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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-

Xi



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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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.

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

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 Al reagent
red cell (concentrated from the commercial reagent to a hematocrit level of
45%) on paper. (b) The calibration curve of the Al 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) Al 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
“x” 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:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

(@) The Kleenex paper towel hydrophobized by AKD, leaving text patterns
hydrophilic. (b) The hydrophilic text patterns become visible when wetted by
antibody solutions.

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 “x”, and Anti-D is introduced into “|”. (b) Letter “O” and
symbol “— are printed over “x” 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 2x50 uL of saline
solution, the blood typing result is reported by the device in text.

(@) 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 (2x50 uL).

(@) 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 mmx25 mm.

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. ¥ blood sample
mixed with % NaCl buffer, (v/v)). (a) A+ sample; (b) B+ sample.

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

Chapter 4

Chapter 4.1

Figure 1:

Figure 2:

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

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 (60x 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 1gG, (e) anti-K IgM and (f) anti-s IgM. Reaction times of all assays
were 2 min and 60 X 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 ¢ washed by: (a)
distilled water; (b) 0.9% NaCl; (c) PBS. Two minutes RBC-antibody
interaction time was allowed.

Chapter 4.2
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 ¢ 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 ¢ 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.

Chapter 5

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(ll) 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(ll) sample.

Figure 4: Colorimetric assays showing heavy metal ions of different concentrations: (a)
Cu(I); (b) Cr(\V1) and (c) Ni(ll).

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; ¢) 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(ll), Cr(\V1), Ni(ll), Fe(lll) and Zn(Il) as
interfering ions (5 parallel tests for each assay): a) Cu(ll) assays of 0.8, 4 and
8 mg/L of Cu(ll); b) Cr(VI) assays of 0.5, 2 and 4 mg/L Cr(VI); c) Ni(ll)
assays of 1, 4 and 6 mg/L of interfering ions; d) The responses of the Cu(ll),
Cr(VI1) and Ni(ll) 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(I1), Fe(111), Co(ll),
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Ni(I1), Zn(I1) for 1 mg/L Cu(ll) assay; 10 mg/L Mn(Il), Fe(l11), Co(ll), Ni(ll),
Cu(ll), Zn(11) for 1.0 mg/L Cr(VI) assay; 10 mg/L Cr (VI), Mn(Il), Fe(lll),
Co(ll), Cu(ll), Zn(11) for 1 mg/L Ni(ll) assay, and 200 mg/L Na(l) and K(I),
100 mg/L Ca(ll) and Mg (1) 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(ll), 0.5 mg/L Cr(VI)
and 1mg/L Ni(Il); b) tap water with spiking of 5 mg/L Cu(ll), 3 mg/L Cr(VI)
and 5 mg/L Ni(ll).

Figure 9: Text-reporting paper device for Cu(ll), Ni(ll) and Cr(VI) assay in a
simulated environmental assay: tap water with striking of 5 mg/L Ni(ll), 5
mg/L Cu(ll), and 3 mg/L Cr(VI) respectively.
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Chapter 1

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.
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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.

/ Central laboratory testing \

Hospitals or Clinics Sampling Transporting Analysis

Test decision ——  Phlebotomy —> Sample labelled — 5  Sample received
and delivered and prepared

Result received -— Reporting of result 1 Sample testing

Notice the patient Validation of result
\ Clinical j

N

Point-of-care testing

- Obtain result
Decision of test — 5 Sampling ————  Performtest —> 0 giately

J

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



Chapter 1

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° to 10™® 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 (uWPADSs)

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
guantitative 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.

Quantitative
paper diagnostics
e.g. paper-based
microfluidics

ecllE Bioactive paper,
[ e.g. Glucose
testing paper

1950s Now
| | >
I | |
1850 1980s o

Chemical analysis POC diagnostics,a Eg - »
paper, e.g. e.g. pregnancy i ;
chromatography testing paper fo 47
paper {é: “ob 02z o4 08 0B 10

Leog Gy (MaL)

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]:

_ |Yrcos@
I—/ ™ t (1)

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

capillary pore radius of paper, Y is the liquid surface tension, 1 is the liquid viscosity, 0
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.
a) @ b o) i. plasma oxidize
paper
ii. cut out pattern

l soak in photoresist paper
: photoresist

l I. prebake l i. spot reagents
ii. align under a mask control ii. dry

mask E
glucose protein
S assay assay
l i. expose to UV light
Il. pestbake

i. develop
il. wash with propan-2-ol

Figure 3. The six-step fabrication procedure of uPADs 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
© Cellulose-OH Cellulose—0_ o

— o]
>

AKD, R=Cq4Hj5 to CygH37

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 uPAD (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 NO,~ into the circular detection zone. NO,~ 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 um at the optimal
melting temperature and time, and the smallest channel width allowing solution to flow
the entire length of a 12 um channel was found to be 650 + 71 pum (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 uPAD to verify the performance (Figure 8).

— paper
Glass slide Glass slide

mould

An assembly mould e
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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 Patterning Pattering principles
methods reagents
Plotting [55] PDMS Physical blocking of pores in paper for

selective hydrophobization

Physical deposition of reagent on fibre
surface for entire hydrophobization
followed by selective dehydrophobization
through dissolving the PS

Ink jet etching Polystyrene (PS)

[56, 57]

Plasma treatment AKD Chemical modification of fibre surface for
[58, 59] entire hydrophobization followed by
' selective dehydrophobization through
plasma
Flexography PS Physical deposition of reagent on fibre

printing [60]

Laser treatment
[61]

Paper cutting [62]

Silicone or wax

Computer
controlled knife

surface for selective hydrophobization

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

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 uPAD 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 uPADs, