kell system produces predominantly

IgG antibodies [2]. The efficiency of both reagents was

tested with both paper testing methods.

The elution method reported ODR pos: 8�4 – 5�5, neg:
2�0 – 0�46; pos: 2�3 – 0�11, neg: 1�4 – 0�39, for IgM and

polyclonal, respectively. The text-reporting method had

densities of pos: 106 – 4�9, neg: 34 – 4�0; pos: 46 – 4�1,
neg: 35 – 7�1, for IgM and polyclonal, respectively. Inter-

actions between IgM antibodies and the RBCs are strong,

and there is no overlap between a positive and a negative

test. While both paper methods were accurate with the

anti-K IgM antibody, they both failed with polyclonal

anti-K (Fig. 5). A clear distinction between positive and

negative is fundamental for blood group testing, and only

IgM antibodies have systematically achieved such distinc-

tion.

In the Saline tube test, IgM antibodies can directly

agglutinate antigen-positive red cells, whereas IgG anti-

bodies require anti-human globulin (AHG) to effect

agglutination. For both paper testing methods, agglutina-

tion between IgG antibodies and RBC antigens without

AHG led to false-negative results. As in saline tube test-

ing, this is explained by the greater size of the IgM pent-

amer able to bridge red cells for electrostatic stabilization.

To achieve bridging, the critical length of the antibody

must be greater than the electrical layer surrounding the

RBC. While IgM antibodies can bridge red cells, where

IgG monomers cannot, this allows IgM antibodies to

agglutinate red cells in saline solution.

Washing buffer solution affected the clarity of results

for the text-reporting method. Using PBS improved the

density compared with 0�9% NaCl saline. This is likely

due to the directional flow when washing. Only nominal

effects were observed for the elution method.

Testing with polyclonal anti-K antisera was used to

determine the effect of increasing antibody concentration.

Surprisingly, increasing the concentration of the commer-

cial polyclonal antibodies by removing excess serum

enhanced reaction clarity. Antibody concentration was

increased by filtering the serum to retain biomolecules

50 kDa or larger.

Increasing antibody concentration improved the stoi-

chiometric ratio between antibody and antigen (or RBCs).

A higher stoichiometry ratio allows for more colloidal

interaction; however, it is costly. This provides a counter-

point to reaction kinetics, as a longer reaction time

decreases rapidity and could increase potential false posi-

tives.

This worked unexpectedly well, enhancing the clarity

for polyclonal anti-K when concentration was doubled

(pos: 6�8, neg: 1�4 – 0�46 with a reaction time of 60 s),

with optimum at 120 s (pos: 7�8, neg: 0�61 – 0�18)
(Fig. 6). However, the same method applied to other poly-

clonal reagents was unsuccessful. Polyclonal anti-K anti-

sera, while assumed to be predominantly IgG antibodies,

could contain residual IgM from the original source.

Removing the excess supernatant probably increased the

IgM concentration in addition to the IgG, thus promoting

agglutination. To test this hypothesis, a simple immediate

spin tube test and an indirect antiglobulin test (IAT) were

IgM Anti-KPolyclonal 
Anti-K

Polyclonal
Anti-K

+ –

IgM Anti-K

+ –

+

–

+

–
Fig. 5 Comparison of antisera (polyclonal or

IgM) effecting identification of testing results

for K antigen.
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performed with the original polyclonal reagent, against K

positive cells. Surprisingly, cell agglutination was

observed with both tests, albeit significantly weaker in

the immediate spin test. This result indicates that the

polyclonal reagent used was predominantly IgG antibod-

ies with some residual IgM antibodies present.

Drawbacks of increasing concentration are as follows:

antibody sera are expensive, and not all polyclonal

reagents have an IgM component.

Testing for blood group k typing using a monoclonal

IgM antibody was straightforward. Much like the Rh

groups, results for both the elution and text-reporting

methods were clear. For the elution method, positive and

negative ODR was 6�4 – 1�5 and 1�5 – 0�25, respectively.
Density results for text-reporting method were 131 – 8�3
and 31 – 5�0 for positive and negative, respectively

(Table 2 and Fig. 3).

Duffy blood group system

Unlike the anti-K antibody reagent, Duffy antibodies,

anti-Fya and anti-Fyb, are not available as IgM. Poly-

clonal Duffy antibody reagents are predominantly IgG

[1]. No optimization techniques could achieve clear

results as positives reported as (false) negatives. When

reaction time was varied, despite an increased density for

positive results, tests for negatives showed an equal

increase in density. Attempts to duplicate the improved

results seen when concentrating the polyclonal anti-K

were unsuccessful for both anti-Fya and anti-Fyb. All

results were negative, showing the inability of IgG anti-

bodies to form RBC agglutinates retainable within paper.

The antibody structure (IgM vs. IgG) is crucial for suc-

cessful identification.

Kidd blood group system

The Kidd blood groups studied are Jka and Jkb. The corre-

sponding typing reagents are available as monoclonal

IgM antisera and generally showed a clear distinction

between positive and negative results. However, the BS

achieved was not as defined as desired, requiring optimi-

zation. Extending reaction time improved results. Reac-

tion time of 120 s was determined for group Jka (ODR

pos: 8�3 – 2�7, neg: 1�2 – 0�13; pos: 95 – 6�2, neg:

37 – 4�8; elution and text-reporting methods, respec-

tively) and Jkb (ODR pos: 6�8 – 1�8, neg: 2�9 – 1�2; pos:
122 – 10, neg: 34 – 6�2; elution and text-reporting meth-

ods, respectively). Both elution and text-reporting results

were accurate.

MNS blood group system

Paper testing for the M, N, S and s antigens was unsuc-

cessful for both methods. The M and N blood groups

often reported falsely as ‘weak’ positives. Numerical data

are available as Supplementary Material.

P blood group system

P1 antigen was tested using a monoclonal IgM antibody.

Like the C and E antigens, no special optimization was

required. The results were clear and easy to distinguish

between positive and negative results for both elution

and text-reporting (pos: 12 – 1�9, neg: 1�7 – 0�63 ODR;

pos: 140 – 5�7, neg: 31 – 5�5, respectively) (Fig. 3a,b).

Lewis blood group system

Testing the Lewis blood system revealed the importance

of the antibody solution composition. Unlike other blood

groups, testing with anti-Lea and anti-Leb showed anoma-

lous patterns using the elution method. Rather than dis-

playing a clear BS or EP, the blood dispersed irregularly

(Fig. 7). This is likely due to potentiators, such as dextran,

often added to formulation. Potentiators, consisting of

polymers, are often used to enhance the extent of RBC

agglutination for low potency antibodies. Potentiators can
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become problematic for paper tests should they non-spe-

cifically retain individual RBC on paper. Instead of

absorbing into paper, the antibody solution created a film

above the surface, affecting elution and causing irregular

dispersion. There was no distinction between positive and

negative. The irregular dispersion pattern in paper caused

by potentiators was confirmed using ‘For Further Manu-

facturing Use’ (FFMU) anti-Lea, the raw material without

potentiators. However, the FFMU anti-Lea was still unsuc-

cessful for distinguishing positive or negative, due to the

lack of potentiators to affect agglutination.

Unlike the elution method, the flow-through method

distinguished both positive and negative samples. This is

due to directionality and the strength of washing, unaf-

fected by potentiators. The perpendicular washing allowed

the saline solution to flow through paper and filtrate,

rather than eluting RBCs. Instead, unbound cells could

flow through paper. Colour density for Lea and Leb using

the text-reporting method was pos: 68 – 3�1, neg:

35 – 6�2; and pos: 116 – 5�9, neg: 37 – 6�2, respectively.

Perspective

More than half of the clinically significant blood group

phenotypes explored within this study were successfully

optimized; the exceptions being Fya, Fyb, S and s. This

demonstrates the potential for paper biodiagnostics as a

viable alternative for blood group phenotyping. Both test-

ing methods are unique and designed for varying pur-

poses. Successful results for the elution method were

more definitive than the flow-through method, better

designed for high-throughput testing. Meanwhile, the

flow-through method is ideal for point-of-care testing,

especially in remote areas or developing countries.

Although in-field testing is unlikely to achieve standard

laboratory conditions for temperature and humidity,

paper blood typing diagnostics would still provide a

cheap, fast and easy to use alternative to current conven-

tional blood grouping methods.

Conclusion

Two paper methods – an elution and a flow-through

direct-reporting method – were investigated to deter-

mine the blood group phenotype of red blood cells.

Clinically significant antigens tested include C, c, E, e,

K, k, Fya, Fyb, Jka, Jkb, S and s antigens. The M, N, P1,

Lea and Leb antigens were also tested. As each group

behaved differently, optimization for each antigen was

required. This optimization was achieved by controlling

the main variables: antibody–antigen reaction time,

antibody concentration and changing the washing buf-

fer solution. Antibody class is of the utmost importance

on paper. Most antigens with antibodies available as

IgM monoclonal antisera were successful with both

paper methods (Rh, K (IgM), k, Kidd, P1), though to

varying degrees of clarity. Testing with polyclonal anti-

sera was unsuccessful (K and Duffy). Unexpectedly,

increasing the antibody concentration of polyclonal

anti-K showed a discernible difference between positive

and negative results; this was due to increasing the

concentration of IgM component. Results were not repli-

cated using polyclonal Duffy antibodies (IgG). Increasing

reaction time between antibody and antigens (RBC)

showed increased clarity with both methods, while

changing washing solution improved testing using the

flow-through method. The formulation of the antibody

solution is also an important variable for paper testing;

any additive able to non-specifically bind RBC to paper

affects test sensitivity; this was observed with the Lewis

antibodies.

While successful detection was achieved with most IgM

antibodies, except Lewis, M, N and S, using both paper

assays, polyclonal antibodies, consisting predominantly of

IgG, resulted in inconsistent results.
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ABSTRACT: If a paper-based analytical device (μ-PAD) could be made by printing indicators
for detection of heavy metals in chemical symbols of the metals in a style of the periodic table of
elements, it could be possible for such μ-PAD to report the presence and the safety level of
heavy metal ions in water simultaneously and by text message. This device would be able to
provide easy solutions to field-based monitoring of heavy metals in industrial wastewater
discharges and in irrigating and drinking water. Text-reporting could promptly inform even
nonprofessional users of the water quality. This work presents a proof of concept study of this
idea. Cu(II), Ni(II), and Cr(VI) were chosen to demonstrate the feasibility, specificity, and
reliability of paper-based text-reporting devices for monitoring heavy metals in water.

Water contamination is one of the most serious
environmental problems facing the world today. The

increasing human activities and rapid industrializations are
introducing a huge amount of pollutants into the environment,
which will undoubtedly contaminate natural water bodies and
put human health and ecosystems at risk.1 Among various
pollutants, heavy metals are always one of big concerns due to
their severe toxicities so that they have been included in
“Blacklist” by the United States Environmental Protection
Agency (U.S. EPA).2 When these heavy metals enter into the
human body, they could easily bind to vital cellular components
and accumulate in organisms, resulting in a series of diseases
and disorders (e.g., cancers, osteomalacia, kidney malfunction,
etc.)3,4 As the first step of water pollution prevention, accurate
and rapid monitoring of the heavy metals is vital. Ideally
monitoring methods are expected to identify point sources of
pollutants and the variation of nonpoint sources of pollutants in
the environment.
Several methods are widely used for identification and

quantification of heavy metals, including colorimetry, atomic
absorption spectroscopy (AAS), inductively coupled plasma
atomic emission spectroscopy (ICP-AES), inductively coupled
plasma mass spectroscopy (ICPMS), and so on.5−7 Although
these methods are capable of achieving highly sensitive
detection, identification and quantification of heavy metals,
they always require the support of well-equipped laboratories
and skilled operators, which can be very expensive. Therefore,
alternative and inexpensive methods are in demand for field-
based or on-site water monitoring by personnel with limited
training or even unskilled home-users.
Patterned paper, as a platform technology for making low-

cost and user-operated analytical devices, offers a possibility to
construct new heavy metal sensors that meet the above-
mentioned desirable features. Patterned paper has been used to

make sensing devices for disease screening, point of care
(POC), pathogen and biomarker detection, and food and water
quality testing.8−15 In environment monitoring, research works
using paper-based microfluidic devices have, to date, demon-
strated the possibility of providing quantification of heavy
metals, including Cu, Cd, Hg, Pb, Cr(VI), Ni, etc.18−23 These
works provide a new approach to monitor heavy metals in
water in situations where designated laboratories are not
available. However, the assay procedures and result inter-
pretation (involving colorimetric or electrochemical signals)
cannot be easily followed and understood by untrained or
home users without professional assistance. Besides the high
sensor sensitivity and specificity, high portability, rapid
detection, and easy result interpretation are highly desirable
performance features for new sensing devices. Most recently,
researchers have demonstrated that paper-based sensors can be
designed to communicate assay results with users via text
message, removing errors in assay result interpretation.16,17

One imaginative way to significantly improve the perform-
ance of a future paper-based sensor in detecting, quantifying,
and reporting heavy metals in water could be to print the
chemical symbols of heavy metals with their corresponding and
specific indicator systems in a format of the periodic table of
elements. Testing of heavy metals in water would simply
involve dipping the paper sensor in water, the sensor could
then reveal the testing results if the concentrations of heavy
metals are higher than legislated standards by showing the
chemical symbols of the heavy metals present in water. Such a
chemically responsive periodic-table-style paper sensor could be
designed to not only provide qualitative answers of what is the
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water but also provide quantitative (i.e., safe-to-use)
information on the heavy metals in water.
Following this idea, we demonstrate the feasibility of paper-

based heavy metal sensors, capable of reporting text messages
to users if heavy metal concentrations in water reach a legislated
unsafe level. We “print” indicator systems for target heavy
metals on a patterned paper in chemical symbols of the target
metals. This concept can promptly inform even nonprofes-
sional users with clear and unambiguous written warnings
against unsafe water. We also demonstrate another use of the
same indicator systems to quantify heavy metal concentrations
in water. This will enable environmental workers to obtain
reliable semiquantitative heavy metal analysis under non-
laboratory conditions and at low-cost.
An ideal paper-based heavy metal sensor for text-reporting

has to meet the following performance requirements. First of
all, the indicator must be sensitive and form the specific
complex with the metal ion to be detected and shows a
distinctive color. Second, the indicator system as well as the
indicator−metal complex must not be easily leachable into
water. Third, the nondetection area of the sensor must be
water-repellent. On the basis of these requirements, we chose
Cu(II), Cr(VI), and Ni(II) as model heavy metals to
demonstrate our idea. The indicator systems for these heavy
metals meet the above requirements reasonably well.
Chromatography no. 1 paper was employed to pattern the

chemical symbols of Cu, Cr, and Ni by means of generating
hydrophilic and hydrophobic boundaries on paper. Computer-
generated chemical symbols were first printed on office paper
and then soaked in molten wax. After wax treatment, the office
paper was allowed to cool down to room temperature. The
letters on the wax-loaded office paper was then cut out, forming
the cut-out pattern. This office paper was then put on to a piece
of chromatography paper and heated with an electric iron, and
the wax was transferred to the chromatography paper to form
hydrophilic symbols of Cu, Cr, and Ni, surrounded by wax.24

The so-patterned chromatography paper was the final patterned
substrate for further construction of the analytical devices.
Figure 1 shows the process of fabrication of the patterned

chromatography paper (Supporting Information contains
further details). Indicator systems were then added into the
chemical symbols of the metals to make the device active.
Cu(II) is one of the most common heavy metals in water,

and according to the Australian drinking water guidelines for
fresh and marine water quality, Cu concentration in drinking
water must not be higher than 1 mg/L.25 Also, the Australian

and New Zealand guidelines for fresh and marine water quality
set the standard of Cu(II) in water for irrigation and livestock
drinking between 0.2 mg/L (long-term use) and 5 mg/L
(short-term use).26 To fabricate a text-reporting Cu(II) sensor,
a 10 μL aliquot of hydroxylamine (0.1 g/mL) in acetic buffer
(6.3 M, pH 4.3) was first added into the letter channel. In total,
50 mg of bathocuproine was dissolved in 1 mL of chloroform as
the indicator for Cu, and 40 mg PEG 400 was also added into
this solution to prevent the detection channel from becoming
hydrophobic.20 Before the addition of each solution, the paper
device was air-dried for 10 min. Cu(II) forms Cu−bath-
ocuproine complex which has an orange to brown color; the
complex is not highly soluble in water.
In a Cu(II) assay, the formation of an orange to brown Cu−

bathocuproine complex became visible after 10 μL aliquot of
water sample containing higher than 0.8 mg/mL Cu (II) was
dropped onto the device, which displays the “Cu” symbol
(Figure 2a). Otherwise, if Cu(II) concentration is below 0.8

mg/L, the symbol remains colorless. The use of 10 μL of
sample is that it just fills the symbol. The color of the symbol
became brighter as the copper concentration increases. This
appearance of the “Cu” symbol on the device informs users that
Cu(II) concentration is higher than the drinking water
standard. In practical use, the device can be simply dipped
into a water sample to “read out” the result.
Hexavalent chromium, Cr(VI), is considered as a highly toxic

heavy metal ion. A water system contaminated by Cr(VI) can
be severely harmful to the environment and humans. For the
chromium assay on the paper device, 1,5-diphenylcarbazide
(DPC) was dissolved into 50% (v/v) acetone to make the 1
mg/mL solution. The solution was introduced into the “Cr”
symbol on paper, followed by an addition of 1% H2SO4. Under
the acidic conditions, a magenta to purple complex will form
when a 10 μL of Cr(VI) solution is added into the “Cr” symbol.
Like the Cu(II) assay, the Cr(VI) assay showed a purple
symbol of “Cr” when the Cr(VI) concentration exceeded 0.5
mg/L. By the Australian and New Zealand guidelines for fresh
and marine water quality, the trigger value of Cr(VI) in the
water resources for purpose of irrigation, livestock drinking and
other industries is between 0.1 mg/L (long-term use) and 1
mg/L (short-term use),26 the appearance of “Cr” on the paper
(Figure 2b) warns the users against long-term use of the water
for their industrial activities.

Figure 1. Schematic diagram of the fabrication of patterns of heavy
metal chemical symbols on chromatographic paper.

Figure 2. Colorimetric assays showing heavy metal ions of different
concentrations: (a) Cu(II), (b) Cr(VI), and (c) Ni(II).
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Nickel is another heavy metal which could enter into the
water system through mining, manufacturing activities, and
through leaching from e-wastes. For a Ni(II) assay, a 10 μL
aliquot of dimethylglyoxime (DMG) dissolved in an ethanol
solution (80 mM) was first introduced into the “Ni” symbol,
followed by an addition of 10 μL of a solution of NaF and
Na2S2O3 dissolved in Milli-Q water (20 and 80 mg/mL,
respectively). The latter solution was used for masking the
interference of Cu(II) and naturally existing Fe(III) in
water.19,20 The Ni-DMG complex has a stable pink-magenta
color. When 50 μL of water sample containing ≥0.5 mg/L
Ni(II) was introduced into the device, the symbol “Ni” became
visible. Since the standard of Ni in the Australian and New
Zealand guidelines for fresh and marine water quality is 0.2 mg/
L (long-term use) or 2 mg/L (short-term use),26 the
appearance of the “Ni” symbol warns the users that the quality
of the water is unsafe for long-term purpose (Figure 2c).
To examine the interference tolerance of the paper assays,

each metal ion, with and without the presence of interfering
ions, was assayed on paper and compared. For this purpose,
validation of quantitative information obtained from paper was
first carried out using a colorimetric method which is described
in detail in the Supporting Information. Briefly, paper was cut
into 1 cm × 1 cm squares; a series of a heavy metal solution of
known concentrations, including blanks, were prepared. Assays
of these solutions were performed on paper squares and then
scanned to obtain color assay images. Assay images were then
analyzed using computer software to determine the reflective
color density to establish calibration curves for quantification of
target heavy metal ion in water. The calibration curves were
then used to determine the paper devices’ interference
tolerance, the results were then compared with those obtained
using an ICP-AES. Specifically, for examining interference
tolerance of Cu assay on paper, sample solutions containing
Cu(II) as the target ion and higher concentrations of Ni(II),
Cr(VI), Fe(III), and Zn(II) as interfering ions were prepared.
Similar procedures were used to evaluate the interference
tolerance of Cr(VI) and Ni(II) assays. Our results show that
interfering ions of 10 times the concentration of the target ions
do not affect the assay results (Figure 3a−c). Interesting also,
assays showed no color change to samples that contained only
interfering ions but no target ions (Figure 3d). Furthermore,
other interfering metal ions such as Mn(II) and Co(II) which
have similar atomic structure to the target ions as well as Na(I),
K(I), Ca(II), and Mg(II), which can exist in high
concentrations from some water sources, have also been
studied. Results showed that no significant interference could
be observed (Figure S4 in the Supporting Information). The
interference tolerance ratio of different ions when determining
1 mg/L Cu(II), Cr(VI), and Ni(II) were presented in Table 1.
Pseudoenvironmental samples were prepared to demonstrate

the applicability of the paper device for practical water quality
monitoring. Tap water from our laboratory was spiked with two
different known levels of Cu(II), Cr(VI), and Ni(II) and was
then used for determination of the three heavy metals. On the
one hand, the target ion concentrations were measured using
paper squares (see the Supporting Information); images of the
paper assays were collected to obtain the color intensity
information using the software; and the concentration of each
heavy metal was calculated by means of the best-fitting
equation of the corresponding calibration curve (Figure S3 in
the Supporting Information). Here paper squares were used to
obtain error bar information; text-reporting devices were also

used, and results obtained were in good agreement with the
paper squares. On the other hand, ICP-AES was used to
measure the same samples to compare results with the paper-
based assays. Figure 4 shows the determination of Cu(II),
Ni(II), and Cr(VI) in tap water with multiple ions by paper-

Figure 3. Interference tolerant studies of the paper devices for the
three target heavy metal ions in the presence of Cu(II), Cr(VI),
Ni(II), Fe(III), and Zn(II) as interfering ions (5 parallel tests for each
assay): (a) Cu(II) assays of 0.8, 4, and 8 mg/L of Cu(II); (b) Cr(VI)
assays of 0.5, 2, and 4 mg/L Cr(VI); (c) Ni(II) assays of 1, 4, and 6
mg/L of interfering ions; and (d) responses of the Cu(II), Cr(VI), and
Ni(II) indicator systems to nontarget multiple interfering agent ions
solutions. For assays in parts a−c, the concentration of each interfering
ion was 10 times higher than that of the target ion. For assays in part d,
samples contained no target ions; the concentrations of all nontarget
metal ions were 10 mg/L.

Table 1. Tolerance Ratios of Interference Ions for Detection
of 1 mg/L Cu(II), Cr(VI), and Ni(II)

10% tolerance ratio

interfering ion Cu(II) Cr(VI) Ni(II)

K(I) 200 200 200
Na(I) 200 200 200
Ca(II) 100 100 100
Mg(II) 100 100 100
Cr(VI) 10 10
Mn(II) 10 10 10
Fe(III) 10 10 10
Co(II) 10 10 10
Ni(II) 10 10
Cu(II) 10 10
Zn(II) 10 10 10

Figure 4. Pseudoenvironmental samples analyzed by paper-based
devices and the ICP-AES method: (a) tap water with spiking of 1 mg/
L Cu(II), 0.5 mg/L Cr(VI) and 1 mg/L Ni(II); (b) tap water with
spiking of 5 mg/L Cu(II), 3 mg/L Cr(VI), and 5 mg/L Ni(II).
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based assays and ICP-AES with 5 parallel tests, respectively.
The paper-based assays show a mean error within 10% against
results obtained by ICP-AES. The recovery rate of the spiked
water samples obtained using our paper device and ICP-AES
were compared (Table S1 in the Supporting Information),
indicating the reliability of the paper assay as a rapid and user-
friendly semiquantitative assay for environmental monitoring.
Coming back to the periodic table sensor design concept, we

fabricated the three chemical symbols on one paper device. We
show in Figure 5 that an assay could be performed by simply

dipping the device into a water sample and instantaneously
obtain the result as a text message. However, we also noticed
that while Cu(II) and Ni(II) form water insoluble chelates with
their corresponding indicators and remain stable on paper, the
color product 1,5-diphenylcarbazone-Cr(III) or Cr-
(III)−DPCA complex is water-soluble and could not remain
on paper stably. Thus, the Cu and Ni symbols were fabricated
on the lower section of the device, whereas the Cr symbol was
on the upper section (Figure 5a,b). The Cr(VI) assay requires a
separate sample addition process to stop the leaching of the
chelate into water (Figure 5c,d).
The stability of the three ion-indicator complexes has also

been investigated: the Cu(II)−bathocuproine and Ni(II)−
DMG complexes showed high stability; colors of these
complexes showed no obvious fading after more than 6 months
under the ambient laboratory conditions. The Cr(III)−DPCA
complex faded significantly after 24 h in the same environment.
The different stability of these ion−indicator complexes are
related to the stability of the indicators: bathocuproine and
DMG are stable compounds, while DPC is light-sensitive. The
gradual docomposition of DPC under light is likely to be the
cause of instability of the Cr(III)−DPCA complex.
As discussed above, an ideal periodic-table-style paper device

for on-site heavy metal monitoring requires the indicator
system, and the indicator−metal complex, to be stable and
nonleachable by water. The Cu(II) and Ni(II) assays are the
two systems that fulfill the requirements. A water sample assay
for these two ions can be achieved by simply dipping the device
in water; it suits well for Cu and Ni testing, and the results can

be stored for a long period. However, the Cr(III)−DPCA
complex requires further improvement of its stability.
Protection of the DPC indicator and Cr(III)−DPCA complex
against light exposure is necessary. It is possible that by
significantly reducing the leaching of indicators and the metal
ion−indicator complexes through further research, the concept
of paper-based text-reporting sensor can be expanded to
analyzing other heavy metal ions. It is also expected that an
expansion of text-reporting paper sensors beyond this
application may be possible in the future, not only for
detection of other heavy metal ions but also for a wide range
of chemical/biochemical analysis and sensing.
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H I G H L I G H T S

� Liquid marble was studied as micro
reactors.

� Charge and mass transport proper-
ties of liquid marble were explored.

� Sample mixing profiles inside a
liquid marble were achieved.

� The study indicates that nutrient
refilling and waste removal can be
realized.

� Liquid marble has the potential use
for electric stimulation and reaction
monitoring.

G R A P H I C A L A B S T R A C T

A Daniell Cell was made with liquid marbles. The sample mixing profiles inside liquid marbles were
studied and the transport of electric charge and energy between the liquid marble cells was
demonstrated. Only microlitres of electrolytes are required to construct an electric cell, showing the
liquid marbles can form micro electrochemical reactors.
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a b s t r a c t

Recent studies on liquid marble applications have shown the possibilities of using liquid marbles as
biochemical or biological reactors. These potential applications of liquid marbles generate further
interests in the investigation of materials and energy transport between liquid marbles to enable the
control and manipulation of the biochemical and biological reactions inside them. In this study, the
transport of electric charges between liquid marbles containing electrolyte solutions is demonstrated
through a Daniell cell made with liquid marbles. Potential and current comparisons of the Daniell cells
made using liquid marbles and solutions in beakers are made. Results show that charge transport
between liquid marbles driven by electrochemical reactions is possible. Furthermore, the solution mixing
conditions inside a liquid marble is also investigated experimentally and through modeling. The results
offer a preliminary appraisal of the internal conditions of liquid marbles as a biological reactor.

Crown Copyright & 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Liquid marble as an interesting interface phenomenon has
inspired an abundance of intensive research in recent years after
the pioneer study by Quéré and Aussillous was reported in 2001.
(Aussillous and Quéré, 2001, 2006; Bormashenko et al., 2009a, 2009b;
Dandan and Erbil, 2009; Gao and McCarthy, 2007; Bangi et al., 2010;
Rao et al., 2005; Quéré and Aussillous, 2002) A liquid marble is

formed from a liquid drop coated with hydrophobic powder particles;
the loosely packed hydrophobic particles form the shell of the liquid
marble which prevents any direct contact between the liquid it
enwraps and any surface outside the shell. Liquid marbles can
therefore maintain a near spherical shape stably on a supporting
surface. (Newton et al., 2007; Bormashenko et al., 2009; Dandan and
Erbil, 2009) This interesting property has attracted many studies that
focused on the fundamental physics (Bormashenko et al., 2009a,
2009b, 2009c, 2011a, 2011b; Aussillous and Quéré, 2006; Dandan and
Erbil, 2009; Dupin et al., 2009; Fujii et al., 2010; Arbatan and Shen,
2011; Bormashenko, 2011, 2012; Bajwa et al., 2012; McHale and
Newton, 2011) and potential applications (Bormashenko, 2011, 2012;
Bajwa et al., 2012; McHale and Newton, 2011; Hapgood et al., 2009;

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/ces

Chemical Engineering Science

0009-2509/$ - see front matter Crown Copyright & 2013 Published by Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ces.2013.04.003

n Corresponding author.

Chemical Engineering Science 97 (2013) 337–343



Bormashenko and Musin, 2009; Zhang et al., 2006; Yao et al., 2011;
Tian et al., 2010a, 2010b; Arbatan et al., 2012) of liquid marbles.
Among a variety of possible applications, the use of liquid marble as
micro reactors has been explored by several groups (Tian et al., 2010a,
2010b; Arbatan et al., 2012; Bormashenko and Balter, 2011). Newton
et al. (2007) reported on using the charged Teflon sticks to move
liquid marble, demonstrating that motions of marbles can be indivi-
dually controlled. Bormashenko et al. (2008) investigated the incor-
poration of Fe2O3 nanoparticles in water encapsulated within a
polyvinylidene fluoride liquid marble to create a ferrofluidic marble
that can be magnetically manipulated. Zhao et al. (2010) showed that
liquid marbles enwrapped with hydrophobic Fe3O4 nanoparticles can
be further controlled by “opening” and “closing” the upper surface of
the marble. These reports of liquid marble control further demon-
strate that liquid marbles can be used as micro reactors. Tian et al.
showed that the porous shell of liquid marbles can be used as micro
reactors to detect gas or emit gas (Tian et al., 2010). Bormashenko
et al. (2011) also showed that porous liquid marble shells enable gas-
triggered reactions to occur inside the liquid marble. More recently,
Arbatan et al. (2012a) demonstrated the use of liquid marble as a
micro-bioreactor for blood typing. These reports have shown that
liquid marbles can be used as micro reactors to carry out chemical
and biochemical reactions by either coalescing two marbles contain-
ing different reactants into a single marble, or facilitating reactions
within one liquid marble while relying on external materials to
transport into the liquid marble.

Recently, we have developed new applications of using liquid
marbles as biological micro-reactors. (Arbatan et al., 2012b; Tian
et al., 2013) Liquid marble can provide one of the simplest micro
biological reactors to facilitate the formation of tumor cell spher-
oids (Arbatan et al., 2012b). The use of liquid marble micro
biological reactor for tumor cell spheroid growth is easy and
highly efficient: cell aggregation could be clearly observed after
24 h; numerous spheroids formed in a single marble; the yield of
cells formation was very high. The confined liquid space inside
liquid marble and the hydrophobic marble shell discourage the
cell adhesion onto the marble shell, making them to aggregate and
forming spheroids. It is possible that the liquid marble method
may become a complementary but much more efficient method
than the “hanging drop” method that is widely used in biological
laboratories for cell spheroid growth, allowing in vitro studies of
tumor and cancer physiology to be carried out much more easily.
Liquid marble also provides a suitable micro-environment for the
culturing of microorganisms. This application took advantage of
the porous nature of the liquid marble shell; gaseous materials can
pass through it, allowing for efficient respirable micro reactors
(Tian et al., 2013). The environment in this respirable bioreactor
made the growth of aerobe cell more rapidly than that through the
traditional way, in the McCartney bottle with shaking incubation.
These studies show that the unique structure of liquid marble

provides unexpected advantages over the traditional methods in
facilitating biological processes.

In order to explore the full capability of using liquid marble as
micro reactors, a wide range of the liquid marble properties must be
further investigated. These properties include the movement of liquid
marbles as reactant reservoirs; the marble shell compatibility with
reactant contained by the liquid marble; and the mass, charge, and
energy transport abilities between liquid marbles. It is generally
known that stimulations by electric current or potential can be used
as a means to manipulate biochemical and biological processes. For
this reason, charge transportation between liquid marbles driven by
electrochemical processes attracts our attention. The ability to use
liquid marbles to transport electric charge between liquid marbles is
the first step to the future design of liquid marble micro reactors with
functions of generating electric current or potential as the reaction
control and monitoring mechanisms. In this study we formed a
Daniell cell with liquid marbles and used this micro reactor to
investigate the continuous sample flow through liquid marble and
samplemixing conditions inside a liquid marble. We envisage that the
ability to transport electric charge between liquid marbles will lead to
the possible material transport, driven by external electric potential,
between liquid marbles for filtration and separation applications in
future.

2. Experimental section

A liquid marble Daniell cell was used to demonstrate the
conversion of chemical energy into electric energy and the trans-
port of electric charges between liquid marbles. A Daniell cell
consists of two half cells of Zn(s)|ZnSO4 (α1, M) and Cu(s)|CuSO4

(α2, M). Zinc and Copper electrodes are immersed in zinc sulfate
and copper sulfate solutions, respectively. A salt bridge connects
the two half cells to enable the continuity of the electric current
flow. Fig. 1(a) shows a typical Daniell cell,(〈http://commons.
wikimedia.Org/wiki/File:Galvanic_Cell.Svg〉) while Fig. 1
(b) illustrates our design of a liquid marble micro Daniell cell.
John Frederic Daniell invented the Daniell cell in 1836; one of his
original ideas was to eliminate the generation of H2 gas by a
Voltaic pile. This property of the Daniell cell is well suited for the
liquid marble micro Daniel cell, since gas generation may com-
promise the integrity of the marbles.

Two 50 mL droplets of 0.1 M solutions of copper sulfate and zinc
sulfate (both are of AR, Sigma-Aldrich) were rolled over a bed of
Polytetrafluoroethylene powder (100 mm, Sigma-Aldrich), respec-
tively, to form two liquid marbles. A 0.2 mm copper wire and a
0.2 mm zinc wire (purity 499%) were used as electrodes and
inserted into the copper sulfate and zinc sulfate marbles, respec-
tively, to form two half cells. An agar salt bridge was prepared to
provide electric connection between the two liquid marble half

Fig. 1. Schematic of a typical “solutions-in-beakers” Daniell cell (a), (〈http://commons.wikimedia.Org/wiki/File:Galvanic_Cell.Svg〉) and a liquid marble micro Daniell cell (b).
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cells. The salt bridge was made by first heating a mixture of 3%
agar in 1 M KNO3 (w/v) to prepare the agar salt solution. The
heated agar salt solution was then filled into a polyethylene tube
of 1 mm inner diameter and allowed to cool to room temperature
in the tube to form gel. The salt bridge was then put onto a support
of suitable height. The two ends of the salt bridge were then
inserted into the copper sulfate and the zinc sulfate liquid marbles,
respectively, forming a micro liquid marble Daniell cell (Fig. 1(b)).
As a comparison, the traditional Daniell Cell made in beakers
(Fig. 1(a)) was also formed. The same electrolyte solution, salt
bridge and electrode were used in this cell.

To demonstrate the use of a liquid marble as a realistic micro
reactor, two micro syringe pumps were used to introduce and
withdraw electrolyte solutions from one of the liquid marbles of
the Daniell cell. When the two pumps were set at the same flow
rate (2 mL/s), the size of the liquid marble was kept constant and
the electrolyte solution flowed through the marble continuously.
From measuring the potential variation of the Daniell cell, an
experimental evaluation of the sample mixing condition inside the
marble was obtained. The data of potential variation measured
per second was recorded by a portable data acquisition module
(ADVANTECH, USB-4711 A). Mathematical modeling of the sample
mixing process was employed to understand the results of the
experimental Daniell cell potential change and the solution mixing
condition inside the liquid marble.

3. Results and discussions

3.1. Liquid marble Daniell cell potential and charge transport
between liquid marbles

The liquid marble Daniell cell can be written as:

Zn(s)|ZnSO4(0.1 M)||CuSO4 (0.1 M)|Cu(s) (1)

The potential of the liquid marble Daniell cell and the current
flow through the cell from the cathode to anode was measured
using a multimeter (LG, Korea) and was compared with the
standard Daniell cell potential, which was calculated using the
Nernst Eq. (2), as well as with a Daniell cell formed using beakers
shown in Table 1. The calculation of the cell potential also

considers the ion activity coefficient and the Debye–Hückel
equation (Eq. (3)) was used Debye and Hückel (1923)

ECell ¼ E∅Cu2þ=Cu −E∅
Zn2þ=Zn

þ RT
nF

ln
αCu2þ

αZn2þ
ð2Þ

lnγi ¼ −0:509Z2
i

ffiffi
I

p
ð3Þ

where Es: Standard potential of Daniell cell (1) calculated by the
Nernst equation; Eb: measured potential of Daniell cell (1) made
with the electrolyte solutions in beakers (Fig. 1 (a)); Em: Potential
of the liquid marble micro Daniell cell (1).

The effect of liquid marble size on cell potential was investi-
gated. The liquid droplet volumes ranged from 30 mL to 100 mL are
appropriate for making liquid marble cell. This is because that it is
difficult to fit the salt bridge and an electrode to a liquid marble
smaller than 30 mL, whereas liquid marble greater than 100 mL
loses its spherical shape due to gravity. The electric potentials of
Daniell cell (1) formed by liquid marbles of the sizes of 30, 50, 80
and 100 mL were tested, the potential difference fell in narrow
range of 70.006 V compared with the value reported in Table 1.

The potential of the Daniell cell formed using beakers is the
sum of the electrode potentials and the potentials at the interface
between the solution and salt bridge; it is therefore slightly
different from the standard Daniell cell potential calculated by
the Nerstian equation, which does not consider the latter. The
potential of the liquid marble Daniell cell (Em) is closely compar-
able with that of the Daniell cell formed using beakers (Eb). This
indicates that electric charge transport between the two liquid
marble half-cells can be facilitated by the salt bridge and liquid
marbles can be used to form electric cells and micro electroche-
mical reactors. To visually demonstrate the electric charge trans-
port, we used liquid marble Daniell cells to build a battery to
power an LED. Since the potential of one liquid marble cell is less
than 1.1 V, three cells (4) were connected in series to form a
battery pack that has a potential of higher than 3 V.

Zn(s)|ZnSO4(0.1 M)||CuSO4(0.5 M)|Cu(s) (4)

A schematic of the battery system which is formed with three
liquid marble cells is illustrated in Fig. 2(a). The actual liquid
marble battery system is shown in Fig. 2(b) the copper electrode of
one liquid marble is connected with the zinc electrode of the next
liquid marble. An LED is connected to the liquid marble battery
series and turned on.

Further investigation of liquid marble Daniel cells was carried out
by varying the electrolyte concentrations of each liquid marble. In the
first study, we monitored the potential and current change of a liquid
marble Daniell cell (5) as a function of the concentration of ZnSO4

solution (varied from 0.005 to 0.5 M), whilst the concentration of

Table 1
Comparison of potentials of different Daniell cells with the standard Daniell cell
potential calculated by the Nernst equation.

Potential (V) Es Eb Em

1.100 1.09170.002 1.08570.004

Fig. 2. (a) Schematic of a battery pack formed by liquid marble Daniell cells; (b) LED powered by the liquid marble battery pack.

M. Li et al. / Chemical Engineering Science 97 (2013) 337–343 339



CuSO4 solution was held constant at 0.1 M. The potential and current
changes of the liquid marble Daniell cell was compared with the
potential changes of Daniell cell made using beakers.

Zn(s)|ZnSO4(0.005–0.5 M)||CuSO4(0.1 M)|Cu(s) (5)

Fig. 3 shows the potential (a) and current (b) variations as
functions of the Zn2+ concentration in the Daniell cell (5) formed
with liquid marbles (triangle points) and with beakers (circular
points), respectively. Error bars of each data point were calculated
from 8 parallel measurements of 8 cells. Numerical data of cell
potentials, currents, standard deviation and standard error of the
measurements can be found in the supporting information. The
data show that both the cell potential and current increased as the
Zn2+ concentration increased from 0.005 to 0.2 M, but dropped
slightly as the Zn2+ concentration further increased to 0.5 M. This
is possibly due to a large change of the ionic activity of Zn2+ in
high concentration ZnSO4 solutions.

The potential and current change of a liquid marble Daniell cell
(6) was also monitored as a function of the concentration of CuSO4

solution (varied from 0.005 to 0.5 M), while the concentration of
ZnSO4 solution was held unchanged at 0.1 M.

Zn(s)|ZnSO4(0.1 M)||CuSO4(0.005–0.5 M)|Cu(s) (6)

Fig. 4 shows the potential (a) and current (b) variations as
functions of the Cu2+ concentration variation of the Daniell cell
(6) formed with liquid marbles and with beakers, respectively.
Error bars of each data point were also calculated from 8 parallel
measurements of 8 cells and numerical data are presented in ESI.

A major difference between cell (6) and cell (5) was that the
potential and current of cell (6) increase monotonically as the Cu2+

concentration increased from 0.005 to 0.500 M. This is most likely due

to the ionic activities of Cu2+ in high concentration CuSO4 solutions
being different from the ionic activities of Zn2+ in high concentration
ZnSO4 solutions. Data comparison of cell potentials and currents of
cell (5) and cell (6) indicates that there is no significant difference
between the Daniell cells formed by liquid marbles and by beakers.

3.2. Sample flow control in liquid marble micro reactor

The ability to control the inward and outward sample flows will
enable liquid marbles to be used as a realistic micro reactor. Here
we demonstrate the use of liquid marble Daniell cell as a micro
reactor to monitor the sample flow into and out of a liquid marble.
Through monitoring the potential variation of the liquid marble
Daniell cell, a preliminary evaluation of the sample mixing condi-
tion inside a liquid marble micro reactor can be obtained.

A micro syringe pump was used to pump water and 0.5 M
CuSO4 solution into the CuSO4 marble of the Daniell cell (4) in
alternation at a rate of 2 mL/s; another micro syringe pump with-
drew the solution from the CuSO4 marble at the same pumping
rate so that the size of the CuSO4 marble was kept unchanged. In
this process the concentration of ZnSO4 in the ZnSO4 marble was
kept unchanged at 0.1 M and the ZnSO4 liquid marble was kept in
a sealed container to prevent the concentration change of ZnSO4

due to water evaporation. The whole experimental setup is
illustrated in Fig. 5(a).

The Daniell cell (4) showed a potential of 1.09 V; the cell
potential oscillates around 1.09 V as one syringe pump introduced
the 0.5 M CuSO4 solution into the CuSO4 marble, while the other
pump withdrew of the solution out of the marble at the same rate.
In this process the amplitude of potential oscillation was�0.01 V.
At 250 s after the experiment began, the introduction of CuSO4 to

Fig. 3. Potential (a) and current (b) variations of Daniell cell (5) formed with liquid marbles (triangle points) and with beakers (circular points), error bars were calculated
from 8 parallel measurements (see ESI).

Fig. 4. Potential (a) and current (b) variations of Daniell cell (6) formed with liquid marbles (triangle points) and with beakers (circular points), error bars were calculated
from 8 parallel measurements (see ESI).
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the CuSO4 marble was stopped and was replaced with the
introduction of water. As water was pumped into the CuSO4

marble, the potential of the Daniell cell began to drop from
1.09 V, and reached a flat-bottom valley of around 1.025 V after
750 s (Fig. 5(b)). Further introduction of water did not cause
further decreases of cell potential. By using the Nernst equation
and the standard Nernst Potential Es of the cell (Table 1), the Cu2+

concentration in the CuSO4 marble can be calculated. However,
since the use of Nernst equation for cell potential calculation may
be affected by the presence of interface potential between the
solution and salt bridge, calculation error is unavoidable. We
expect, however, that using the measured liquid marble potential
Em in Table 1 to calculate the Cu2+ concentration in the CuSO4

marble is justifiable and would minimize potential error. This
calculation thus gives the Cu2+ concentration in the CuSO4 marble
to be 1.99�10−4 M.

From 200 s after the cell potential reached the valley, the
solution introduction was switched back to 0.5 M CuSO4. The cell
potential recovered much more rapidly initially compared with its
decrease when water was introduced. After around 100 s of rapid
increase, the cell potential increase slowed down and after a
further 400 s the potential reached the level before the introduc-
tion of water. A repeat of such a cycle was performed and the
results showed the pattern of potential change was reproducible.

A simple mathematical simulation was conducted to get a
preliminary sample mixing appraisal inside the marble. The
simulation considered a fixed-volume reactor with one solution
inlet and one outlet. The reactor was fed with a 0.5 M CuSO4

solution; the inlet solution was assumed to have instantaneous
mixing with the solution inside the marble. The mixed solution
was withdrawn from the reactor via the outlet at the same flow

rate as that of the inlet; this ideal solution flow systemwas used to
simulate the potential changes of the liquid marble Daniell cell as
a function of time.

Eq. (7) describes the Cu2+ mass flow rate; integration of Eq. (7)
leads to the concentration of Cu2+ as a function of time, Cu2+ (t), in
the CuSO4 marble (Eq. (8)). By Substituting Eq. (8) into the Nernst
equation, a relationship of cell potential as a function of time (Eq.
(9)) is obtained.

dmðCu2þÞ
dt

¼ cðCu2þÞenνen−
mðCu2þÞ
Vmar

νex ð7Þ

cCu2þ ðtÞ ¼
cðCu2þÞenνenVmar

νex
−e

−ðtþAÞ⋅νex
Vmar

Vmar
ð8Þ

EðtÞ ¼ E∅
Cu2þ

Cu

 !
þ RT

nF
lncCu2þ ðtÞ−E∅ Zn2þ

Zn

 !
−
RT
nF

lncZn2þ ð9Þ

where m(Cu2+) is mass of Cu2+ in the liquid marble; c(Cu2+)en is
concentration of Cu2+ of the inlet solution into the liquid marble;
ven and vex are volume flow rates of the inlet and outlet solutions,
respectively; Vmar is the volume of the liquid marble; A is constant
resulted from the integration.

A plot of the liquid marble Daniell potential as a function of
time using Eq. (9) is shown in Fig. 6. This plot simulates two cycles
of changing inlet solution from water to 0.5 M CuSO4 at the flow
rate of 2 μL/s. At time¼0, reactor contained 0.5 M CuSO4 solution;
as water is added into the reactor the Daniell cell, potential
decreases linearly with time from 1.09 V to 1.02 V; this is in good
qualitative agreement with the experimental result, although the
slopes of the simulation and experimental curves differ

Fig. 5. (a) Experimental set up of sample flow in out of a liquid marble holding CuSO4 solution: (1) water is introduced into the liquid marble containing 0.5 M CuSO4 while
the mixed solution is withdrawn from the liquid marble by two micropumps with the same rate of 2 mL/s; (2) 0.5 M CuSO4 is then pumped into the same liquid marble while
the mixed solution is withdrawn from the liquid marble. (b) Potential variation of liquid marble Daniell cell through the entire pumping process of two cycles.
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significantly, which will be discussed below. From the simulation
equations, the linear decrease in cell potential with time only
occurs when the Cu2+ concentration of the inlet solution is zero.
Simple manipulations of Eqs. (7)–(9) will lead to a relationship
shown in Eq. (10), given that ven=vex:

EðtÞ ¼ A′þ RT
nF

ln cðCu2þÞen þ e−ðtþAÞv=Vmar

h i
ð10Þ

In the beginning of the cycle the inlet solution is water and c
(Cu2+)en equals to zero; Eq. (10) shows that this condition leads the
cell potential to decrease linearly with time. When the inlet
sample was switched from water to the 0.5 M Cu2+ solution, the
variable of the natural logarithm term in Eq. (10) underwent a step
change—c(Cu2+)en was abruptly changed from 0 to 0.5 M. This step
change of the concentration caused a rapid recovery of the
potential in the beginning of the change of c(Cu2+)en to o.5 M.
Since c(Cu2+)en≠0, the cell potential change with time is linear and
the exponential function becomes dominant only as time increases
(Eq. (10)).

The qualitative agreement of the experiment result with the
mathematical simulation shows that sample mixing inside the
liquid marble has occurred. Two points require further comments.
First, because of the small size of the liquid marble, the position of
the electrode is unavoidably very close to the inlet and outlet
solutions. The electrode potential therefore shows significant
oscillation, which may be caused by disturbance of the electric
double layer around the electrode. Second, the much longer
experimental cycle compared to the simulation indicates that
sample mixing inside liquid is not instantaneous (Liu and Vecitis,
2012). The concentration of Cu2+ at sample inlet is expected to be
quite different from that at locations close to the shell of the
marble. For this reason, the c(Cu2+)ex is expected to be higher than
the simulation value, which is based on the assumption of
instantaneous mixing. This is likely the major factor responsible
for the much slower experimental sample mixing result than the
simulation. Because of the slow sample flow rate, sample mixing
inside liquid marble is likely to be dependent considerably upon
diffusion. The simulation work provides a preliminary under-
standing of mass transfer and mixing conditions inside liquid
marble; this understanding will trigger further engineering ideas
to improve the sample mixing which is useful for the future
applications using liquid marbles as a micro reactor.

4. Conclusion

In this study we demonstrated the electric charge transport
between liquid marbles by forming a Daniell cell using liquid marbles

and a salt bridge. Charge transport is a relevant property for using
liquid marbles to build micro reactors. Only microlitres of electrolytes
are required to construct a Daniell cell and a battery pack that can
power a LED. The potential and current of the liquid marble Daniell
cell are in good agreement with that of the Daniell cell formed with
CuSO4 and ZnSO4 solutions in beakers. Our investigation also showed
that the potential of the liquid marble Daniell cell can be used to
monitor the change in Cu2+ concentration in the liquid marble. With
this idea in mind, we set up a system that provides a continuous flow
of Cu2+ solutions of different concentrations through the CuSO4

marble of the Daniell cell and monitored the cell potential by
measuring the Daniell cell potential; the results obtained were used
as the preliminary evaluation of the sample mixing condition inside a
liquid marble. Mathematical modeling shows that sample mixing
inside a liquid marble caused by the continuous flow of sample
solutions is not instantaneous, but the pattern of sample concentra-
tion change inside the marble under the continuous sample flow
follows the pattern of mathematical modeling. This study provides the
first insights of charge transportation, liquid flow and mixing behavior
inside liquid marbles. These insights are useful for designing future
liquid marble micro reactors for biochemical and biological
applications.
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ABSTRACT: “Thread-based microfluidics” research has so far focused on
utilizing and manipulating the wicking properties of threads to form
controllable microfluidic channels. In this study we aim to understand the
separation properties of threads, which are important to their microfluidic
detection applications for blood analysis. Confocal microscopy was utilized
to investigate the effect of the microscale surface morphologies of fibers on
the thread’s separation efficiency of red blood cells. We demonstrated the
remarkably different separation properties of threads made using silk and
cotton fibers. Thread separation properties dominate the clarity of blood
typing assays of the ABO groups and some of their weak subgroups (Ax and A3). The microfluidic thread-based analytical devices
(μTADs) designed in this work were used to accurately type different blood samples, including 89 normal ABO and 6 weak A
subgroups. By selecting thread with the right surface morphology, we were able to build μTADs capable of providing rapid and
accurate typing of the weak blood groups with high clarity.

KEYWORDS: thread, microfluidics, chromatographic separation, surface morphology, weak ABO blood typing

1. INTRODUCTION

In recent time, thread has been employed as a low-cost sub-
strate for the fabrication of microfluidic diagnostics.1,2 Several
studies have reported applications of qualitative immunoassays3

and semiquantitative analyses of biomedical and environmental
samples.4−6 Other studies have explored ideas of building con-
trollable flow valves, mixers, and thread networks to mitigate
sample flow for more advanced thread-based microfluidic
sensor applications.7,8 These studies provide a good under-
standing of the wetting, liquid transport, as well as color display
properties of threads,9 which are essential for the engineering
of functional microfluidic thread-based analytical devices
(μTADs). Additionally, the use of μTADs for blood typing has
been reported by our group.10 Our study shows that threads
made from suitable fibers, once treated with blood grouping
antibodies, can be used as efficient diagnostic devices to provide
normal ABO and RhD blood typing analysis.
The basic principle of using μTADs to perform blood typing

assays is that when a blood sample is introduced onto a thread
that has been treated with a blood grouping antibody, the
antibody is dissolved into the plasma phase of the sample. If the
RBCs of the sample carry the antigen corresponding to the
antibody that the thread has been treated with, then the RBCs
will agglutinate predominantly in the interfiber spaces of the
thread. Conversely, if the RBCs do not carry the corresponding
antigens to the antibodies introduced onto the thread, they will
not agglutinate and remain as free cells, moving with the wicking
plasma phase along the interfiber gap capillaries. This difference
can be easily identified by the naked eye. In assay device design,
however, blood typing applications not only require the threads
to have desirable liquid transport properties but must also allow

for the clear separation of agglutinated RBCs from the plasma
phase to provide a final assay result of high clarity for visual
identification.
Although using thread for blood typing has been validated

for normal ABO and RhD groups,10 the underlying transport
mechanisms of RBCs in threads are still not fully understood.
We observed that assays performed with threads made of
different fibers can have surprisingly large differences in their
level of clarity; these observations could not be explained by
results we obtained from macroscopic assaying experiments.
This highlights the importance of gaining a better under-
standing of the fundamental properties of fiber for thread-based
sensor design.
Clinically, the ABO blood group system has a number of

subgroups; in type A blood, there are subgroups A1, A2, A3, Ax,
etc. Among these, A3 and Ax are considered weak subgroups.
RBCs of weak groups carry a much smaller number of antigens,
which leads to weak hemeagglutination reactions when they are
exposed to group A antibodies.11 That in turn will lead to the
formation of comparatively small agglutinated RBC aggregates
in a positive assay, which can be difficult to differentiate from a
negative assay. Correct typing of weak ABO subgroups is
therefore difficult to achieve, even in professional laboratories;
success being heavily reliant on the availability of special
equipment and experienced clinical staff.12 These difficulties
have been well-documented in immunological blood grouping
research and in clinical practice.12 Some alternate methods give
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the weak subgroups mixed field hemeagglutination, which could
lead to the weak groups being mistyped as group O, A or B by
using a device with insufficient power to clearly differentiate
weakly agglutinated RBCs from free ones. This is dangerous
both when individuals with weak ABO types receive blood, and
when their blood is donated for transfusion into others. More
worryingly, individuals of group Ax almost exclusively possess
the anti-A1 antibody in their blood serum. If, as a result of
mistyping, a patient of group Ax receives transfusion from a
group-A1 individual, the risk of a hemolytic transfusion reaction
is significant because the A1 antigen is one of the strongest
antigens and will have strong hemeagglutination reaction with
A1 antibodies.

13−15 Despite the seemingly small fraction of the
population (1:5,100 or 0.02%) who possess these weak sub-
groups, it is important to consider that more than 107 million
units of blood donations are collected each year, which means
that ∼21 000 could be expected to contain blood of weak ABO
subgroups, with the same proportion among the recipients of
blood transfusions.13−15

The key thread property that governs the clarity of blood
analysis is its separation ability which, to date, has not been
investigated in depth. Thread-based blood analysis takes
advantage of the presence of interfiber gaps in thread, which
provide the capillary driving force for liquid wicking.5 Liquid
samples can therefore be delivered to the designated loca-
tions in a microfluidic device for analyte identification or
quantification.5 However, a successful thread-based blood
typing device requires a thread to provide both the capillary
wicking driving force and separation power to differentiate
agglutinated RBC lumps from free RBCs in the wicking serum
phase. The interfiber channels in a thread are helically struc-
tured and run almost parallel to one another; they form
relatively simple microfluidic systems for sample wicking. If a
thread is used for the purpose of separating particles from a
liquid phase, the fiber morphology may play an important role
because it defines the wall of the capillary channels, which, in
the case of blood typing, affect the transport behavior of the
free and agglutinated RBCs.
To design low-cost, high-performance thread-based sensors

for blood analysis, the selection of fibers with desirable
properties requires careful consideration. In this study, silk
and cotton threads with different morphologies,16−19 have been
investigated and employed for typing of ABO blood samples
and its weak subgroups, A3 and Ax, using a chromatographic
elution method.20,21 The influence of threads’ morphological
properties on their performance as a size-based RBC lump
separator has also been investigated using confocal microscopy.
The confocal microscopic examination provides an insight into
the separation mechanism of the agglutinated RBCs from free
ones on each thread. Furthermore, the optimal pH of the buffer
solution and eluting time have been established with respect to
differentiating Ax and A3 subgroups from each other, and from
normal A and O blood types. Finally, the blood typing results
have been presented with barcode shaped symbols to provide a
simple means for data interpretation by lay personnel without
the requirement of special training.

2. EXPERIMENTAL SECTION
Materials, Reagents, and Blood Samples. Hydrophobic silk

fibers and cotton threads were obtained from the School of Fashion
and Textiles, RMIT University, Melbourne, Australia. Blood samples
were received from the Red Cross, Australia, which were collected
from adult donors. The groups of all samples were already confirmed

by the Red Cross using a mainstream laboratory blood typing
technology (Gel Card). The blood samples were stored at 4 °C in
Vacutainer test tubes containing lithium-heparin anticoagulant and
used within 10 days of collection. Blood typing antibodies were
received from the ALBA Clone, UK; anti-A Clone (Z001), anti-D
blend (Z041), anti-B FFMU, and anti-A,B (Z021); they were stored
at 4 °C and used as received. A physiological saline solution (PSS)
was prepared from analytical grade (AR) by dissolving 0.9 g of NaCl in
100 mL of water. Ammonia solution was used to adjust the pH of the
buffer solution before elution. All reagents used for preparing buffer
solutions were purchased from Sigma-Aldrich. Anhydrous D-glucose
was obtained from AJAX Chemicals Ltd., Australia. Fluorescein
isothiocyanate (FITC, isomer I) and anhydrous dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich and MERCK Chemicals
Ltd., Australia, respectively. ID-CellStab red cell stabilization solution
was obtained from BioRad, Australia. The confocal images were
captured with a Nikon Ai1Rsi confocal microscope in the Melbourne
Centre for Nanofabrication. Water used for all dilutions was purified
with Milli-Q water.

Methods. Choice of Thread. To evaluate our hypothesis, that fiber
morphology plays a significant role in a thread’s separation abilities in
blood typing assays, cotton and silk threads with differing surface
morphologies19 were selected as models for this study. We obtained
the ready-to-use cotton thread, and made hand-spun silk thread
following the cotton thread’s constructional parameters (around 200
fibers and 5 twists per centimeter). The surface morphologies of the
threads were examined using a Scanning Electron Microscope (SEM)
(Figure 1). The threads were then treated in a vacuum plasma reactor
(K1050X plasma asher (Quorum Emitech, UK)) for 60 s at an
intensity of 50W to increase their wettability.5

Device Fabrication and Blood Typing Method. Blood typing
devices were fabricated by affixing cotton and silk threads to a sticky
holder. These threads form “multi-elution columns” parallel to one
another.3,4 Prior to a blood typing test, 2 μL of a commercial blood
typing antibody (anti-A, anti-B, anti-A,B, and anti-D on first, second,
third, and fourth thread, respectively) was deposited on one end of
each thread and allowed to dry at ambient temperature (∼23 °C) for
10 min. Half a microliter of whole blood (40% hematocrit)11 was
introduced on each thread at the same spot where the antibody was
introduced, and allowed 40 s for RBCs and the antibody to interact.
Half a microliter of blood sample can stain around 0.5−0.7 cm of the
thread, a length that is readily visible to the naked eye and is enough to
react with antibody and generate a definitive assay result. Errors due to
micro pipetting can therefore be monitored, such that small variations
within the above range do not affect the assay result. The lower ends of
threads were then dipped into 100 μL of the elution buffer. The buffer
acts as a chromatographic mobile phase that elutes the free
(nonagglutinated) RBCs along the thread, whereas agglutinated
RBC lumps become immobilized in the interfiber gaps of the thread.

Figure 1. SEM images showing morphologies of (A) silk and (B)
cotton threads.
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The blood sample introduction spots were then captured using a
digital camera (Apple iPhone 5, auto color photo setting without flash
light; object distance of 10 cm).
Confocal Microscopy Study of RBCs in Thread. The mechanism of

how the surface morphology of fibers interferes with the blood typing
results on threads has been investigated using a fluorescent confocal
microscope. Fluorescent labeling of RBCs for confocal microscopy was
performed as previously described.22 In short, 10 mg of FITC was
dissolved in 250 μL of Dimethyl sulfoxide (DMSO) and then diluted
with ID-CellStab solution to obtain a FITC concentration of 0.8 mg/
mL. A 0.6 mL of this solution, mixed into 40 μL of D-glucose solution
(10 mg/mL), was added to 0.4 mL of RBCs before incubating for
2.5 h, with mixing at a low centrifuge force of 100 g to prevent the
RBCs from settling down. Afterward, stained RBCs were washed with

PSS a total of 10 times to remove unbound FITC (with centrifugation
at 1300 g for 3 min after each wash). These stained RBCs were
resuspended to 40% hematocrit with ID-CellStab solution.

To ensure that the blood staining protocol does not significantly
affect the activity of the RBC antigens, we performed blood typing
assays using whole blood and stained RBCs from the same sample on
thread. A 0.5 μl sample of whole and stained blood was introduced to
antibody treated silk thread and then eluted using the elution buffer.
The degree of agglutination was examined by capturing and trans-
ferring the images to Adobe Photoshop for color intensity analysis. As
shown in Figure S1 in the Supporting Information, staining has caused
slight changes in the RBC agglutination color density on thread.
However, such changes are not significantly enough to affect the visual
identification of the assay results in any way.

Figure 2. Schematic diagram showing (A−C) the blood typing method on thread. (A) Blood typing antibody (anti-A, anti-B, anti-A,B, and anti-D)
and whole blood sample were deposited on each thread before (B) eluting with buffer. (C) Positive and negative results after elution. Images of ABO
blood typing and its weak subgroups on (D) silk and (E) cotton threads. The threads for each test were pretreated with four different blood
grouping antibodies; anti-A, anti-B, anti-A,B, and anti-D, respectively.
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The conventional glass slide technique was also performed (see
Figure S2 in the Supporting Information). Images captured using the
confocal microscope demonstrated that stained RBCs still formed
aggregates as expected in the presence of antigen-specific antibody
(see Figure S2A in the Supporting Information), but shows no
agglutination when the antibody present is nonspecific (see Figure S2B
in the Supporting Information).
Effects of Buffer Elution Ph and Elution Time on Blood Typing.

To improve the blood typing results on thread, we compared the color
intensities (measured as the mean intensity of red color in RGB format
in Adobe Photoshop 5.5) of the blood spots after elution with buffer
solutions of different pH values for different durations of time. The
buffer solutions were prepared by diluting PSS with 0.1 mM of ammonia
solution to obtain serial elution buffers with different pH values (8, 9,
and 10). The buffer solutions were then used to elute the blood spots
for different durations of time (10, 30, 60, 90, and 120 s). The best
condition was selected and used to identify the blood typing tests. In
all assays, a 0.5 μL of blood sample was introduced onto the antibody
treated thread, incubated for 40 s before being eluted with a buffer
solution.
Identification of Weak A Subgroups. Because anti-A could not

reliably identify weak A subgroups such as Ax and A3, we decided to
use both anti-A and anti-A,B to build the blood typing devices.23 Two
sets of threads were treated using anti-A and anti-A,B. Half a microlitre
of whole blood was introduced onto each thread and left to incubate
for 40 s. Thread was then eluted with a buffer solution for 60 s. The
degree of the Ax and A3 reactions with anti-A and anti-A,B has been
used to differentiate them from each other and from the normal A and
O blood types. The blood typing results were evaluated by the naked
eye to determine the highest degree of agglutination.
Generating Barcode-Shaped Symbols. An easy method for

interpreting blood typing results is beneficial for the successful
application of microfluidic thread-based blood typing devices. Herein,
in order to provide a simple interpretation, a set of barcode shaped
symbols have been designed and then matched to each blood type.
The symbols include white, black, and gray lines resembling the

negative, positive and weak reactions of RBCs with different blood
typing antibodies, respectively.

3. RESULTS AND DISCUSSION
Effect of Morphological Structure on Separation

Properties of Thread. Morphological structures of silk
(Figure 1A) and cotton (Figure 1B) threads were investigated
using SEM. The silk fiber surface is smooth with no intrafiber
gaps or lobes.19 Thread constructed with silk has regular and
continuous microfluidic channels formed by interfiber gaps.19

The regular channels provide a possibility for the separation of
agglutinated and free RBCs through silk thread during elution.
In comparison, cotton thread is made of hollow, ribbonlike,
cellulose fibers with intrafiber gaps on their surface.19 The
intrafiber gaps in cotton thread provide rather irregular micro-
fluidic channels that trap or mechanically immobilize RBCs
within the thread. This makes cotton thread an unsuitable
substrate for blood typing purpose.

Normal ABO and Its Weak Subgroups Blood Typing
Using Different Threads. The blood samples were
introduced onto antibody treated threads and eluted with
buffer solution of pH = 9 for 60 s (Figure 2A−C). Specific
antibody−antigen reactions produced agglutinated RBCs
including blood type A with anti-A and anti-A,B, blood type
B with anti-B and anti-A,B and blood samples of type RhD+

with anti-D.20 After elution, a clear separation of agglutinated
and free RBCs by silk thread could be observed. This is because

Figure 3. Confocal images of (A, C) agglutinated and (B, D) free
RBCs on silk and cotton threads after buffer elution for 60 s.
Agglutinated RBCs are immobilized in the interfiber gaps of (A) silk
and (C) cotton threads. (B) Free RBCs are almost thoroughly
removed from silk thread by buffer elution. (D) On cotton thread;
however, RBCs are stuck in intrafiber gaps, creating a permanent red
stain. Figure 4. Schematic diagram showing the identification of weak A

subgroups on silk thread using two blood grouping antibodies: (A, C,
E, G) with anti-A, and (B, D, F, H) with anti-A,B. The assay
procedures are described as follows: (A, B) Introducing blood on the
antibody treated thread. (C, D) Devices before elution. (E, F) Devices
after elution. (G, H) Final assay results. As shown, the degree of each
hemeagglutination reaction for Ax, A3, A, and O is different.
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that interfiber channels in silk thread provide an efficient
separation of the agglutinated RBCs from the free ones, making
silk a suitable substrate for blood typing (Figures 2D and 3A, B).
However, in cotton thread, the free RBCs became stuck

within the intrafiber gaps; making it difficult for cotton thread
to differentiate the agglutinated and free RBCs (Figures 2E and
3C, D). Free RBCs are able to fold and enter into pores of an
average diameter of ∼3 μm.24 In addition, RBCs can travel
horizontally or perpendicularly with respect to the fiber surface
during elution and become entrapped in intrafiber gaps of
different sizes. Figure 3D shows disclike RBCs lodged into a
narrow intrafiber gap on the surface of a cotton fiber. This
situation can get worse in weak ABO blood typing, as mixed
field agglutination reaction always occurs and a very clear
separation of small agglutinated lumps from free RBCs is
required. In such circumstances, the differentiation of normal
and weak reactions is almost impossible. Figure 3D also shows

that material affinity interactions between the cotton fiber
surface and RBC are weak, because no free RBCs could be
observed on the smooth cotton fiber surface. Therefore,
mechanical entrapment of RBCs by intrafiber gaps is the major
mechanism responsible for the low clarity of blood typing assay.

Effect of Different Antibodies in Weak A Subgroup
Blood Typing. Through using the elution method to
investigate the potencies of specific antibodies for weak A
subgroups, we found a suitable surface for detection of Ax
and A3. As is shown in Figure 4, the RBCs of A3 samples
agglutinated on silk threads pretreated with anti-A and anti-A,B,
but more weakly than normal A. Ax samples, however,
agglutinated more strongly on the thread with deposited anti-
A,B rather than anti-A. The use of two antibodies in our design
is suitable for Ax and A3 blood typing purposes and can be used
as a key for differentiating A3 and Ax from each other and from
normal A and O groups.

Figure 5. Improvement of blood typing assay on silk and cotton threads using the elution method. (A) Samples were eluted using buffer solution of
different pH values for 60 s. (B) Samples were eluted using a buffer (pH 9) for different durations.
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Effects of Elution Buffer pH and Elution Time on
Blood Typing. To obtain unambiguous results of blood
typing, buffer solutions with different pH values (8, 9, and 10)
have been used to elute RBCs from antibody treated silk and
cotton threads for 60 s. Figure 5A shows that the main effect
determining the assay clarity is the fiber type (or fiber surface
morphology), which is in consistence with the results in Figure 3
and the above discussion. pH, however, has a secondary effect
to the assay clarity on silk. Figure 5A shows that as the pH
increases to 9 and higher, the negative assays on silk become
clean (color density = 0), this increases the assay clarity on silk
thread. The most likely reason is that silk fiber and free RBCs
carry weak acidic groups which dissociate more strongly at high
pH, this causes stronger charge repulsion between the silk fiber
and the RBCs, allowing free RBCs to be eluted away from silk
fiber surfaces more thoroughly.
With regard to eluting time, a buffer solution (pH = 9) has

been used to elute the RBCs from threads for different dura-
tions (10, 30, 60, 90, and 120 s). As shown in Figure 5B, the
optimal elution time is around 60 s. Under this condition, free
RBCs of negative assays could be removed from the silk thread
completely, while in positive assays of weak blood groups, the
small agglutinated RBC clusters were not significantly
dissociated. This condition therefore produced weak blood
group assays of the highest clarity. Elution time longer than 60 s
produced slightly weaker color density for positive assays of
weak blood groups, which is most likely caused by the
dissociation of small agglutinated RBC clusters of the weak
groups. Ninety five blood samples of different groups were
assayed with 60 s elution time using the silk thread, the results
(Table 1) were in full agreement with the assays performed by
the Red Cross Australia. In all cases, the specific antibody−
antigen reactions produced the immobilized hemagglutinated
RBCs on silk thread surface; no nonspecific reaction between
antibodies and RBCs were observed. Interestingly, silk thread
can also report unambiguous positive assays for normal and
weak blood groups if elution times longer than 60 s are used.
This is because that the clarity of silk thread assays are high, all
negative assays have zero color density, making the color
densities of positive assays to stand out clearly.
Barcode Shaped Symbols. To have an easy blood typing

result interpretation, we provided a set of printed patterns
similar to barcodes to confirm the result of each blood test by
visual matching. In Table 2, the black and gray lines refer to the
strong and weak agglutination reactions between antibody and
RBCs, respectively. The white lines however represent negative

agglutination reactions between the blood samples with
antibody. Only one symbol is used in each case to show the
blood type (Figure 2D and Table 2), which can be useful for
easy result interpretation, especially in the region with a lack of
trained personnel.

4. CONCLUSIONS
In this study, the effect of the surface morphologies of silk and
cotton fibers on the separation properties of threads made
from these fibers has been investigated for the application of
blood typing based on the principal of chromatographic elution.
Blood typing devices made of silk thread deliver significantly
higher assay clarity than those made of cotton thread. SEM
study shows that cotton fibers have irregular intrafiber gaps of
several microns in width, whereas silk fibers have no intrafiber
gaps. This surface morphological difference between silk and

Table 1. Summary of the Efficacy of Blood Typing of normal ABO and Its Weak Subgroups for Blood Samples from 95 Donors
Using Silk Threada

blood type RBCs immobilization with anti-A RBC immobilization with anti-B RBC immobilization with anti-A,B RBC immobilization with anti-D

A+ (n = 24) 24/24 0/24 24/24 24/24
A− (n = 9) 9/9 0/9 9/9 0/9
B+ (n = 6) 0/6 6/6 6/6 6/6
B− (n = 5) 0/5 5/5 5/5 0/5
AB+ (n = 3) 3/3 3/3 3/3 3/3
AB− (n = 2) 2/2 2/2 2/2 0/2
O+ (n = 25) 0/25 0/25 0/25 25/25
O− (n = 15) 0/15 0/15 0/15 0/15
A3

+ (n = 1) 1/1 0/1 1/1 1/1
A3B

+ (n = 3) 3/3 3/3 3/3 3/3
Ax

+ (n = 2) 0/2 0/2 2/2 2/2
aTable is adapted with permission from ref 20. Copyright 2011 American Chemical Society.

Table 2. Barcode Shaped Symbols Provided for Easy
Interpretation of Blood Typing Resultsa

aThe white, black, and grey symbols refer to the negative, positive, and
weak antibody−antigen reactions, respectively.
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cotton fibers significantly affect the migration behavior of free
RBCs in these threads. Confocal microscopic investigations
showed that intrafiber gaps on cotton fiber surfaces can
mechanically trap free RBCs; cotton thread therefore provides
poor separation power to differentiate the agglutinated RBCs
from the free ones. This makes blood typing assays using
cotton thread very low clarity and unsuitable for visual
identification. In contrast, silk fibers, having a smooth surface
do not trap RBCs; silk threads therefore provide much more
efficient separation power for differentiating free RBCs from
agglutinated ones. The high clarity blood typing assays by silk
threads are well-suited for visual identification. This study
provides new insights into the selection of the right threads for
building sensors with the desired performance.
The degree of RBC agglutination with different antibodies on

silk thread has also been used as a strategy to differentiate six
samples of the weak A blood types from one another and from
the normal ABO red blood cells. The ability to differentiate
different weak ABO groups from the normal ABO groups is a
very important, as it will reduce transfusion mistakes for weak
ABO group patients. Silk thread delivers results for both weak
and normal ABO groups that can be easily interpreted by the
naked eye with the aid of a matching chart.
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This study  presents  a  new application of  superhydrophobic  surfaces  in  conducting  biological  assays  for

human  blood typing  using  a  liquid drop  micro reactor.  The  superhydrophobic  substrate  was  fabricated

by  a simple  printing technique with  Teflon powder.  The non-wetting  and weak  hysteresis  characteristics

of  superhydrophobic  surfaces enable  the blood and  antibody  droplets to have  a  near-spherical  shape,

making  it  easy  for  the haemagglutination  reaction  inside the  droplet  to  be photographed  or recorded by

a  digital  camera and then  analyzed  by  image analysis  software.  This novel  blood typing  method requires

only  a small  amount of  blood  sample. The  evaluation of  assay  results using  image  analysis  techniques

offers  potential  to develop  high  throughput operations  of  rapid  blood  typing  assays  for  pathological  lab-

oratories.  With  the capability  of  identifying  detailed  red blood  cell  agglutination  patterns  and intensities,

this  method is  also useful for confirming blood  samples  that have  weak  red blood  cell  antigens.

Crown Copyright ©  2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

The superhydrophobic phenomenon and fabrication of artifi-

cial superhydrophobic surfaces have attracted intense research

in recent years. The strong water-repellent property of superhy-

drophobic surfaces forces water droplets to assume large contact

angles (>150◦) and can be designed to have very weak hystere-

sis on those surfaces [1–4]. Superhydrophobic surfaces have many

practical applications such as self-cleaning [5,6], anti-wetting [7],

water-repellence [8,9], oil–water separation [10], anti-freezing [4]

and  fluid-drag reduction [11].

While numerous studies have been directed towards the

fabrication and applications of superhydrophobic surfaces for

water-repellence, anti-wetting and oil–water separation, some

research works have focused on utilizing the water droplet sup-

ported by superhydrophobic surfaces for practical applications.

The non-wetting and weak hysteresis characteristics of  superhy-

drophobic surfaces enables a  lab-on-chip analytical sensor to be

designed; aqueous droplets containing analytes can be manipu-

lated for analytical purposes, such as sample storage, transport,

mixing and splitting on a lab-on-chip device [12]. More recently,

several researchers explored the use of aqueous droplets on super-

hydrophobic pedestals as a micro-scale reactor to perform chemical

reactions and the growth of crystals [13,14].

∗ Corresponding author. 

1 Lizi Li and Junfei Tian contributed equally as co-first authors.

The near-spherical shape of  an aqueous droplet on a superhy-

drophobic surface allows for a  sufficient elevation of its centre of

gravity so that a  micro-scale physical transformation or biochem-

ical reaction occurring inside the droplet can be clearly observed

and recorded from the side view. The surperhydrophobic surface

supported micro-scale analytical or diagnostic reactors require

materials of low-cost and are easy to be transformed into an auto-

mated high volume biochemical assays. To date, however, there is

little information about superhydrophobic surface supported bio-

chemical assays in literature.

To clearly observe a  living reaction inside an  aqueous droplet

from the side view, the droplet needs to have a  sufficient height on

the supporting surface; for this reason a  hydrophobic surface or a

superhydrophobic surface is required. Eq. (1) and Fig. 1(a) describe

the height of a  droplet and its  contact angle with the supporting

surface.

h =  R[1 + sin(� − 90◦)] (1)

where  h is  the height of the drop, R is the radius of the drop

and � is  the contact angle of the drop on the surface. If  the gravity

effect is neglected, the height of  a drop on a surface can be cal-

culated by Eq. (1). Fig. 1(b) shows the plot of the droplet height

and its contact angle with the supporting surface. For a  droplet

having a  radius of 1.68 mm (∼20 �L) on a hydrophobic surface

(� = 120◦),  the height is  2.52 mm. For the same droplet on a super-

hydrophobic surface (� =  150◦), the height of the droplet increases

3.13 mm.  The difference in droplet height on superhydrophobic and

hydrophobic surfaces is  moderate, and further increase in contact

angle beyond 150◦ results in only a  very small increase in droplet

height. Therefore, for the purpose of only acquiring side views of

0927-7765/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Scheme of the side-view profile of a water droplet on a (super-) hydropho-

bic surface (R and h are the radius and the height of the droplet, respectively; �  is

the contact angle); (b) a plot of the height of a 20 �L droplet on a supporting surface

with  respect of its contact angle with the  surface (gravity effect is not  considered).

The  red line shows the difference of the heights of water droplets on a hydrophobic

surface  (� = 120◦) and a superhydrophobic surface (� = 150◦).

a droplet, a highly hydrophobic surface would be sufficient. How-

ever, a significant advantage of using superhydrophobic surface for

biochemical assay is  that the liquid sample can easily roll off  the

surface after test; this prevents the surface from being contami-

nated. For some assays, this advantage may  be important, since the

superhydrophobic supporting surface may  be reused. This highly

useful function of superhydrophobic surfaces needs to be further

explored to enable chemical and biological reactions, and biochem-

ical assays to be conducted in a  high throughput capacity and at low

cost.

In  this study, we demonstrate the use of  superhydrophobic

surfaces  for biological assays through making observations of the

haemagglutination reaction of human red blood cells (RBC) and

blood typing assay. Accurate and rapid typing of human blood is not

only  of great importance for blood transfusion and transplantation

medicine [15], but also critically important for blood banking, and

for screening or cross-checking donors’ blood samples. For the later,

in particular, high throughput methods are required to process

large number of  samples rapidly. Although the lateral flow and the

Gel Card technologies are the mainstream technologies currently in

use  in hospitals and pathological laboratories, diagnostic industry

has never stopped exploring new technologies [16,18–21,24–26].

In this work superhydrohobic substrate was fabricated by using a

simple contact printing method developed in our  laboratory [17];

the substrate is inexpensive and disposable, suitable for use as

a laboratory consumable item. In a  blood typing application, the

haemagglutination reaction inside the blood sample droplet can be

imaged by using a digital camera and suitable software can be used

for the blood type identification. The use of digital camera allows

photos of an assay to be kept for retrieval and analysis, and it has

the potential to reveal detailed agglutination process if  camera with

high  magnification is  used. Further automation in assay result eval-

uation will provide a  new potential method for rapid blood typing

assays of high throughput operation, with the capability of provid-

ing magnified photo and video footage of the agglutination reaction,

which  will be of a  significant diagnostic aid to the identifying of

blood samples whose RBCs carry weak antigens.

2.  Material and methods

Teflon  powder with an average particle size of 35 �m  was

obtained from Sigma–Aldrich. The polymer film used in this study

was a  commercial overhead transparency (Xerox). A UV curable

flexographic post-print varnish (UV 412) was received as a  gift from

Flint Inks (Flint Group Australia). Six blood samples (type A+, A−,

B+, AB+, O+ and O−) were received from a  pathological laboratory,

following the ethical protocols. All blood samples were stored in

Vacutainer® test tubes containing lithium-heparin anticoagulant at

4 ◦C  and used within 5 days of collection. EpicloneTM anti-A, anti-B

and anti-D monoclonal grouping reagents were sourced commer-

cially from the Commonwealth Serum Laboratory, Australia. Anti-A

and anti-B are colour-coded cyan and yellow solutions respectively,

while anti-D is  a  clear colourless solution. All monoclonal grouping

reagents were also stored at 4 ◦C.

2.1. Fabrication of superhydrophobic Teflon powder surface on

polymer  film

The  superhydrophobic surface on polymer film was fabricated

by a  contact printing method developed in our laboratory [17]. A

thin layer of UV  curable flexographic post-print varnish was uni-

formly transferred onto the transparency film with a  roller. Teflon

powder was then dusted onto the film and adhered to the uncured

varnish. The film was then passed through a UV curing station. Upon

curing, the UV  varnish tightly glued the Teflon powder particles on

the  film. The micron-scale roughness of Teflon particles on  the film

formed the required superhydrophobic surface.

2.2. Observation of haemagglutination reaction inside the blood

sample  drop

Blood  samples of two  types, A+ and B+, were chosen to demon-

strate the time dependency of haemagglutination reaction with

anti-B solution inside near-spherical blood droplets supported by

the  superhydrophobic surface. 10 �L  of each blood sample was

placed on the superhydrophobic surface using a  micropipette

(Eppendorf research®).  The same volume of anti-B solution was

then injected into the blood droplet with a micropipette, and

gently stirred with the micropipette-head. The droplets were then

monitored for haemagglutination reaction for 180 s with a  digital

microscopy camera (Moticam 2500); photographs were taken at

30  s intervals from the beginning of the blood sample and antibody

mixing.

2.3. Blood typing assay on superhydrophobic surfaces

The  experimental procedure of performing a  blood typing assay

is similar to observing the haemagglutination reaction except that

three droplets of each blood sample were taken and mixed with

three different antibody reagents; anti-A, anti-B and anti-D. The

sample blood type can be identified from the pattern of  the haemag-

glutination reaction(s) with the three antibodies. Photos of the

sample droplets taken by the camera provide clear identification

of the occurrence of a  haemagglutination reaction.

A simple colour density measurement method is presented in

this study to digitally determine the changes of colour intensities

of the blood sample droplets after being mixed with antibody solu-

tions. This method can potentially be used to automate this blood

typing assay for high throughput applications.
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Fig. 2. Photos of two 10 �L  blood droplets (A+ and B+) mixed with 10 �L  anti-B reagent. Haemagglutination was immediately observed inside the droplet of B+ blood sample

(second row), due to the specific interaction between anti-B and the  B-antigen carried by RBCs  of the  B+ sample. There was, however, no haemagglutination in the  droplet

of A+ blood sample during the entire 180 s standing time (first row), since anti-B is not a specific antibody to  the antigen carried by the RBCs of the A+ sample.

3. Results and discussion

3.1.  Contact angle characterization of the superhydrophic Teflon

powder  surface

Contact angle measurements were used to characterize the

printed Teflon powder surface. Water, a  blood sample and antibody

solutions were used as liquids for contact angle measurements.

Contact angles for water, blood (A+), anti-A, anti-B and anti-D with

the Teflon powder surface were determined to be 158.6◦ ± 1.0◦,

153.1◦ ± 2.2◦, 154.1◦ ±  3.2◦,  155.8◦ ± 1.3◦ and 148.5◦ ±  0.2◦,  respec-

tively. This data is the average of 5 measurements and the standard

deviations are also given.

From the contact angle data of water with the surface it can be

seen that the printed Teflon powder surface was superhydropho-

bic since the water contact angle was significantly higher than

150◦. The blood and antibody solutions also showed contact angles

greater than or close to 150◦. The only liquid that has the lower

than 150◦ contact angle was the anti-D solution. The slightly lower

contact angle of anti-D solution compared to that of  the other anti-

body solutions may  be related to its formulation being different

from other antibody solutions. However, it can be found that such

a  small difference in contact angle between the blood sample and

the antibody solutions means that there is  a negligible difference in

the  practical application of observing haemagglutination reactions

inside the sample droplets.

3.2.  Observation of haemagglutination inside the blood sample

droplet

To  observe the haemagglutination reaction inside blood sam-

ple droplets, anti-B was introduced into two blood samples of A+

and B+ types. As anti-B was  introduced into the drop of blood sam-

ple type B+, the specific antibody-antigen interaction resulted in an

immediate haemagglutination of  RBCs – a  clear separation of agglu-

tinated RBC lumps from the plasma phase can be observed inside

the blood sample drop immediately after the anti-B introduction

(Fig. 2).

As  time progressed to 90 s, the agglutination reaction led to the

clearing of the top part of B+  sample droplet. Further standing of

the sample to 180 s showed little further change in RBC separa-

tion. In contrast to the reaction of B+ blood sample with anti-B,

the mixing of A+ blood sample with anti-B (a  non-specific anti-

body) resulted in no haemagglutination reaction and therefore no

separation of the RBCs inside the sample droplet (Fig. 2). Haemag-

glutination of RBCs is  the indication of the occurrence of specific

interactions between the antigen present on the surface of the red

blood cells and the corresponding antibody present or added in the

plasma phase. Therefore haemagglutination of RBCs in the presence

of  blood typing antibodies provides identification of the blood type

of  the sample. Results in Fig. 2 provide rapid and clear identification

of the blood types of the samples. With the use of  a digital camera,

it is also possible for the captured images to be digitally analyzed

to identify the blood types of the samples in an automated way

for high throughput blood typing service application. Depending

on the assay, the superhydrophobic substrate may  be disposed of

after use, or reused after allowing the sample drop to roll off the

surface.

3.3. Blood typing using superhydrophobic surfaces as a  low-cost

supporting  substrate

The  clear observation of haemagglutination reaction inside a

blood sample droplet shows that a  superhydrophobic substrate

in general can be used to support micro reactors for biochemi-

cal assays. We  further demonstrate the use of superhydrophobic

surface for ABO and RhD blood typing assays. The use of superhy-

drophobic surfaces for blood typing may  offer significant economic

advantage, since the cost of such a  surface is  low.

Recently, low-cost paper- and thread-based blood typing plat-

forms have been reported [18–21]. Paper- and thread-based blood

typing devices greatly reduce the cost and the time required for

performing blood typing assays; they are particularly suitable

for making user-operated devices for developing countries. As an

alternative platform, superhydrophobic surface-based blood typ-

ing assays offer the following advantages: (1) Superhydrophobic

surfaces combined with an imaging system allow automated high

throughput equipment to be built at  a moderate to low cost. (2)

Such equipment provides detailed visual haemagglutination pat-

terns of samples, which may  be further used for evaluation of

haemagglutination reaction through image analysis. (3) Haemag-

glutination reactions inside the sample drop provide the possibility

of extracting the plasma phase from the samples for other assays.

Six  blood samples were assayed using the superhydrophobic

surface supported blood typing assay. For each blood sample, three

sample droplets were placed on the superhydrophobic surface;

these droplets were respectively mixed with anti-A, anti-B and

anti-D following the protocol described in Section 2.  The samples

droplets were then observed for haemagglutination reactions. Fig. 3

shows  images of the assaying results of the six blood samples;

haemagglutination reaction can be easily identified from the photos

taken from the side view of the droplets. Based on the pattern of

haemagglutination reactions in Fig. 3, blood types of the samples

were identified as being A+, A−, B+, AB+, O+ and O−. These results

were in total agreement with the blood typing results obtained by

the pathological laboratory using the Gel Card technology.

To  explore the possible automation of using the superhydropho-

bic surface supported bioassay for high throughput blood typing
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Fig. 3. Photos of the blood agglutination of the six blood samples (A+, A−,  B+, AB+, O+

and O−) when they are respectively mixed with three antibodies (Anti-A, Anti-B and

Anti-D) on superhydrohobic surface. The red star  represents blood aggregation was

found in that photo. The blood type can be  determined by observing the aggregation

of  blood with different antibodies.

assays, images in Fig. 4  were digitally processed and identifica-

tion of haemagglutination via image analysis was  pursued by using

Adobe Photoshop. The image analysis was performed on a standard

square of 5 mm  ×  5 mm in the top part of the droplet image; the

average colour intensity of the magenta channel was measured

from the square. The choice of measuring the magenta channel is

based on its large dynamic range [22], which is  capable of pro-

viding more accurate measurement of the sample. Table 1  shows

the magenta intensity of the analyzed area of each image. The

magenta colour intensity measured from the images of the sam-

Fig. 4. Illustration of the  measurement of colour intensity (magenta channel). The

blood aggregation can be  detected by comparing the colour intensity of the standard

area in the images of different drops. From the identified aggregation of blood caused

by their corresponding antibodies, the type of blood can  be determined.

Table 1
The  magenta intensity of the  standard area in each image of Fig. 3.

Anti-A Anti-B Anti-D

A+ 7.18 ± 0.75 219.52 ± 0.13 0.06 ± 0.04

A− 70.22 ±  2.93 253.04 ± 0.53 253.23 ± 0.26

B+ 225.36 ± 0.28 101.52 ± 1.98 94.81 ± 0.76

AB+  147.52 ± 1.63 61.63 ± 1.89 6.38 ± 1.89

O+  219.65 ± 0.57 253.79 ± 0.41 0.23 ± 0.15

O−  220.10 ± 1.60 252.39 ± 0.67 252.80 ± 0.04

ple drops shows strong contrast; samples with haemagglutination

correspond to colour intensity values much lower than saturation,

whereas samples with no haemagglutination show magenta colour

intensity close to saturation.

In  order for the haemagglutination status to be evaluated

digitally, a colour intensity threshold of 180 was  introduced to

differentiate haemagglutination from non-haemagglutination. This

threshold level was chosen as it is  numerically around 40 above

the highest colour intensity of the non-agglutinated sample and

around 40 below the lowest colour intensity of the agglunitated

sample. With this threshold level it is  possible to digitally iden-

tify the haemagglutination reaction in a blood sample drop after

the addition of antibody solution. The combination of the superhy-

drophobic supporting surface, the simple camera system and the

software system presents a  design concept of an  automated blood

typing device capable of high throughput analysis of blood sam-

ples. The digitized results obtained using this system can deliver

direct blood typing result and also can be transmitted by mobile

phone [23] or other electronic devices to a remote facility should it

be  necessary.

4.  Conclusion

In this study we investigated a new application of using

superhydrophobic surfaces to conduct biological assays. By  using

a  superhydrophobic surface as a  supporting surface for liquid

droplets, a human blood typing assay was  conducted. The non-

wettable property of the superhydrophobic surface by blood

samples and  antibody solutions makes the blood and antibody

droplets assume a near spherical shape, providing an excellent

side view for the haemagglutination reaction to be observed inside

the droplet. By observing the presence or  absence of the haemag-

glutination reaction, specific antibody–RBC interactions can be

identified; this method can be used for rapid blood typing. By

using a  camera and a simple image analysis system, haemag-

glutination inside the blood sample droplets can be digitally

identified. This capability potentially makes the superhydrophobic

surface supported blood typing assay suitable for high throughput

assay applications. We believe that the superhydrophobic surface

supported micro reactor concept can be developed into more appli-

cations for chemical or biological assays.
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ABSTRACT: This study introduced a barcode-like design into a paper-
based blood typing device by integrating with smartphone-based
technology. The concept of presenting a paper-based blood typing assay
in a barcode-like pattern significantly enhanced the adaptability of the
assay to the smartphone technology. The fabrication of this device
involved the use of a printing technique to define hydrophilic bar
channels which were, respectively, treated with Anti-A, -B, and -D
antibodies. These channels were then used to perform blood typing
assays by introducing a blood sample. Blood type can be visually
identified from eluting lengths in bar channels. A smartphone-based
analytical application was designed to read the bar channels, analogous
to scanning a barcode, interpret this information, and then report
results to users. The proposed paper-based blood typing device is
rapidly read by smartphones and easy for the user to operate. We envisage that the adaptation of paper-based devices to the
widely accepted smartphone technology will increase the capability of paper-based diagnostics with rapid assay result
interpretation, data storage, and transmission.

Paper-based analytical devices (PADs) have generated great
interest in the field of medical diagnostics in recent years

because they demonstrate great potential to develop affordable,
rapid, and practical diagnostic sensors for resource-limited
areas.1−5 Numerous research works have been reported,
covering methods of paper sensor fabrication,6,7 analyte-specific
assays,8 and various result-reporting ideas, including colori-
metric,9 fluorescent,10 electroluminescent,11 and electrochem-
ical,12 as well as text-reporting.13 Among the analyte-specific
assays, PADs were demonstrated to be able to provide
semiquantitative to quantitative analysis.14−16 Recently, PADs,
investigated as a class of field-based, equipment-free blood
typing devices, have achieved the same accuracy but have been
proven to be much more rapid than the mainstream blood
typing technologies.13,17 These developments show that current
research has produced a wide range of new concepts for making
paper-based devices a new platform that does not require
hospital and laboratory support. Among these concepts, several
have been extensively developed and have almost reached
commercialization.18,19

Most PADs research focuses on the development of stand-
alone devices that function under nonlaboratory condi-
tions.20−22 While in this direction many innovative ideas have
been explored and reported, it should be noted that PADs will
be more successful if they can be adapted to existing
technologies that are ubiquitous in modern society. From the
early days of PADs research, it was proposed that camera
phones can significantly enhance low-cost diagnostics by
connecting the users who perform the tests with professionals

who receive the results and provide medical instructions.23,24

The extremely high acceptance of smartphone technology by
the human population in both developed and developing
countries makes this technology a valuable infrastructure for
any other technology to build upon.25 The adaptation of PADs
to smartphone technology, particularly through software
innovation, will significantly enhance the power of PADs as a
platform technology for diagnostic applications through
providing simple analytical tools, increasing coverage and
connection between users and professionals, and allowing data
sorting, storage, and management for local and temporary
medical facilities in remote medical emergencies and disaster
response missions.
In this study, we applied a barcode reading concept to adapt

paper-based blood typing assays to smartphone technology.
Blood typing is a routine clinical assay in surgical procedures,
medical emergencies, and blood transfusions, as well as in
blood banking.26 Our group has reported a series of studies on
the fabrication of new types of PADs and thread-based
analytical devices for blood typing.27−29 These studies have
demonstrated new stand-alone blood typing devices that can be
operated by users without the need of any supporting
instrument. While the stand-alone devices promise a superior
platform to the mainstream hospital-based technologies in
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providing health care to home-based users and users living in
impoverished areas, adaptation to smartphones through
software innovation will provide further advantages to paper-
based blood typing technology in digital data sorting, storage,
and transmission. It is anticipated that the use of software will
be an effective means of reducing human error in data sorting
and storage. In this work, we developed a simple software for
smartphones and used it for paper-based blood typing assays.

■ EXPERIMENTAL SECTION
Reagents and Apparatus. Antibodies against RBC

antigens approved for human blood grouping were obtained
from the Commonwealth Serum Laboratory (CSL), Australia.
They were IgM antibodies commercialized under the names of
Epiclone Anti-A, Anti-B, and Anti-D (IgM) FFMU Concen-
trate. All of them are transparent solutions. Phosphate-buffered
physiological salt solution (PBS, pH 7.4), sourced from Sigma-
Aldrich, Australia, was used as the diluent for all antibody
solutions. Alginic acid sodium salt (NaAlg) was acquired from
Sigma-Aldrich, Australia. Anti-A and Anti-B were diluted to 1/5
with PBS solution for use in our study. All antibodies were
stored at 4 °C.
Blood samples acquired from adult volunteers of a known

blood group were provided by Red Cross, Australia. Samples
were stored in Vacutainer tubes containing heparin, citrate, and
EDTA and refrigerated at 4 °C; they were used within 10 days
of collection. Reagent red blood cells Revercell (15% A1, 15% B
red blood cells) and Abtectcell III (3% R1R1, 3% R2R2, and
3% rr red blood cells) were purchased from CSL Limited,
Australia, stored at 4 °C and used within 30 days of delivery. All
blood samples, including reagent blood cells, were diluted to
15% with PBS for performing blood typing assays in our
printed barcode paper devices. Ultrapure water (≥18.2 MΩ)
purified by a Milli-Q System (Millipore, Bedford, MA, USA)
was used for the preparation of all solutions. Kleenex paper
towels (Kimbly-Clark, Australia) with a basis weight of 34 g/m2

and an apparent thickness of 140 μm were purchased from a
local supermarket.
Bar Pattern Design for Blood Typing. Alkyl ketene

dimer (Precis900, Hercules Australia Pty Ltd.) was used as the
cellulose hydrophobization reagent. Analytical-grade n-heptane
(Sigma-Aldrich, Australia) was used as the solvent for the
dimers. The Kleenex paper, cut into A4 size, was selected as the
substrate to fabricate the bar pattern paper-based blood typing
devices. The fabrication procedure involves using a recon-
structed commercial desktop ink jet printer (Canon Pixma
ip4500) to print computer-generated patterns onto the paper
with an ink solution of alkyl ketene dimer−heptane (3%, v/v)
according to previous works.30 The printed paper was heat-
treated in an oven at 105 °C for 1 h to allow the hydrophobicity
of the printed area on paper to fully develop. In this work, the
device was fabricated with three separate channel patterns,
which were labeled with the printed letters “A”, “B”, and “D”.
Each pattern consisted of a bar channel (0.3 cm × 5 cm), a
buffer rinsing zone (r = 0.2 cm), and a bridging channel linking
these two (Figure 1). The channel patterns were hydrophilic
and used for the assaying application.
Preparation of Antibody-Loaded Bar Channels. Before

loading antibodies, the bar channels were treated with NaAlg
for the purpose of enhancing antibody loading efficiency. NaAlg
solutions with concentrations of 0%, 0.01%, 0.05%, and 0.1%
(w/v) were prepared using Millipore-purified water. The
patterned paper devices were divided into four groups; the

channels of each group were treated with 10 μL of each of the
four NaAlg solutions, respectively. All the papers modified with
NaAlg solutions were dried for 30 min at room temperature.
All channels marked with “A” (channel “A”) in all four

groups of NaAlg-treated papers were treated with Anti-A; 10
μL of diluted Anti-A antibodies were uniformly deposited into
the entire channel length. Likewise, for channels “B” and “D”,
10 μL of Anti-B and 10 μL of Anti-D antibodies were deposited
into the “B” and “D” channels of all papers, respectively. All the
paper devices were dried for 1 h at room temperature.
Covalent antibody immobilization involves two steps:

activating the NaAlg-modified paper surface using EDC-NHS
chemistry and then conjugating it with the antibody molecules.
In the paper surface activation step, 20 μL of an equal-volume
mixture of 20 mg/mL EDC and 12 mg/mL NHS solutions was
uniformly deposited into each channel and the activation
reaction was allowed 30 min for completion in an environment
with a controlled high humidity. After activation, each channel
was rinsed with 60 μL of H2O three times. For the conjugation
of antibodies, all of the “A” bar channels were uniformly
deposited with 10 μL of diluted Anti-A antibodies and allowed
1 h for conjugation at 50% humidity. Similarly, bar channels “B”
and “D” of all groups were deposited with 10 μL of Anti-B and
10 μL of Anti-D, respectively, under the same conditions, for
conjugation reactions. At the end of the conjugation reactions,
each channel was rinsed three times using 60 μL of PBS and
then allowed to dry for 1 h at room temperature.

Water Drop Penetration Time (WDPT) Measurement.
To evaluate the influence of paper surface modification on
paper wettability, a water drop penetration time test was
adopted. The untreated and antibody-conjugated Kleenex
paper towel was cut into 1 cm × 1 cm squares for water
penetration time testing. A contact angle instrument (Data-
physics OCA230, Germany) was used to take video of the
water drop penetration process. The experimental procedure
was as follows: a piece of a paper square was horizontally fixed
to the measurement platform; a 3 μL water droplet was
delivered onto the paper surface by a syringe; the drop landing

Figure 1. Schematic diagram of the barcode-like blood typing device.
(a) Anti-A, Anti-B, and Anti-D antibodies were introduced into the
reaction bar channels. (b) 3 μL of blood samples was introduced in the
sample sites for the blood typing test and allowed to wick and react for
30 s. (c) 10 μL of PBS solutions was added as eluting buffer for 1 min
of elution. (d) Reading the blood typing test results.
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and penetration processes were recorded at a frame speed of 56
frames/s; the final penetration time was calculated by the
system software from the video data. Three measurements were
taken for each paper sample.
Blood Typing Using the Barcode-Like Paper Device. A

volume of 3 μL of prediluted 15% blood samples was
introduced into each channel via its sampling site indicated
by the red line (Figure 1); red blood cells were permitted to
react with the antibody in the channel for 30 s. Then, a volume
of 10 μL of PBS buffer solution was introduced onto the rinsing
zone and allowed to elute through the channel by capillary
wicking for 1 min. The testing assay was then scanned and
interpreted by smartphone-based technology.
Smartphone-Based Analysis Design. The mobile

software designed for carrying out the preset analytical
procedures (app) was developed on the Android platform.
The software was coded with Java using ADT (Android
development tools), and the functions of the smartphone were
controlled through APIs (application programming interfaces).
The app can be supported by Android version 2.2 and above.
The app was designed to read the information in each bar
channel along its length, since the blood penetration along the
channel gives the most distinguishable difference between a
positive and negative result. In this study, a Google Nexus 5
smartphone (Google Android version 4.4) was used to read the
final blood typing results.

■ RESULTS AND DISCUSSION
The Sensor Design Concept. Paper-based analytical

devices have been designed for ABO/RhD blood grouping
based on the principle of hemagglutination reaction between
RBCs and antibodies.31 When a blood sample wicks into the
fiber network of paper treated with the corresponding antibody,
hemagglutination will occur within the fiber network which will
lead to the formation of large lumps that lock inside the fiber
network and cannot be eluted out. Therefore, when
hemagglutination occurs in the bar channels of our blood
typing device (Figure 1), buffer elution will not elute the
agglutinated RBC lumps along the channel, leaving a short bar
of blood stain with a strong color. The deep red color came
from the aggregated red blood cells. In contrast to this, when
RBCs contact a noncorresponding antibody inside the fiber
network, no hemagglutination will occur. Free RBCs can be
eluted along the channel by PBS solution, forming a diluted bar
of much greater length along the channel (Figure 1). For the
purpose of interpreting an assay result, if we can distinguish a
“short” bar from a “long” bar in a channel, it will be possible to
identify whether hemagglutination has occurred in this channel
or not. Therefore, making sure the “short” and “long”
information are distinguishable is an important consideration
when designing this sensor.
However, the length difference between agglutinated

(positive, “P”) and nonagglutinated (negative, “N”) RBCs
was not significant enough to be clearly identified (Figure S-1a,
Supporting Information), since the limited volume of blood
samples cannot provide enough driving force for non-
agglutinated RBCs to continue penetrating forward. Therefore,
we introduced PBS buffer solutions as eluting buffer into
channels to supply a driving force for free RBCs to continue to
move forward. The RBCs eluting length difference between
positive and negative tests was distinct: agglutinated RBCs
formed a short eluting length in the bar channel, while
nonagglutinated RBCs led to a much longer eluting length

(Figure S-1b, Supporting Information). Such difference makes
this sensor viable for accurate identification by smartphone-
based analysis. In the final design of this blood typing assay
(Figure 1), three separate patterns labeled with “A”, “B”, and
“D” were designed for the identification of A, B, and D
antigens, respectively, to determine ABO and RhD blood types.

Sensor Development. On the basis of the above sensor
design concept, a smartphone-based app was designed to read
the RBC elution length in a channel. To ensure unambiguous
results identification using this design idea, different phys-
icochemical channel modifications have been considered.
Emphasis is given to the design of the bar channels to provide
the negative and positive tests with a significant sample eluting
length difference for easy and fast identification by the software.
This relies on detailed consideration of channel surface
treatment to enhance the antibody sorption and wetting ability
of paper. For this reason, different paper surface modification
methods have been investigated to obtain the maximum eluting
length difference between positive and negative tests.

Physical or Chemical Immobilization. Physical and
chemical methods for antibody immobilization were inves-
tigated so that the method capable of producing a larger
difference between the positive and negative assays could be
selected. The chemistry applied here is the EDC/NHS
activating agent pair which is commonly used for the coupling
of primary amines with carboxyl groups to yield amide bonds.
Since there are sparse carboxyl groups on the paper, NaAlg was
used to increase carboxyl groups on paper because of its great
biocompatibility and the retention of NaAlg has been proven to
be satisfactory.32 However, the antibody-treated channels with
chemical coupling have failed to retain a sufficient amount of
antibody on the paper surface for performing a blood typing
assay. Also, this approach causes a decrease of paper wettability
as shown by the water drop penetration test (WDPT) (Table
S-1, Supporting Information). These undesirable outcomes
make the chemical coupling approach unsuitable, since poor
paper wettability prevents the blood sample from wicking into
the fiber network and contacting antibody molecules. In
contrast to this, antibodies physically immobilized on paper can
be freely released from the fiber matrix into the blood samples
to effectively collide and react with RBCs to allow
hemagglutination reactions to occur.

NaAlg Concentration. Among the systems that were
considered above, physical immobilization was judged to be
the only appropriate method to provide a suitable surface
modification for the sensor design. To optimize the physical
immobilization of NaAlg, the bar channels were first modified
with 0% (w/v) NaAlg (Figure S-2,1, Supporting Information),
0.01% (w/v) NaAlg (Figure S-2,2, Supporting Information),
0.05% (w/v) NaAlg (Figure S-2,3, Supporting Information),
and 0.1% (w/v) NaAlg (Figure S-2,4, Supporting Information),
followed by treatment with Anti-A antibodies (Figure S-2a,
Supporting Information), Anti-B antibodies (Figure S-2b,
Supporting Information), and Anti-D antibodies (Figure S-2c,
Supporting Information). Both positive (Figure S-2, “P”,
Supporting Information) and negative (Figure S-2, “N”,
Supporting Information) assays were performed by, respec-
tively, introducing antigen-positive and -negative RBCs in bar
channels modified with different concentrations of NaAlg and
the corresponding antibodies. As shown in Figure S-2,
Supporting Information, all positive assays had shorter bar
lengths than the negative reactions. Although antigen-positive
and -negative blood samples could be distinguished among all
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the NaAlg modified channels, the modification that led to the
greatest difference was selected for more accurate identification.
Therefore, 0.05% NaAlg was chosen for the final sensor design
since the length difference was the greatest with this
concentration (Figure 2).

Sensor Validation. The final paper-based blood typing
device was designed under optimum conditions based on the
above results. Figure 3 shows a photo of the actual tests of all

eight ABO/RhD blood types by our blood typing device.
Figure 4 shows the average eluting lengths of positive and
negative assays in A, B, and D channels. The measured bar
lengths for the positive assays were: A, 9.9 ± 1.2 mm; B, 12 ±
1.6 mm; D, 13.4 ± 1 mm. By comparison, the bar lengths for
the negative assays were: A, 42.6 ± 1.6 mm; B, 42.2 ± 1.3 mm;
D, 42.5 ± 1.7 mm. The distinct length difference between
positive and negative assays makes this device possible for easy
result interpretation by smartphone-based analysis.
Smartphone-Based Analysis. To rapidly identify the eluting

length information resulting from a blood type assay,

smartphone-based analysis software (app) was developed.
The basic principle of the identification process is as follows:
If a short RBC eluting length appears in one channel, it will be
encoded as “1” by the app; on the contrary, if a long eluting
length occurs in the channel, it will be encoded as “0”. On the
basis of this design, all eight blood types are encoded as “AB
+”/“1 1 1”, “AB−”/“1 1 0”, “A+”/“1 0 1”, “A−”/“1 0 0”, “B
+”/“0 1 1”, “B−”/“0 1 0”, “O+”/“0 0 1”, and “O−”/“0 0 0”. The
code messages will be presented from the “A”, “B”, and then
“D” channel for further interpretation. Therefore, for instance,
when acquiring code message “1 1 0”, the app will interpret it as
blood type “AB−”.
To quantitatively assess whether one channel message is “1”

or “0”, references with eluting lengths of positive and negative
assays of this channel will be required for comparison purposes.
The app designed in this study has preloaded references which
were obtained from statistical analyses based on a large amount
of known blood samples; therefore, after acquiring the eluting
lengths of the target blood assay, the app will compare the
lengths with the references, transfer the length data to code
messages, and then interpret the code messages into the
corresponding blood type.
The basic statistical analysis principles used to obtain

references are described as follows: (1) assume both the
eluting length values of negative (Ln) and positive (Lp)
reactions in one channel, respectively, follow normal distribu-
tions: Ln ∼ N0(μ0, σ0

2) with unknown mean μ0 and unknown
variance σ0

2 and Lp ∼ N1 (μ1, σ1
2) with unknown mean μ1 and

unknown variance σ1
2; (2) on the basis of data measured from

negative reactions (sample size is Q) in this channel, get the
sample mean Ln and sample standard deviation sn. Since the
true value of standard deviation σ0 is unknown, the distribution
of the sample mean Ln follows the t distribution (tn) with mean
μ0 and standard deviation (sn/(Q)

1/2); (3) on the basis of data
measured from positive reactions (sample size is Q) in this
channel, get the sample mean Lp and sample standard
deviation sp. Similarly, since the true value of standard deviation
σ1 is unknown, the distribution of the sample mean Lp follows
the t distribution (tp) with mean μ1 and standard deviation (sp/
(Q)1/2); (4) two t distributions (tn and tp) obtained from step
(2) and step (3) are taken as the references for testing whether
the length value is “0” or “1”. For instance, two basic steps will
be run by this app for determining the code message of the “A”
channel: (1) Get the average value of eluting length in the “A”
channel of target sample; (2) At a significance level of 0.01, if

Figure 2. Eluting length difference in “A”, “B”, and “D” reaction bar
channels modified with different concentrations of NaAlg. Bar
channels based on untreated paper were used as controls (No
modification by NaAlg). “A”, “B”, and “D” channels were, respectively,
loaded with Anti-A, Anti-B, and Anti-D antibodies. The error bars
represent the standard deviation of five tests.

Figure 3. Actual assays of all eight ABO/RhD blood types by the
optimized barcode-like paper-based blood typing device.

Figure 4. Average eluting lengths for positive (P) and negative (N)
reactions in “A”, “B” and “D” channels.
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the value only falls into the confidence intervals for the mean μ0
based on tn distribution of “A” channels, get message “0”; if the
value merely falls into the confidence intervals for the mean μ1
based on tp distribution of “A” channels, get message “1”; if the
value fall into the confidence intervals of both tn and tp
distribution, the one whose sample mean value is closer to
the tested value will be chosen; otherwise, do not report the
result.
This app was tested on a Google Nexus 5 smartphone for

identifying blood assays (Figure 5) in this study. The blood

type of the target assays will be displayed and reported with text
on the smartphone screen. For simple operation of this app,
three scanning channels, which were indicated by three red
solid lines, have been designed for, respectively, scanning “A”,
“B”, and “D” channels. One simple instruction to operate this
app is to use the camera of the smartphone to make sure the
three indicating red lines of the app match with the “A”, “B”,
and “D” bar reaction channels of the paper-based device. Figure
6 shows that the snapshots of all eight ABO/RhD blood group

types were successfully text-reported by this Android app. This
barcode-like design makes smartphone-based analysis easier
and more reliable through reading the length information,
which is less affected by environmental factors (such as light
source, temperature, etc.) compared to other forms of signals
such as colorimetric and electric.
Validation for Blood Typing. A total of 98 blood samples

were assayed using this barcode-like blood typing device. All
samples were also assayed in the pathological laboratory of Red
Cross Australia using the mainstream blood typing technolo-
gies. These samples contain all the 8 blood types in the ABO

blood typing system. All results agree with those reported by
the Red Cross Australia. All results are shown in Table S-2,
Supporting Information.

■ CONCLUSIONS
In this study, a barcode reading concept has been applied for
the first time in designing paper-based devices by adapting to
smartphone-based technology. This sensor design has been
used for the application of blood typing. Users can obtain all
eight ABO/RhD blood types as text messages on the screen of
the smartphone, without the need of further interpretation. The
specific barcode-like design of the paper-based device makes
smartphone-based analysis more reliable by reading the bar
length information. In addition, by utilizing smartphone
technology, test results from paper sensors can be automatically
saved in e-form and transferred conveniently between users and
professionals. It is expected that paper-based technology with
smartphone diagnostics will be greatly expanded and applied as
a diagnostic platform for medical and environmental
applications.
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A study of the transport and immobilisation
mechanisms of human red blood cells in a paper-based
blood typing device using confocal microscopy†

Lizi Li, Junfei Tian, David Ballerini, Miaosi Li and Wei Shen*

Recent research on the use of bioactive paper for human blood typing has led to the discovery of a new

method for identifying the haemagglutination of red blood cells (RBCs). When a blood sample is

introduced onto paper treated with the grouping antibodies, RBCs undergo haemagglutination with

the corresponding grouping antibodies, forming agglutinated cell aggregates in the paper. A

subsequent washing of the paper with saline buffer could not remove these aggregates from the

paper; this phenomenon provides a new method for rapid, visual identification of the antibody-specific

haemagglutination reactions and thus the determination of the blood type. This study aims to

understand the mechanism of RBC immobilization inside the paper which follows haemagglutination

reactions. Confocal microscopy is used to observe the morphology of the free and agglutinated RBCs

that are labelled with FITC. Chromatographic elution patterns of both agglutinated and non-

agglutinated RBCs are studied to gain insight into the transport behaviour of free RBCs and

agglutinated aggregates. This work provides new information about RBC haemagglutination inside the

fibre network of paper on a microscopic level, which is important for the future design of paper-based

blood typing devices with high sensitivity and assaying speed.

Introduction

Accurate and rapid determination of human blood groups is
imperative for many medical procedures such as blood trans-
fusion and organ transplantation.1 Blood groups are classied
based on inherited differences (polymorphisms) in antigens on
the surface of the red blood cells (erythrocytes). The Interna-
tional Society of Blood Transfusion (ISBT) recognises 328
different antigens and 30 major blood group systems, among
which the ABO and Rhesus systems are of the greatest clinical
importance.2 Without ABO compatibility testing, around one
third of unscreened blood transfusions would lead to poten-
tially fatal haemolytic transfusion reactions. The RBC antigen D
of the Rh system is considered to be the most common culprit,
also causing haemolytic disease of the foetus and in newborns
(HDFN).2

The majority of techniques for determining the ABO and Rh
blood type are based on the principle of observing haemag-
glutination between RBC antigens and serum antibodies. Hae-
magglutination occurs when multi-armed antibodies bind to
the particular binding sites on the antigens of RBCs, adhering
cells together and leading to the formation of larger blood

lumps that cannot be stably suspended in the plasma.
Currently, the most common assays used for the identication
of blood groups include the slide test, tube test, micro plate and
solid phase assays, as well as the column agglutination
system.3–8 Recently, advanced blood typing assays based on
gene sequencing of DNA9,10 and ow cytometry11 have been
reported. Blood typing assays that are currently used in hospi-
tals and pathological laboratories are capable of sensitively and
specically identifying blood types; they are reliable and
robust.12 However, few point-of-care assays can be done without
either dedicated laboratory instruments or the direct handling
of the antibodies by the personnel who carry out the tests (such
as the slide and tube tests).13,14 In addition, the equipment-
based assays usually take a long time (10–30 min), and the costs
are high.7,12 A disadvantage common to all blood typing assays
is that it is difficult for non-professionals and lay-users to
interpret the assay result, since currently available blood typing
devices require users to have some knowledge of blood typing
and an understanding of the device working principle. It follows
that the availability of simple, rapid, cheap, and reliable
methods for blood typing would be of signicant benet
for point-of-care applications, such as bedside compatibility
checks, fast blood typing in emergency scenarios, and in
developing regions or remote locations where there may be no
access to laboratory facilities.14

Paper is a material fabricated from cellulosic bres, which
are easy-accessible, recyclable, environment-friendly and of
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low-cost.15 The promising use of paper for environmental and
diagnostic applications has been strongly highlighted.16–18

Recently, innovations in the use of bioactive paper to perform
blood typing assays have been reported in the literature;14,19–21

these innovations are based on a new mechanism for identi-
fying haemagglutination. Khan et al.19 found that agglutinated
blood samples resulting from antibody-specic haemaggluti-
nation reactions transport differently in the porous structure of
paper than stable blood samples with well dispersed red cells.
They observed that agglutinated RBCs in paper could not be
eluted chromatographically by the wicking of blood serum. This
observation marked the discovery of a new blood typing method
which relies on the visual identication of red cell transport
behaviour in paper which led to a new concept for fabricating
low-cost blood typing devices. Following work by Ballerini
et al.22 showed that the same principle could be used to fabri-
cate inexpensive thread-based blood typing devices.

Jarujamrus et al.20 investigated the separation of the agglu-
tinated RBCs from the blood serum phase in lter paper. They
took a biochemical approach and analysed the amount of
antibody that could be washed off from an antibody-treated
lter paper. Their hypothesis was that a blood sample intro-
duced onto a piece of antibody-treated paper could re-dissolve a
fraction of antibody deposited and dried on the bre surface.
The re-dissolved antibody molecules could then engage in
specic interactions with the RBCs, leading to haemagglutina-
tion within paper. Jarujamrus et al.20 showed that between 34
and 42% of antibody molecules carried by the antibody-treated
paper could be re-dissolved by saline solution or a blood
sample. Al-Tamimi et al.14 reported a chromatographic elution
technique for blood typing. Their results showed that aggluti-
nated RBCs in paper were immobilised within the paper
structure and could not be eluted by saline solution, while non-
agglutinated RBCs could be eluted easily. Their results again
showed that agglutinated RBC lumps inside the paper have
drastically different transport behaviour from non-agglutinated
RBCs (Fig. 1). Al-Tamimi et al.14 and Su et al.23 have also

shown that the efficiency of chromatographic separation of
agglutinated and non-agglutinated RBCs on paper could be
increased by controlling the thickness and porosity of the paper.

More recently, Li et al.21 applied this difference in transport
behaviour between agglutinated and non-agglutinated RBCs in
paper to design the rst text-reporting blood typing device. This
design presented a new concept of adding grouping antibodies
onto paper which had printed patterns of text and symbols (i.e.
to dose anti-A into the printed text pattern “A”). If the RBCs of a
blood sample undergo haemagglutination reaction due to anti-
A in the text pattern “A”, agglutination of RBCs would occur
inside the patterned “A” zone; the deep crimson red colour
formed by the agglutinated RBCs could not be washed away by
saline solution and the paper will report the blood type of this
sample with a letter “A” formed by the colouring effect of the
agglutinated RBCs. This design enables non-professional users
who may not have the knowledge of blood typing to identify
blood types; it is suitable for developing countries where trained
medical professionals may not be always available. The text-
reporting blood typing concept using bioactive paper has since
been explored by the diagnostic industry as a new class of
sensitive, rapid and user-friendly device.

In this study we focus on understanding the mechanism of
haemagglutination-induced immobilization of RBCs in anti-
body-treated bioactive paper. Microscopic evidence will be
sought to understand (a) the morphology of the non-aggluti-
nated RBCs in the bre network of paper, (b) the morphology,
size and distribution of agglutinated RBC aggregates formed
aer haemagglutination in the bre network and (c) the trans-
port behaviour of individual RBCs and large agglutinated RBC
lumps driven by the wicking saline solution in paper. Confocal
microscopy is used to observe RBCs and agglutinated RBC
lumps in the bre network of paper. The results of this study
revealed details of RBC agglutination inside the bre network of
paper with clarication on a cellular level. The immobilisation
mechanism of the agglutinated RBC lumps inside the paper is
established. Information obtained from this study will be used
to guide future device designs, particularly the design of the
paper structures suitable for the low-cost blood typing papers.

Experimental
Materials

Anti-coagulated blood samples were acquired from adult
volunteers of known blood group by Dorevitch Pathology, Aus-
tralia. All blood samples were stored in Vacutainer� tubes
containing heparin, citrate and EDTA at 4 �C, and used within
5 days of collection. Epiclone� anti-A, anti-B and anti-D
monoclonal grouping reagents were sourced commercially from
the Commonwealth Serum Laboratory, Australia. Anti-A and
anti-B are transparent solutions, coloured cyan and yellow
respectively, while anti-D is a clear colourless solution. Mono-
clonal grouping reagents were also kept at 4 �C. Kleenex paper
towel with a basis weight of 34 g m�2 and a thickness of 140 mm
was purchased from Kimberly-Clark, Australia. Analytical
grades of NaCl, KCl, Na2HPO4, and KH2PO4 were obtained from
Sigma-Aldrich and used for preparation of physiological salt

Fig. 1 An example of paper-based assay for rapid blood typing. (a) A schematic
diagram of the anti-body treated paper. (b) An actual test result of blood A+.14
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solution (PSS) and phosphate-buffered physiological salt solu-
tion (PBS, pH 7.4). Fluorescein isothiocyanate (FITC, isomer I,
product number: F7250) from Sigma-Aldrich was used for
labelling RBCs. Anhydrous dimethyl sulphoxide (DMSO, from
MERCK Chemicals Ltd, Australia) was employed to dissolve the
FITC. Anhydrous D-glucose was provided by AJAX Chemicals
Ltd., Australia. Microscope immersion oil was purchased from
Sigma-Aldrich, Germany.

Methods

Red blood cells were labelled using the methods reported by
Hauck et al.24 and Hudetz et al.25 Firstly, whole blood was
centrifuged at 800 r min�1 for 10 minutes and the plasma layer
was removed. The red cells collected from the bottom of the
centrifuge tube were then washed with PSS and incubated in
PBS with D-glucose (0.5 mg ml�1) and FITC (0.4 mg ml�1) for 3
hours. The labelled cells were then washed with PSS twice and
re-suspended at a hematocrit of 45%. The testing papers were
prepared by introducing 10 mL of antibody solution onto 10 mm
� 10 mm squares of Kleenex paper towel and allowing the
antibody to penetrate and dry for 1 minute. In order to form the
agglutinated blood lumps inside the paper sheet, 8 mL of
labelled and re-suspended blood sample was pipetted onto the
paper from the opposite side to which the antibody was intro-
duced. Thirty seconds were given for the interaction between
RBCs and the antibody within paper. Aer that, the sample was
placed onto a glass slide for confocal imaging. The microscopic
images were recorded from the side which the blood was
introduced into. A Nikon Ai1Rsi Confocal Microscope in the
facilities at the Melbourne Centre for Nanofabrication was used
for generating the confocal micrographs. The objective lenses
employed for imaging were 20� dry lens and 60� oil immersion
lens. Images of red blood cells within the antibody-treated
paper were captured as x–y images or a series of x–y images with
stepped variation in the z-direction for construction of 3D
images (or z-stack images). The resolution of all images was
1024� 1024 pixels and the step width for the z-stack images was
0.125–0.250 mm.

In order to gain a better understanding of the transport
behaviour of agglutinated and non-agglutinated RBCs on paper,
an experiment of chromatographic elution with PSS was per-
formed. Briey, 10 mL of antibody solution and 3 mL of blood
sample were dropped on a glass slide and allowed to react for
30 seconds. The mixture of blood and antibody was then
transferred from the glass slide onto a piece of Kleenex paper
around 2 cm from the lower edge of the paper, and allowed to
absorb completely for 1 minute. The Kleenex paper was then
suspended in PSS in a chromatography tank about 1 cm from its
lower edge to ensure the blood spot remained above the buffer
surface and the saline solution was allowed to elute up through
the paper by capillary wicking for 10 minutes. The paper was
then allowed to dry at room temperature on a blotting paper for
another 10 minutes and the elution patterns of RBCs were
characterized by observing the presence of RBCs at different
points away from the original blood sample spot with the
confocal microscope.

Results and discussion
Observation of red blood cells in paper by confocal
microscopy

In this confocal microscopy study a 405 nm laser was used to
observe the bre network of the Kleenex paper. The excitation
wavelength of this laser beam is able to generate uorescent
emission in the blue spectral region from lignocellulosic bres
of the Kleenex paper; the uorescent emission enabled clear
images of the bre network in the paper to be generated at a
satisfactory resolution. Fig. 2a shows a 2D image from a single
confocal scan of the Kleenex paper sample. Fig. 2b shows a 3D
reconstruction of a series of 2D scans from the same paper
sample; all scans were obtained using a 20� dry lens. These
results clearly show that the distribution of bres in the Kleenex
paper is even but random. The width of the lignocellulosic
bres that form the Kleenex paper is around 20 mm to 30 mm;
the spaces between these bres form the porous structure of
paper.

Fig. 3a and b show the FITC-labelled RBCs in the Kleenex
paper and on top of a glass slide, respectively. FITC is widely
used to attach a uorescent label to proteins via the amine
group. The isothiocyanate group in FITC reacts with amino
terminals and primary amines in proteins. Isomer I of FITC was
used in this study; it has the thiocyanate group on the fourth
carbon of the benzene ring. This isomer has been reported to be
suitable for labelling red blood cells.24,25 Our results as shown in
Fig. 3a and b are in good agreement with those reports. A

Fig. 2 2D (a) and 3D (b) confocal images of lignocellulosic fibers within paper
captured by 20� dry lens.

Fig. 3 Confocal images of RBCs labelled with FITC within paper (a) and on a slide
glass (b) captured by 20� dry lens.
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uorescent emission spectrum is generated from the FITC-
labelled red blood cells with a 488 nm laser line by the multiline
argon-ion laser of the Nikon Ai1Rsi Confocal Microscope; this
excitation wavelength is close to the absorption peak of FITC. As
a result, the distribution of FITC-labelled RBCs in the porous
structure of the paper can be clearly imaged by confocal
microscopy (Fig. 3, by 20� dry lens). Fortunately, the 488 nm
laser line cannot excite uorescent emission from the ligno-
cellulosic bres, therefore the bre network of the paper
appears as dark spaces as shown in Fig. 3a. Fig. 3b shows an
enlarged confocal image of FITC-labelled RBCs observed using
a 20� dry lens on a glass slide; it shows the morphology of RBCs
aer the FITC labelling. The RBCs retain the shape of centrally
depressed disks, with diameters of 6–8 mm and a thickness of
2 mm. These gures demonstrate that FITC-labelling of the
RBCs does not change the morphology of the RBCs and that
confocal microscopy is a suitable technique for obtaining
detailed, cellular level information of RBC behaviour in paper
made of lignocellulosic bres. It is expected that, by combining
the blue uorescent emission signal from the bre with the
green uorescent signal from the FITC-labelled red blood cells,
a full picture of the RBCs in paper can be obtained.

The activity of the red blood cell antigen aer FITC labelling

The FITC labelling of the red blood cells does not have any
noticeable effect on the activity of the RBC antigens on the
surface of the red cells. This was conrmed by comparing the
reactions of whole blood and FITC-labelled RBCs drawn from
the same source with the corresponding antibodies on glass

slides (results are not shown). Under the same assaying condi-
tions, FITC labelling does not cause discernible differences in
the sizes of the agglutinated RBC aggregates nor in the time
required for the RBCs to agglutinate aer coming into contact
with their corresponding antibodies.

Mechanisms of red blood cell immobilisation in antibody-
treated paper

Fig. 4a and b show the two-dimensional confocal micrographs
of RBCs of type O+ introduced into a paper sample treated with
anti-A reagent acquired using a 20� dry lens and a 60� oil
immersion lens respectively. These gures combine the signals
from the lignocellulosic bres in paper (blue) and the FITC-
labelled RBCs (green), and provide a much clearer visual iden-
tication of positions of the RBCs within the bre network.
Since O+ red blood cells do not carry the A antigen, no hae-
magglutination is expected to occur. Results shown in Fig. 4a
and b reveal that the O+ RBCs distribute rather uniformly in the
spaces of the bre network of the paper treated with anti-A.
Fig. 4c shows a 3D confocal image of type O+ RBCs in paper
treated with anti-A; it shows that red blood cells have penetrated
through the bre network and reached around themiddle of the
paper sheet. However, the RBCs remain free of any morpho-
logical change.

Fig. 4d and e show two examples of 2D confocal images of
type O+ RBCs in anti-D treated papers acquired using 20� dry
and 60� oil immersion lenses. Strong changes in both the RBC
distributions in the bre network and cell morphology show the
occurrence of haemagglutination of type O+ RBCs with anti-D.

Fig. 4 Confocal images of non-agglutinated and agglutinated RBCs within paper. (a) 2D image of non-agglutinated RBCs captured by 20� dry lens. (b) 2D image of
non-agglutinated RBCs captured by 60� oil lens. (c) 3D image of non-agglutinated RBCs captured by 60� oil lens; (d) 2D image of agglutinated RBCs captured by 20�
dry lens. (e) 2D image of agglutinated RBCs captured by 60� oil lens. (f) 3D image of agglutinated RBCs captured by 60� oil lens. The separate (non-combined) images
of paper and labelled RBCs can be found in the ESI.†
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Several observations may be made regarding the mechanism of
RBC haemagglutination inside paper. First, the sizes of agglu-
tinated RBC lumps vary signicantly. Most lumps contain
hundreds of RBCs, while others contain only a few. The bonding
of antibody molecules with the RBCs appears to be strong, since
some RBCs appear to have lost their natural disk-like shape
when they become agglutinated. However, haemagglutination
of RBCs does not cause massive haemolysis of the cells; this is
supported by the observation that although cells formed
aggregates, the proles of cells can still be identied.

Secondly, many RBCs have moved toward one another
during haemagglutination to form large lumps. The movement
of red cells freed large areas of the bre surface from cell
coverage (Fig. 4d and e). Fig. 4f also shows that there are a few
single red blood cells that apparently adhere to the bre surface.
This raises the possibility that some individual red cells could
undergo interactions directly with the antibody molecules
adsorbed on the bre surface and become immobilised there.
While this possibility does exist, the bre surface coverage by
such individual cells is small; these adsorbed, individual cells
make negligible visual contribution to the assay result. These
observations support the conclusion of a previous study by
Jarujamrus et al.,20 who found that a signicant fraction of
antibody molecules introduced into an antibody-treated paper
could be washed off from the bre surface by saline solution or
by the serum phase of a blood sample. Therefore the dominant
mechanism of RBC agglutination inside an antibody-treated
paper is through the haemagglutination caused by the released
antibody molecules from the bre surface.

Thirdly, the confocal results show that the major mechanism
for the immobilisation of the agglutinated RBC lumps inside
the bre network is the strong adhesion of the lumps to the
bres and mechanical entrapment. Fig. 4d–f show that large
agglutinated RBC lumps of the dimension similar to those of
the interbre pores were formed inside the paper and the
entrapment and adhesion of those lumps occurred mostly at
the gaps and pores between bres. These factors make the
chromatographic elution of the lumps practically impossible.
The confocal results are in full agreement with the conclusion
by Al-Tamimi et al.;14 they provide detailed microscopic
evidence of the working mechanism of this new blood typing
method using bioactive paper.

An application study of blood elution patterns in paper using
the confocal method

One design of bioactive paper-based blood typing devices for
identication of haemagglutination in paper is based on paper
chromatography.14 Grouping antibodies (anti-A, anti-B and anti-
D) are rst spotted at 2 cm above the bottom edge of a piece of
Kleenex paper, then a blood sample is introduced onto the
grouping antibody spot; the spot containing antibody and the
blood sample is referred to as the “antibody and blood sample
zone”. The Kleenex paper is then dipped into a chromato-
graphic tank, with the bottom edge slightly submerged into the
saline solution. The saline solution penetrates through the
interbre pores of the paper towel, wicking across spots of

grouping antibodies and the blood samples within the spots. If
haemagglutination occurs in the antibody spots, the aggluti-
nated blood sample will not be eluted up by the rising saline
solution. If haemagglutination does not occur, the blood
sample will be eluted out of the grouping antibody spot, form-
ing an elongated, visible chromatographic track of blood. The
difference in the elution behaviours of the blood sample
provides an easy and accurate method for the identication of
the blood type.14

In practice, however, two elution bands may be observed.
The rst band can be observed close to the elution front of
saline solution and the second band can be observed behind the
rst band. In some assays, these two bands could be observed
simultaneously; in other assays only one could be observed.
Fig. 5 shows a schematic description of this phenomenon.
Confocal microscopy was used to investigate the two bands to
gain an understanding of this phenomenon.

In this study, FITC-labelled RBCs were used to perform the
chromatographic elution blood typing assays. The FITC-
labelled RBCs were rst mixed with each of the grouping anti-
bodies on separate glass slides to ensure complete reaction; the
mixture of blood and antibody reagent was then spotted onto
the Kleenex paper and chromatographic elution was begun.
This procedure was adopted in this investigation because the
two bands could be reproducibly observed in all assays. The
chromatographic elution patterns of the A+ blood sample with
anti-A, anti-B and anti-D, as well as the patterns of the B+ blood
sample with the three antibodies, are presented in Fig. 6. In all
negative assays two bands can be observed simultaneously,
whereas in all positive assays only the rst band can be
observed.

For confocal microscopy investigation, samples of blood of
type A+ and B+ reacting with anti-B reagent were adopted to
represent non-agglutinated and agglutinated groups for chro-
matographic elution experiments by saline solution. The
confocal image taken from the antibody and blood sample zone

Fig. 5 A schematic diagram of the observed elution bands of RBCs on antibody-
treated paper.
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of the positive assay is shown in Fig. 7d. Large lumps of
agglutinated red blood cells are observed inside pores sur-
rounded by bres; this observation is consistent with the nd-
ings in Fig. 4. Another confocal image taken from the second
band of the negative assay shows sparsely populated single red
cells and small clusters formed by a few red cells on the bre
surface (Fig. 7b). This band therefore consists of the eluted,
non-agglutinated RBCs. Further confocal images taken from the
position of the second band of a positive assay failed to identify
any RBCs (Fig. 7e). This is because most of the RBCs have been
agglutinated in the spotting point in the antibody and blood
sample zone; only a very small number of free RBCs are

available in this zone for chromatographic elution. Therefore it
is very difficult to nd free RBCs from the position of the second
band. The confocal result is in good agreement with the elution
pattern of positive assays observed in Fig. 6.

Confocal images of the rst bands of all negative and posi-
tive assays did not show any cells, despite Fig. 6 showing that
the rst bands of all assays have a weak blood colour. An
explanation is that the rst band is the elution band of hae-
moglobin from the internal uid of ruptured RBCs; this band
has the deep red colour of blood but not due to the presence of
non-ruptured RBCs. To support this explanation, chromato-
graphic elution of two haemolysed blood samples of type A+ and

Fig. 6 Chromatographic elution patterns of A+ and B+ blood samples reacting with grouping antibodies anti-A, anti-B, and anti-D.

Fig. 7 Confocal images of chromatographic elution patterns of non-agglutinated RBCs at an elution distance of 0 cm (a), 5 cm (b), and 8 cm (c) and agglutinated RBCs
at an elution distance of 0 cm (d), 5 cm (e) and 8 cm (f).
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O+ was conducted under the same conditions. The haemolysed
blood samples were obtained by mixing 3 mL of blood and 10 mL
of distilled water for 5 minutes. The activity of haemolysed
blood samples was evaluated by adding their corresponding
grouping antibodies. The absence of haemagglutination reac-
tions proved that the haemolysis of the RBCs had occurred.
The chromatographic elution patterns of haemolysed blood
samples of type A+ and O+ are shown in Fig. 8. The presence of
only the rst band conrms that it is indeed caused by the
haemoglobin released aer haemolysis of RBCs.

In this application study, the confocal microscopy method
was used to investigate the two chromatographic elution bands
and the spotting zone of blood typing assays on paper for the
details of their composition. Confocal micrographs reveal that
the rupture of RBCs occurred in the spotting zone. Haemoglo-
bin released by the ruptured cells was eluted by the saline
solution faster than the free RBCs and small cell clusters
resulting in the rst band close to the elution front, while free
RBCs form the second elution band.

Conclusions

A confocal microscopy method was developed to study the
mechanism of the agglutination of RBCs in a paper-based blood
typing device. This work shows that confocal microscopy is a
suitable technique for providing the details of RBC agglutination
at the cellular level inside the bre network of paper. Human
RBCs can be labelled with FITC without the antigens on the
surface of the red cells losing their activity. Two laser beams of
differing wavelength were used to excite uorescent signals with
two different emission wavelengths in lignocellulosic bres and
FITC-labelled red cells. These confocal signals were collected by
different channels and converted into 2D and 3D confocal
images for investigation of the bre network, RBCs, and the
different distributions of free RBCs and agglutinated blood
lumps inside the bre network. The non-agglutinated RBCs do
not undergo morphological change, distributing rather

uniformly in the spaces of the bre network and staying around
the middle of the paper sheet. On the other hand, the aggluti-
nated RBCs are deformed, forming blood aggregates immobi-
lised randomly at different positions on the bre surface.

A Kleenex paper towel was used as the substrate to prepare
the paper-based blood typing device. The size of the interbre
pores of the Kleenex paper was shown by confocal micrographs
to bemuch larger than the RBCs; the RBCs can thus be eluted by
saline solution either vertically or laterally through the inter-
bre pores. RBCs undergo haemagglutination inside paper that
was treated with the corresponding antibody. It has been
conrmed by the confocal study that the release of antibody
molecules from the bre surface by dissolution is the main
mechanism that causes haemagglutination. Haemagglutina-
tion of RBCs in the bre network results in the formation of
large lumps of aggregated cells, which become immobilised by
mechanical entrapment within the interbre pores. These
aggregates could not be eluted by saline solution and thus result
in the visual effect of the blood colouring becoming xed on the
paper. The non-agglutinated RBCs can be eluted by saline
solution, therefore leaving no colour on paper aer elution.

The confocal method was used to understand the chro-
matographic bands formed when blood samples are eluted in
paper. This confocal method will be a powerful tool for under-
standing antibody and RBC interaction and for designing more
sensitive bioactive paper-based blood typing devices in the
future.
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ABSTRACT: This paper reports a potential method that can restore the wettability of
bioactive paper-based sensors while maintaining their bioactivity. This study is driven by the
need to increase the wettability of the antibody-loaded blood typing paper devices in order
to increase the blood typing assaying speed using such paper devices. Plasma treatment is
used to improve the wettability of bioactive paper; the protective effect of bovine serum
albumin (BSA) to biomolecules against plasma deactivation is investigated. In the first stage,
horseradish peroxidase (HRP) was used as a model biomolecule, because of the convenience
of its quantifiable colorimetric reaction with a substrate. By using this protection approach,
the inactivation of biomolecules on paper during the plasma treatment is significantly slowed
down. This approach enables plasma treatment to be used for fabricating paper-based
bioactive sensors to achieve strong wettability for rapid penetration of liquid samples or
reagents. Finally, we demonstrate the use of plasma treatment to increase the wettability of antibody treated blood typing paper.
After the treatment, the blood typing paper becomes highly wettable; it allows much faster penetration of blood samples into the
plasma treated testing paper. Antibodies on the paper are still sufficiently active for blood typing and can report patients’ blood
type accurately.

KEYWORDS: paper-based, bioactivity, wettability, low-cost diagnostics, blood typing, plasma treatment

■ INTRODUCTION

The recent rapid advancement in bioactive paper-based
diagnostics has shown enormous promise of this new platform
technology in improving human health in the developing
world.1−5 Some novel proof of concept studies focusing on
specific diagnostic assays and methods of assay result
transmissions have demonstrated that paper-based diagnostics
have superior application potentials to many currently available
technologies in obtaining rapid diagnoses under the un-
supported field conditions.2,4,6 Major research and develop-
ment groups in this field have estimated that real applications of
bioactive paper diagnostics are getting closer to becoming
reality, although there are still hurdles to overcome.7−9

Among the engineering considerations of an up-scaled
production of bioactive paper devices, a top priority is to
retain all the required properties of the substrate and
biomolecular materials in a fabrication process so that the
performances of the fabricated devices are at their optimum.
For most bioactive paper-based devices, paper wettability and
paper bioactivity are two of the most important properties,
which determine the performance of the devices. In the
fabrication of some devices, it was found that the introduction
of bioactive reagents can significantly reduce the wettability of
bioactive paper, seriously compromising the performance of the
device in a diagnostic test.
An example from our recent experience is the bioactive paper

device for blood typing.6,10,11 The working principle of a paper-
based blood typing device relies on the introduction of blood

typing antibodies into the paper first. Penetration of antibody
solution into the pores of the paper results in deposition of
antibody molecules and an additive, such as BSA, on the fiber
surface. The so-formed bioactive blood typing paper is expected
to function when a blood sample is added onto the paper. First,
the blood will redissolve the deposited antibody from the fiber
surface into the blood serum. The dissolved antibody will be
able to interact with the antigens on the surface of the red
blood cells (RBCs). The antibody-RBC interaction may either
cause agglutination of the red cells or have no effect on them.
With the aid of saline washing, the agglutination or non-
agglutination of RBCs will be revealed.6,10,11

This simple design has confronted an unexpected problem of
reduced wettability of the antibody loaded paper by the blood
sample when antibodies from commercial sources are used.10

Figure 1 shows the degree of poor wetting of the antibody-
loaded paper compared with paper without antibody. The poor
wettability of the paper significantly reduces the speed of liquid
penetration. An easy and upscalable solution for restoring the
wettability of the paper could be by plasma treatment. In a
plasma environment, energetic electrons, ions, and radical
species impinge on the surface, leading to physical and chemical
changes of the surface in three main ways: 1) Etching. Plasma
treatment is used to remove materials from solid surfaces. 2)
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Activation. It is used to chemically and/or physically modify the
surfaces so that the modified surfaces carry active species. 3)
Coating. It is used to deposit a thin film of material on solid
surfaces.12 Martinez et al. and Abo et al. respectively
demonstrated the use of plasma treatment as a step of
μPADs fabrication to increase channel wettability.1,13 Li et al.
and Tian et al. also used plasma treatment to increase the
wettability of the thread-based microfluidic device and V-
groove microfluidic device on polymer film by removing the
contaminant deposits on the surface.14,15 In another study by Li
et al., plasma treatment has been utilized as a patterning
method to selectively etch hydrophilic patterns onto a piece of
hydrophobic filter paper to create the μPADs.3 After plasma
treatment, the sample delivery channels and detection areas of
these devices become highly wettable. Aqueous solution of
biomolecules and detection reagents can be easily loaded into
the paper by absorption, to form a complete sensor.
While plasma treatment is an easy and matured technology

for surface treatment to increase materials’ wettability, it can
significantly reduce the activity of biomolecules.16−18 Plasma
treatment has been widely used as a method for biodecontami-
nation.17,19,20 Von Keudell showed that plasma treatment can
efficiently inactivate a range of biocontaminants including
micro-organisms, bacteria and proteins, etc.16 Plasma treatment
allows energetic particles to destroy or modify surface chemical
bonding of materials, causing a variety of proteins to denature.
In our bioactive paper studies, however, we found that

plasma treatment imposes a much weaker destructive effect on
blood typing antibodies than expected. Blood typing antibodies
do not lose their functions in blood typing assays. This
surprising observation was found to be reproducible. One
possible reason for this observation is the presence of certain
protection addictives in the antibody reagent. Based on the
supplier’s specification, the antibodies contain 1−5% BSA as a
protection additive. There are reported bioactivity protection
methods in the literature, but most of these methods focus on
the protection of the activity and stability of proteins and
enzymes from the inhibition induced by temperature, soluble
additives, and even radiation.21−24 In those methods, BSA is a
widely used stabilizer that prevents the thermally induced
inactivation of biomolecules. Moreover, BSA has also been
reported to have a protection effect on enzyme activity from the
inhibition caused by a toxicant. Our hypothesis is that BSA may
contribute to the protection for antibody during the plasma
treatment. If the destructive effect of plasma to biomolecules
can be reduced through a simple method, then plasma
treatment can be used to improve the wettability of bioactive
papers; it will greatly improve the fabrication of low-cost
sensors.

In this paper, we used horseradish peroxidase (HRP) as a
model biomolecule to demonstrate the influence of plasma
treatment to the activity of biomolecules on paper. The choice
of HRP is based on the fact that its activity can be visually
shown by using a suitable liquid substrate; HRP therefore
provides an easy way to assess the activity loss of the
biomolecule. We compared the activity of HRP paper loaded
with a range of concentrations of HRP solutions before and
after plasma treatment. The effect caused by plasma with
increasing treatment time on the activity of HRP paper loaded
with a given concentration of HRP solution was also studied.
An effective strategy that can protect the biomolecules on paper
from being deactivated by plasma treatment was investigated.
This strategy offers a significant flexibility to the fabrication of
bioactive paper based sensors; this flexibility allows the
enhancement of the device’s wettability and the addition of
bioactivity to the paper to be performed in any desired
sequence, effectively reducing practical fabrication constraints
in device production.

■ EXPERIMENTAL SECTION
Materials and Equipment. Horseradish peroxidase (HRP) (Type

I, lyophilized powder, 100 KU) was obtained from Sigma-Aldrich.
HRP powder was dissolved in phosphate-buffered saline (PBS, pH
7.4) to make stock solution (1 mg/mL). A liquid substrate system of
HRP, 3,3′,5,5′-tetramethylbenzidine (TMB), was obtained from
Sigma-Aldrich and used for HRP activity analysis. The activity of
enzymatic paper containing HRP molecules can be calorimetrically
assessed by using TMB substrate. After applying the liquid substrate to
an HRP loaded enzymatic paper, the enzyme-catalyzed reaction will
occur. The intensity of the blue color developed through this reaction
reflects the activity of HRP in paper. The blue color of the reacted
substrate was then scanned into a computer, and the activity of HRP
was quantitatively analyzed using computer software.

Commercial antibody solutions of red blood cell antigens A, B, and
D (Epiclone Anti-A, Anti-B, and Anti-D monoclonal grouping
reagents) were obtained from CSL, Australia. Anti-A and Anti-B are
color-coded blue and yellow solutions, respectively, whereas Anti-D is
a clear solution. These antibodies are made of immunoglobin M
(IgM). Normal saline (0.85 g NaCl in 100 mL of deionized water
(18.2 MΩ cm−1)) was used as diluent and washing solution in this
study. Blood samples were collected from 3 adult volunteers; the
samples were kept in standard plastic vials containing lithium heparin
anticoagulant. Antibody solutions and blood samples were stored at 4
°C, and blood samples were used within 5 days.

Filter papers (Whatman grade 4) were cut into 1 cm × 1 cm squares
for fabricating HRP and HRP-BSA paper. A Kleenex paper towel was
cut into 5 mm × 5 mm squares which were used as the base substrate
for making the blood typing device, while standard blotting papers
(drink coaster blotting, 280 g/m2) were used to remove excess liquids
during device preparation.

K1050X plasma asher (Quorum Emitech, U.K.) was used for
plasma treatment. The vacuum level for the treatment was 6 × 10−1

mbar. The paper samples were always placed in the center of the
chamber during the treatment for a consistent effect of treatment.

Test of Activity of HRP Paper without Plasma Treatment.
HRP stock solution was diluted with to get serially diluted HRP
standard solutions with the concentrations of 0, 1, 2, 3, and 4 μg/mL.
About 10 mL of HRP solution in a plastic Petri dish (I.D. = 8.5 cm)
was used for soaking paper. Five filter paper squares were respectively
soaked in each diluted HRP solution for 2 s. The wet paper squares
were not blotted. They were put onto a piece of plastic film and dried
in a fume hood for 20 min. After drying, each paper square received an
addition of 15 μL of TMB liquid substrate solution. These paper
squares carrying TMB were then placed into a dark box for 2 min to
develop color changes of the substrate on paper. Color intensity of
scans of the filter paper squares was measured using Adobe Photoshop

Figure 1. (a) 4 μL of blood penetrates into untreated paper and (b) 4
μL of blood stands on an antibody treated paper.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am301699m | ACS Appl. Mater. Interfaces 2012, 4, 6573−65786574



CS software; the calibration curve was then obtained. Error bars
(relative standard deviation) were obtained from five repeats of the
whole experiment.
Test of Activity of HRP-BSA Paper without Plasma Treat-

ment. Seven filter paper squares (1 cm × 1 cm) were soaked in
diluted HRP solution (4 μg/mL) and dried in a fume hood for 20 min.
Then, 15 μL of BSA solution with the concentrations of 0.1%, 0.2%,
0.5%, 1%, 2%, 3%, and 4% (w/v) were deposited onto each square,
respectively. After drying in the fume hood for 20 min, 15 μL of TMB
liquid substrate solution was added onto each of the filter paper
squares. These filter paper squares were then incubated for 2 min to
allow the color development. Finally, the filter paper squares were
scanned to get clear images. Error bars (relative standard deviation)
were obtained from five repeats of the whole experiment.
Test of Activity of HRP Paper after Plasma Treatment. Paper

Loaded with Different Concentrations of HRP Solution Treated
with Plasma for a Fixed Treatment Time. HRP stock solution was
diluted to standard solutions with the concentrations of 0, 1, 2, 3, and
4 μg/mL. Five filter paper squares (1 cm × 1 cm) were soaked in each
diluted HRP solution and dried in a fume hood for 20 min. Then, the
paper squares were plasma treated (50 W) for 60 s. Plasma treatment
was activated in vacuum, with a background air pressure of 6 × 10−1

mbar. TMB liquid substrate was added to the paper squares following
the same procedure used in the previous section.
Paper Loaded with a Known Fixed Concentration of HRP

Solution Treated with Plasma for Different Times. Six filter paper
squares (1 cm × 1 cm) were soaked in diluted HRP solution (4 μg/
mL) and dried in a fume hood for 20 min. Then, the paper squares
were plasma treated (50 W) for 0, 5, 10, 20, 40, and 60 s, respectively.
TMB liquid substrate was added to the paper squares following the
same procedure used in the previous section.
Test of Activity of HRP-BSA Paper with Plasma Treatment.

Paper Loaded with a Fixed Concentration of HRP Solution and BSA
Solution Treated with Plasma for a Fixed Treatment Time. Ten filter
paper squares (1 cm × 1 cm) were soaked in diluted HRP solution (4
μg/mL) and dried in a fume hood for 20 min. Then, 15 μL of BSA
solution with the concentration of 2% (w/v) was deposited onto these
squares. After drying in the fume hood for 20 min, the paper squares
were plasma treated (50 W) for 0, 5, 10, 20, 40, 60, 80, 100, 200, and
300 s, respectively. TMB liquid substrate was added to the paper
squares following the same procedure used in the previous section.
Paper Loaded with a Fixed Concentration of HRP Solution and

Different Concentrations of BSA Solution Treated with Plasma for a
Fixed Treatment Time. Seven filter paper squares (1 cm × 1 cm) were
soaked in diluted HRP solution (4 μg/mL) and dried in a fume hood
for 20 min. Then, 15 μL of BSA solution with the concentration of
0.1%, 0.2%, 0.5%, 1%, 2%, 3%, and 4% (w/v) were deposited onto
each paper square, respectively. After drying in the fume hood for 20
min, the paper squares were plasma treated (50 W) for 20 s. TMB
liquid substrate was added to the paper squares following the same
procedure used in the previous section.
Quantification of the Activity of Bioactive Paper from

Scanned Images. After each test, the colored paper squares were
imaged with a desktop scanner (Epson Perfection 2450, color photo
setting), then imported into Adobe Photoshop software, and

converted into CMYK mode. The mean cyan intensity was obtained
using the histogram function. This is because the cyan channel can
provide a larger dynamic range than other channels and further
increases the accuracy of the analysis of the developed color on the
paper squares. The ultimate mean intensity value was generated by
subtracting the measured average intensity of the colored paper
squares from the mean intensity of the blank control.

Blood Typing by Using Plasma Treated Testing Paper. A 5
mm × 5 mm Kleenex paper square was cut and treated by doping it
with 3.5 μL of undiluted (1×) commercial grouping antibody agent
and allowed to dry in a fume hood for 10 min. This Kleenex paper
square was then treated in a vacuum plasma reactor for 1 min, at an
intensity of 50 W. The vacuum level for the treatment was 6 × 10−1

mbar. A further 3.5 μL of undiluted (1×) commercial grouping
antibody agent was then introduced to the paper square (double
dope). The plasma treatment was then repeated once again. The
antibody-treated papers (with 2 × plasma treatments) are referred to
as the “testing papers” and are shown as the white squares in Figure 2.
The testing papers treated with Anti-A, Anti-B, and Anti-D are
specifically referred to as “paper A”, “paper B”, and “paper D”,
respectively.

A one-microliter blood sample was introduced onto the antibody
treated testing paper (Figure 2). Most of the sample was absorbed by
the testing paper. The nonabsorbed blood sample passed through the
testing paper and was absorbed by blotting paper. Twenty seconds was
given to allow interactions of RBCs with the antibody in paper. After
that, the testing paper was placed onto another blotting paper. Two
aliquots of 50 μL saline solution aliquot saline solution were gradually
introduced by a micropipet onto the blood sample-loaded testing
paper; the saline solution penetrated through the testing paper and
was absorbed by the blotting paper underneath the testing paper. The
testing paper was then separated from the blotting paper for visual
inspection. Visible blood stain on the testing paper indicates that RBC
agglutination occurred and the test is positive. On the other hand, if no
blood stain is observable on the testing paper, RBC agglutination did
not occur, and the test is negative. Following this principle an ideal
testing-result-matrix is presented in Figure S1.

■ RESULTS AND DISCUSSION

Effect Plasma Treatment of HRP Activity. Proteins,
including enzymes, can be denatured when they are exposed to
extreme conditions such as high temperature, mechanical
forces, radiation, plasma treatment, chemicals, and many
transition metal ions. Figures 3 (a) and 3 (b) clearly show
that plasma treatment has the effect of deactivating the HRP
paper. Since the TMB solution was added onto HRP paper, the
blue color was developed resulting from the enzyme−substrate
reaction (Figure 3 (a)). The HRP activity is indicated by the
intensity of the blue color. Figure 3 (c) shows the activity of
HRP paper treated with a series of concentrations of HRP
solution. However, after 60 s plasma treatment (50 W), the
blue color intensity was greatly reduced indicating a significant

Figure 2. A schematic diagram showing blood typing test protocol using paper and result interpretation.
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loss of enzymatic activity (Figure 3 (b)). This observation
clearly shows the devastating loss of HRP activity in paper by
plasma treatment.
To quantify the effect of plasma treatment on the activity loss

of HRP, the dried HRP paper, which was prepared by soaking
the paper in 4 μg/mL HRP solution, was chosen for further
investigation; the paper squares were treated with plasma (50
W) for different times, and the HRP activity was measured in
the same way. Figure 4 shows the rapid loss of HRP activity on
paper with the increase of plasma treatment time. It can be seen
from Figure 4 that there is a sharp decline of mean cyan
intensity with the increasing treatment time from 0 to 10 s,

showing that deactivation of HRP occurred in a very short time
under plasma treatment. After 20 s of plasma treatment, HRP
was almost completely deactivated. This study indicates the
activity of HRP is extremely susceptible to plasma treatment.

Protection of HRP from Total Inactivation Caused by
Plasma Treatment. The above results are in agreement with
many studies reported in the literature that plasma treatment
has devastating effects on activities of biointerfaces. In
fabrication of low-cost diagnostic devices such as bioactive
paper devices, however, it is ideal that bioactivities can be
protected from total inactivation by plasma treatment. At least
two scenarios can be perceived where such protection will be
necessary. First, if bioactivities can be protected from plasma
inactivation, then the fabrication process can be carried out
with more flexibility; plasma treatment of the device does not
have to be performed before the addition of bioactive reagents
into the device. Second, the biochemical method used for
protecting the plasma inactivation could be used as a method of
patterning of bioactivity. In this study, however, we focus on
proving the concept of using BSA to protect the bioactivity
from total inactivation by plasma treatment.
In order to quantitatively evaluate the protective action of

BSA against the inactivation of HRP paper caused by plasma
treatment, a range of concentrations of BSA solution was
prepared to create a protective layer over the HRP paper. In
order to understand the addition of BSA to the activity of HRP
on the paper, HRP activities on paper with and without BSA
were compared. It can be seen from Figure 5 (a) that the

addition of a BSA layer over the HRP paper slightly reduced
the activity of HRP, nevertheless the HRP still remain active. A
possible reason for this observation may be that the protective
layer of BSA slows down the penetration of the TMB solution,
which restricted the accessibility of TMB to the HRP molecules
that are covered by the BSA layer. Therefore, the shorter
reaction time led to a slightly weaker development of color.
The most interesting result can be seen in Figure 5(b), which

clearly shows that HRP molecules on the HRP-BSA paper
retain a substantial level of activity after plasma treatment (50
W, 20 s). Compared with Figure 4, the inactivation of HRP on
paper is significantly slowed down. This result suggests that the
protection layer of BSA offers protection to HRP in paper
against damage by plasma treatment. The effect of protection

Figure 3. The comparison of the activities of a series of HRP paper
squares (a) without plasma treatment and (b) with plasma treatment
(50 W, 60 s); (c) measured mean cyan intensity of catalytic product
on HRP paper. (a) First, paper squares were treated with different
concentrations of HRP solution and dried in a fume hood. Then, 15
μL TMB was added on the squares. Image was obtained after 2 min
incubation. (b) First, paper squares were treated with different
concentrations of HRP solution and dried in a fume hood. Then, these
paper squares were treated with plasma (50 W) for 60 s. After that, 15
μL TMB was added on the squares. Image was obtained after 2 min
incubation.

Figure 4. The effect of plasma treatment on the activity of HRP on
paper.

Figure 5. The protective action of BSA on HRP paper: (a) untreated
HRP-BSA paper and (b) plasma (50 W, 20 s) treated HRP-BSA paper.
Filter paper squares were soaked in 4 μg/mL HRP solution. After
drying, these squares were dosed with 15 mL of different
concentrations of BSA solution. After drying in a fume hood for 20
min, HRP-BSA paper was fabricated. The calibration curve to convert
color intensity to equivalent concentration of HRP solution (ug/mL)
can be seen in Figure S3.
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could be improved with the increase of the concentration of
BSA up to approximately 2 wt %. Fifteen microliters of 2 wt %
BSA solution can provide a BSA layer with the concentration of
3 g/m2 on paper square. Further increase of BSA concentration
solution beyond 2 wt % offers little improvement of the
protection of HRP in paper. The results show that a stable
protection layer which was made of 2 wt % BSA solution offers
a significant level of protection to HRP against plasma
deactivation of HRP although such protection is not 100%.
The HRP activity that survived the plasma treatment shows
that BSA offers a practical means to protect the bioactivity in
paper, and the level of protection is sufficient to maintain its
bioactive function. The possible mechanism of the protection
of HRP by BSA may be due to the physical barrier effect of BSA
which shields the HRP molecules from the direct exposure to
the energetic particles in the plasma environment.
Kyliań et al. studied the plasma etching of a deposited BSA

layer on a silica surface. They found that the deposited BSA
layer can be etched away by plasma treatment.25 However, the
reduction of BSA layer under the plasma treatment was not
instantaneous; instead, it was shown to be a gradual process
with the increase of the amount of plasma treatment (i.e.,
intensity × time).
Figure 6 compares the stability between HRP paper and

HRP-BSA paper under plasma treatment. With increasing

treatment time, the intensity of developed cyan color of the
catalytic product on HRP-BSA paper was reduced. The trend
shown by Figure 6 (b) indicates that the activity of the HRP-
BSA paper underwent slower loss with the increase of plasma
treatment time, compared with the HRP paper without BSA.
This result shows that BSA has a positive protection effect on
HRP activity against plasma treatment. Normally, 20−30 s of
plasma treatment (50 W) can significantly improve the
wettability of low-wettable paper. After 20−30 s of plasma
treatment at 50 W, the measurement of HRP catalyzed color
change shows that greater than 70% of color intensity can still
be observed. This color intensity corresponds to near 40% of
enzyme activity. Even after 300 s of plasma treatment at 50 W,
measurement of HRP catalyzed color change shows that greater
than 40% of color intensity can still be observed indicating that
there is still an amount of enzyme molecules remaining active.

This finding shows the stability of HRP-BSA paper is greatly
improved over HRP paper, whose activity was almost
completely lost after 20 s of plasma treatment at 50 W.

Plasma Treatment of Papers Carrying Blood Group-
ing Antibodies. We return to the practical application of
improving blood wettability of blood typing paper that carries
the blood typing antibodies. As was mentioned earlier, when
blood typing antibodies from stated source are introduced on
the paper, the blood wettability of the paper reduces
significantly (Figures 7 (a) and 7 (b)). Such a reduction in

blood wettability negatively impacts on the performance of the
blood typing paper, since slow penetration of sample will slow
down the assaying speed. The most effective way to overcome
this problem is to restore the wettability of the paper.
Blood typing antibodies from stated source contain 1−5%

BSA as the stabilization reagent.10 Because of the hydrophobic
nature of BSA, its adsorption on cellulose fiber surfaces will
reduce wettability. However, based on our study of the HRP-
BSA system, the wettability of the paper carrying blood typing
antibodies should be restored by plasma treatment and the
blood typing antibody molecules should still be active.
Followed by this hypothesis, paper carrying blood typing
antibodies were plasma treated for 60 s at 50 W. After the
treatment, the blood wetting of the paper was restored; a blood
sample can completely penetrate into the treated paper within 3
s (Figure 7 (c)). This level of wettability fulfills the blood
penetration requirement of blood typing paper.
Figure 8 shows the blood typing results using the plasma

treated papers (50 W, 60 s). These results show that plasma
treatment can be used as a method to improve the wettability of
bioactive papers, provided that appropriate protection measures
are taken to prevent the plasma deactivation of the
biomolecules.

■ CONCLUSION
The concept of using plasma treatment to improve the
wettability of bioactive paper for rapid spreading and
penetration of liquid sample into paper was investigated.
Plasma treatment is shown to rapidly deactivate HRP molecules
on paper. In this study, we found that BSA can act as a
molecular chaperone to protect HRP in paper against
inactivation caused by plasma treatment. The successful
protection of biomolecules by BSA enables plasma treatment
to be used as a part of the fabrication process for the mass
production of paper-based sensors in which strong wettability
of bioactive areas such as detection areas on a device is

Figure 6. The stability of HRP paper (a) and HRP-BSA paper (b)
under plasma treatment (50 W). Filter paper squares were soaked in 4
μg/mL HRP solution. After drying, these squares were treated with 15
mL of BSA solution (2 wt %). After drying in fume hood for 20 min,
the preparation of an HRP-BSA paper sample was completed. The
calibration curve to convert color intensity to equivalent concentration
of HRP solution (μg/mL) can be seen in Figure S4.

Figure 7. Profile of blood in/on (a) paper; (b) antibody paper
(contact angle = 122.2°); and (c) plasma treated antibody paper. (a)
Kleenex paper square without any treatment. (b) Kleenex paper square
treated by adding antibody solution twice. (c) Kleenex paper square
treated using the same treatment procedure as blood typing paper.
Four microliters of blood was deposited onto each paper square
respectively. After 3 s, images were taken to compare the status of
blood sample on each paper. Blood penetrated into paper (a) and
plasma treated antibody paper (c) in less than 3 s. However, water
does not completely penetrate into antibody paper (b) within 30 s.
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required. We also demonstrated a real bioactive paper
application of blood typing paper. Plasma treatment of
antibody loaded papers greatly increases the blood penetration
rate into the paper and at the same time leaves a sufficient level
of antibody activity to agglutinate RBCs that carry the
corresponding antigens. Plasma treatment of the blood typing
papers shows that this method may be further developed into a
fabrication step in mass production of bioactive paper
diagnostics where devices must have a high level of wettability
and sufficient bioactivity. This study shows that the sequence of
plasma treatment and the introduction of bioactive reagents
onto paper may no longer be an engineering restriction in
sensor production. These two fabrication steps can be
implemented in any sequence to suit the engineering of the
best production efficiency.
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(18) Fumagalli, F.; Kyliań, O.; Amato, L.; Hanus,̌ J.; Rossi, F. J. Phys.
D: Appl. Phys. 2012, 45, 135203.
(19) Birmingham, J. G.; Hammerstrom, D. J. IEEE Trans. Plasma Sci.
2000, 28, 51−55.
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Cellulose paper specimens with and without surface modification were 
compared in order to study their physicochemical compatibility with 
quantum dots (QDs) for biochemical sensing applications. Silane and 
chitosan modification methods were applied. The distribution of QDs 
deposited on untreated paper, and papers modified with silane and 
chitosan were investigated in order to understand the interaction 
between QDs and fibre. Modified papers were shown to significantly 
reduce the undesirable redistribution of QDs during paper drying. The 
retention ability and thermal resistance of QDs to the loss of 
fluorescence on modified papers were also studied for the purpose of 
determining the most suitable paper surface modification for developing 
QD-Paper-based analytical devices (QD-PADs). Furthermore, chitosan-
modified paper was used to design QD-PADs to quantify glucose 
concentration in aqueous samples; the quenching effect of the enzymatic 
product on the fluorescent emission of QDs was used as the indicator 
system. The change of fluorescence of QDs was measured by a simple 
in-house constructed fluorescence imaging system. The detection limit of 
glucose was 5 mg/dL, which is comparable with other reported paper 
sensors for detection of glucose. 
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INTRODUCTION 
 
 In recent years cellulose paper has attracted the interest of those working in the 
field of developing paper-based analytical devices (PADs) for diagnostics applications 
(Balu et al. 2009; He et al. 2013). Made of cheap and widely available cellulose fibre 
(Hubbe et al. 2008), paper is a suitable material for manufacturing analytical sensors on a 
large scale to meet the demand of diagnostics from human populations living in 
developing regions. The rapid advancement of PADs research can be attributed to the 
unique physicochemical properties of paper including: compatibility with biological 
samples (Tan et al. 2012); easy surface modification to immobilize proteins, DNA, and 
other molecules (Xiao and Huang 2011; Araujo et al. 2012); and controllable wettability 
for transporting fluids (Tian et al. 2010). Historically, concepts of using paper for 
chemical assay tests have been explored from as early as 1937 (Yagoda 1937). Since 
2007, paper-based diagnostics have been re-discovered and pursued by many research 
groups globally; a trend initiated by the Whitesides Group (Martinez et al. 2007).  
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 During the development of PADs several techniques have been reported for 
qualitative or semi-quantitative sensing applications, such as colorimetric (Xiao et al. 
2013), electrochemical (Dungchai et al. 2009), chemiluminescent (Liu et al. 2013), and 
fluorescent methods (Ma et al. 2012). At the same time, a variety of sensor probes, whose 
properties change when they interact with analytes, have been adapted to these methods 
and used to indicate the functions of paper sensors (Li et al. 2012; Liu et al. 2013). The 
performances of probes applied in PADs are extremely important for obtaining accurate 
assay results. Quantum dots (QDs) have been considered to have great potential as 
fluorescence probes for biosensing (Hai et al. 2013; Chen et al. 2013). In particular, the 
comparable dimensions of QDs and biomolecules, such as proteins and DNA, enable the 
preparation of biocompatible QD-bioconjugates with special recognition functions (Li et 
al. 2011). Their excellent properties such as photo-stability and broad absorption spectra, 
together with high surface activity, make QDs advantageous probes in the development 
of biochemical sensors (Li et al. 2011).  

Recently, a few studies have been published about the combination of QD probes 
with cellulose paper for sensing applications (Niu et al. 2011; Yuan et al. 2012; Noor et 
al. 2013). Yuan et al. reported the use of polymer QD-enzyme hybrids on PADs to detect 
the presence of a substrate with corresponding enzymes (Yuan et al. 2012). Noor et al. 
proposed a paper-based solid phase nucleic acid hybridization assay using immobilized 
QDs as donors in fluorescence resonance energy transfer (Noor et al. 2013). The QDs 
and QD conjugates were immobilized onto the surface of paper through imidazole 
ligands modification chemistry. These works successfully demonstrated applications of 
PADs using QDs as sensing probes. In this study, we further investigated the 
physicochemical compatibility between cellulose paper and QDs. Different surface 
modifications of cellulose paper were studied to evaluate their effects on QD particles 
distribution, retention ability and thermal stability for sensing applications. A simple 
fluorescence imaging system has been constructed in-house in order to obtain the 
fluorescence characteristics of the QDs on cellulose paper. Furthermore, QD-Paper-based 
analytical devices (QD-PADs) based on these studies have been successfully developed 
for glucose detection with fluorescence intensity change of QD probes.  
 
 
EXPERIMENTAL 
 
Reagents and Apparatus 
 Chitosan (medium molecular weight) and 3-aminopropyltrimethoxysilane 
(APTMS, >97%) were purchased from Sigma Aldrich. Phosphate buffer solution (PBS) 
tablets and Tween 20 were obtained from Sigma Aldrich. Tween-20 (0.5%, v/v) was 
spiked into 0.01 mol/L pH 7.4 PBS solutions as wash buffer (PBST). Ultra-pure water 
(>18.0 MΩ) was obtained from a Milli-Q integral water purification system. All reagents 
were used without further purification. Carboxyl group functionalized CdSxSe1-x/ZnS 
alloyed quantum dots (QDs) (λem = 630 nm) were acquired from Sigma Aldrich.  
            Whatman No.1 filter paper (diameter = 20 mm) was obtained from Sigma Aldrich; 
this grade of filter paper is made of pure cellulose fibres. The paper was cut into different 
sizes for further use. K1050X Plasma Asher (Quorum Emitech, U.K.) was used for 
plasma treatment. The vacuum level for the treatment was 0.6 mbar and the paper was 
placed in the center of the chamber for 30 s of treatment.  
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Surface Modification of Cellulose Paper 
Silane Modification 
 The preparation procedures for silane modified paper can be summarized as 
follows (Li et al. 2010; Koga et al. 2011; Jin et al. 2011, 2012): a volume of 3 mL 2.5% 
(v/v) 3-aminopropyltrimethoxysilane (APTMS) was prepared using 80% (v/v) ethanol 
solvent, and thus was hydrolyzed to form reactive silanol groups. Then 20 pieces of paper 
squares (1 cm × 1 cm), after plasma treatment, were immersed in the resulting solution 
for 2 h, followed by thorough washing with ethanol. Subsequently, the solvent was 
evaporated in the fume hood at room temperature for 10 min. The obtained paper squares 
were thermally treated at 110 °C for 3 h. 
 
Chitosan Modification 
 To prepare chitosan modified paper, a volume of 10 mL 0.1% (w/v) chitosan was 
freshly prepared using a weak acid solution. Then 20 µL of chitosan solution were 
uniformly deposited on 1 cm × 1 cm paper squares, and then dried at room temperature 
for 1 h. Subsequently, each paper square was washed three times with 20 µL of ultrapure 
water, and then dried at room temperature. The chitosan retention was reported to be 
strong, due to the opposite charges of the chitosan and cellulose with the former being 
cationic and the latter being anionic (Wang et al. 2012; Xiao et al. 2013).  
 
Preparation and Characterization of QDs on Cellulose Paper 
Fluorescence and SEM characterization 
 Papers with APTMS- and chitosan-modification were prepared following the 
above procedures in Section “Surface Modification of Cellulose Paper”. Untreated filter 
paper, APTMS- and chitosan-modified filter papers were cut into 1 cm × 1 cm squares 
for further QDs compatibility studies. Then 4 µL of 0.02 mg/mL QDs were dropped into 
the center of each paper square and allowed to dry at room temperature for 20 min.  
 For the purpose of collecting the fluorescence signals of QDs on the paper, a 
simple fluorescent imaging system (Fig. 1) was constructed in-house to capture the 
fluorescence signals.  
 

 
Fig. 1. The Schematic diagram of the fluorescence imaging system assembled in-house. 
 

The in-house built fluorescent imaging system was comprised of a 365 nm 
emission UV-lamp, a sample stage and a digital camera. The UV-lamp, used as an 
excitation light source, was placed at the bottom of a dark chamber and the sample stage 
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was fixed above the UV-lamp. After turning on the light source, the UV light passed 
through the optically transparent sample stage and excited the fluorescence of the 
samples. The fluorescence signals emitted from the samples were captured by the camera 
right on the top of the sample stage. Before each fluorescence test, the light source was 
turned on and warmed up for 15 min to allow the stabilization of the radiation intensity. 
 The cellulose papers with and without QDs were further investigated by a MECM 
Nova NanoSEM scanning electron microscope (SEM) in order to observe the 
morphology of cellulose paper and the distribution of QDs on the cellulosic structure of 
paper. A volume of 4 µL 1 mg/mL, instead of 0.02 mg/mL QDs, was dropped onto each 
paper square for preparing samples for SEM study. 
 
Retention Tests by Washes with Aqueous Solution 
 The retention ability of QDs on APTMS- and chitosan-modified cellulose papers 
was also investigated following the procedures below: three aliquots of 40 μL 0.5% 
PBST solution were introduced onto each testing paper, while standard blotting papers 
(drink coaster blotting, 280 g/m2) were used to remove liquid during the washing process. 
The fluorescence of QDs on paper squares before and after washing were measured using 
the above in-house built fluorescence imaging system.  

The quantitative analyses were carried out following the description in Section 
“The Quantitative Analysis Technique”. 
 
Temperature Treatment of QDs on Cellulose Paper 
 Immediately after preparation, three groups of paper squares loaded with QDs 
were treated at temperatures of 4 °C, 25 °C and 45 °C. The fluorescence signals of these 
paper squares were respectively measured after 0 h, 24 h, 36 h and 60 h of treatment. The 
quantitative analyses were performed following the procedures described in Section “The 
Quantitative Analysis Technique”. 
 
Development of QD-PADs for Glucose Detection  
 Chitosan-modified paper squares (0.5 cm × 0.5 cm) were employed to make QD-
PADs for detecting glucose. Five hundred microliters of QD suspension (0.04 mg/mL) 
was mixed with 500 µL of glucose oxidase (100 U/mL). A volume of 2 µL of the above 
suspension was dropped onto the center of each chitosan-modified paper square, and 
allowed to dry for 15 min under room temperature (Gill et al. 2008). Then several 1.2 µL 
volumes of glucose solution, with concentrations of 0, 5, 10, 20, 50, 100, 150, 200 
mg/dL, were respectively introduced onto each paper square, and then allowed to react 
for 15 min under a controlled high humidity.  

The fluorescence images of all the paper squares were captured by the in-house 
built fluorescence imaging system. Quantitative analyses were performed following the 
descriptions in Section “The Quantitative Analysis Technique”. 
 
The Quantitative Analysis Technique 
 The test paper squares with QDs fluorescence images were imported into Adobe 
Photoshop. The mean red intensity of the reaction spot was obtained using the histogram 
function of the software. Error bars (standard deviation) were obtained from five repeats 
of all the tests.  
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RESULTS AND DISCUSSION 
 
Characterization of QDs on Cellulose Paper 
Fluorescence characterization 
 The fluorescence emission performance of QDs on cellulose paper, with and 
without modification, was investigated using the above system (Fig. 1). Fig. 2 shows the 
fluorescence images of untreated paper (Fig. 2, b1), APTMS- (Fig. 2, b2), and chitosan-
modified paper (Fig. 2, b3). The blue color in these images was the background UV light 
source, and the red color is the fluorescence of QDs. In Fig. 2, b1, an extremely weak red 
color spread around the edge of the paper surface and could be easily observed by the 
naked eye. This was because QD nanoparticles dried on the untreated cellulose paper 
tend to migrate with the solvent phase (PBS solutions). In contrast to this, clear red 
fluorescence signals of QDs were captured in the center of both APTMS- (Fig. 2, b2) and 
chitosan-modified papers (Fig. 2, b3), which indicates that QDs were well restricted 
within the center range of modified papers. Whatman #1 filter paper used in this study 
was made of pure cellulose fibres with no additives such as strengthening or whitening 
agents. The basic structure of untreated paper is composed of cellulose fibers that are 
firmly bond together through hydrogen bonding (Sahin and Arslan 2008). This kind of 
paper has inactive, slightly anionic surface with a low, negative, surface-charge density 
(Wang et al. 2012). In this situation, negative-charged COOH─QDs particles have a 
weak tendency to strongly attach to the paper surface by the physical immobilization 
method. Therefore, when QDs particles were dropped onto the untreated cellulose paper, 
QDs will be carried by the mobile phase (PBS solution) wicking front and spread to the 
edge of the paper. However, the surface chemistry property of paper will change after 
modification processes due to the introduction of active functional groups, which enhance 
the charge interaction between QDs particles and the paper surface. Hence, QD particles 
will be left behind from the solvent phase wicking front and immobilized in the center 
area of paper (Fig. 2, b2 and b3). 

 
Fig. 2. a) Possible schemes of the QDs captured by modified cellulose paper’ b) Fluorescence 
images of QDs on cellulose paper (1) without modification, (2) with APTMS-modification, (3) with 
chitosan modification 
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It was observed that the average size of the formed colored QD spots on APTMS-

modified paper was larger than that on chitosan-modified paper. Additionally, it was also 
noticed that the size of QDs on APTMS-modified papers was less uniform than that on 
chitosan-modified papers, and thus the reproducibility of QD spot sizes on APTMS-
modified papers was not as consistent (not presented). The APTMS modification method 
in this study applied a silane coupling technique through the reaction between silanol 
groups (Si─OH) of APTMS and groups (mainly hydroxyl groups C─OH) of cellulose 
paper.  

The relatively low reactivity of existing groups (mainly C─OH groups) on paper 
will greatly affect the amount of introduced groups with ATPMS treatment processes 
(Pelton 2009). However, as a physical modification approach, the chitosan modification 
method can be applied reproducibly with uniform coating on the surface of paper.  As a 
result, the outsourcing active groups in the cellulosic network of APTMS-modified paper 
are less densely distributed compared to that of chitosan-modified paper. Therefore, QD 
particles have a stronger interaction with chitosan modified paper; this difference is the 
main reason for the difference of QD spots between the two modified papers. 
 
SEM Characterization 
 The porous fibre network structures of papers remained after modification with 
APTMS and chitosan (Fig. 3). Figure 3 shows the SEM images of untreated papers, 
papers with APTMS-modification, and papers with chitosan-modification loaded with 
QDs. QD particles show different distributions on non-modified and modified papers 
(Fig. 3). Abundant QD particles were observed around the edges of untreated paper (Fig. 
3, a2) while very a small quantity of particles could be observed around the center of the 
paper (Fig. 3, a1). However, the distribution of QDs was the opposite in the cases of 
APTMS- and chitosan-modified papers; most QD particles were found gathered around 
the center of the modified papers (Fig. 3, b1 and c1). The results are consistent with the 
above fluorescence characterization studies, indicating that surface modification can 
result in immobilization of QD particles to any point of interest on paper (e.g. to the 
center area of the paper square in this study).  

In addition, particles tend to attach to the cellulose fibres rather than staying in 
pores of fibre network (Fig. 3, b1 and c1), suggesting that most of the active groups of 
APTMS and chitosan have been modified onto the fibres. Furthermore, QD particles have 
been found to be more closely packed on chitosan-modified paper (Fig. 3, c1) than that 
on APTMS-modified paper (Fig. 3, b2). The results illustrate that the charge interaction 
between QD particles and a chitosan-modified fibre surface was stronger than their 
interaction with a fibre surface modified with APTMS. The former captured more QD 
particles at points of interest.  

QD particle aggregates were observed on modified paper. Their sizes were greater 
than separate QD particles (about 6 nm), and they lose the ability to produce fluorescence 
signals (Liu et al. 2012). One reason for the formation of large particles could be that a 
part of the original aqueous QD suspension had started to form aggregates, which has 
been observed and reported previously (Noh et al. 2010). Another reason, which is more 
likely, is that the high concentration of QD suspension applied to the paper surface for 
SEM tests had aggregated during the drying process. 
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Fig. 3. SEM images of the (a1) center and (a2) edge areas of untreated cellulose paper;  
(b1) center and (b2) edge areas of APTMS-modified paper; (c1) center and (c2) edge areas of 
chitosan-modified paper. All the papers were loaded with QDs particles for SEM tests. 
 
Retention of QDs on Modified Cellulose Paper 
 The retention ability of QD probes on a paper substrate is critical to the 
performance of QD-PADs. This is because when an analyte solution is introduced onto 
the detection point of the sensor, QD probes with weak bonding to fibres could be eluted 
away from the detection point, leading to signal distortion in the detection zone. To study 
the retention of QDs on the two modified papers, 0.5% PBST solutions were applied to 
wash modified papers loaded with QDs. The more QD particles retained after washing 
means the stronger interaction between QDs and paper. In this study, the red intensity 
measured from the QD spots is the fluorescence intensity of QDs. Figure 4 shows the 
fluorescence intensity changes of modified papers with QDs after washing. The 
fluorescence intensity decreased by 26.5% on APTMS-modified paper (Fig. 4, left), 
while for QDs on chitosan-modified paper (Fig. 4, right), the intensity dropped by 18.2%. 
This result indicates that the retention ability of QDs on chitosan-modified paper was 
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greater than that on APTMS-modified paper, which was further evidence that the 
interaction between QDs and chitosan-modified paper is stronger.  

 
Fig. 4. The fluorescence intensity of QDs on APTMS-modified (left) and chitosan-modified (right) 
cellulose paper before and after washing with PBST buffer solutions 
 
Thermal Stability of QDs on Modified Paper 
 Since thermal stability is a very important performance indicator of PADs for 
sensor applications (Guan et al. 2014), both APTMS- and chitosan-modified papers 
loaded with QDs were aged at different temperatures to test their thermal stability. 
Thermal stability was evaluated by measuring the red intensities of QDs spots formed in 
the center of the paper before and after aging. Figure 5 shows little intensity change of 
QDs bounded to both modified papers after aging at 4 °C; in contrast to this, a significant 
decrease in fluorescent intensity was observed when the papers were treated at 45 °C. 
Intensity decrease of QD spots on papers also occurred with a treatment temperature of 
25 °C, however, it was less than that with the treatment temperature of 45 °C. The results 
indicate that QDs fixed in a cellulosic network could remain relatively stable at low 
temperatures, but a rise of temperature will lead to partial loss of fluorescence. Moreover, 
the results showed that the intensity decrease of QDs on APTMS-modified paper (Fig. 
5a) was much greater than that on chitosan-modified paper (Fig. 5b) after aging at 45 °C. 
It is therefore most likely that the temperature-driven fluorescence loss of QDs on 
chitosan-modified paper is slower than that on APTMS-modified paper because of the 
stronger interaction between QD particles and the former paper.  

 
Fig. 5. The fluorescence intensity of QDs on (a) APTMS-modified and (b) Chitosan-modified 
cellulose paper after at 4 °C, 25°C and 45 °C temperature treatment with different time 
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Development of QD-PADs for Glucose Detection  
 To design practical QD-PADs, the primary consideration is immobilizing QDs in 
the detection zones of the paper to reduce QD migration. However, QDs deposited on 
untreated cellulose filter paper will migrate with the solvent and mostly gather around the 
edge of the paper. These migrated QDs were no longer suitable for any sensor 
applications. Yuan et al. (2012) attempted to solve this problem by encapsulating QDs 
with opposite-charged polymer. The present study shows that suitably modified papers 
could well solve the migration problem of QDs. Therefore in this study, chitosan-
modified paper was selected to fabricate QD-PADs for demonstrating sensor application.  
 QDs have been reported as a sensitive probe for hydrogen peroxide, and further 
used in the detection of glucose with glucose oxidase as the catalyst to produce hydrogen 
peroxide (Wu et al. 2010). The possible mechanism that stimulates the fluorescence 
quenching of QDs is the oxidation of S2- surface states, which presumably yields Zn2+ 
surface traps for the electrons (Gill et al. 2008). Figure 6a shows the fluorescence 
quenching effect of the QDs on the chitosan-modified paper by different concentrations 
of glucose. The calibration curve (Fig. 6a) represents the quenching effect of glucose 
yields 𝐼0 𝐼� = 1.139 + 0.0069𝐶𝑔𝑙𝑢𝑐𝑜𝑠𝑒  (𝑟2 = 0.95), where I0 is the mean red intensity of QD-
PADs when the concentration of glucose is 0, and I is the measured mean red intensity 
for the target sample. The detection limit of glucose is 5 mg/dL and the detection linear 
range is between 20 mg/dL and 200 mg/dL. Compared with the previous methods 
utilizing the glucose oxidase and QDs-polymer co-immobilization method in normal 
filter paper (Yuan et al. 2012), a lower detection limit of glucose was obtained in this 
study. Also in comparison to the solution-based method, this study largely reduces the 
usage of QDs and other reagents. 

 
Fig. 6. a) Response of QD-PADs using chitosan-modified paper to different concentrations of 
glucose 0, 5, 10, 20, 50, 100, 150, 200 mg/dL (from 1 to 8); b) corresponding calibration curve 
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CONCLUSIONS 
 
1. This study investigated the physicochemical compatibility between QD particles and 

cellulose papers for the purpose of developing reproducible QD-PADs. The migration 
problem of QDs moving with the solvent phase in the fibre network structure of paper 
was greatly reduced by modifying the surface of cellulose. The retention ability and 
thermal stability of QD probes on paper have been studied as critical performance 
indicators of QD-PADs. 

2. QD-PADs using chitosan-modified paper was demonstrated for glucose detection and 
the detection limit is comparable with reported paper-based glucose sensors. 

3. This work provides an important framework for the development of QD-PADs and it 
is expected that QD-PADs can lay a foundation for further developing practical and 
stable sensor for diagnostic and analytical applications. 
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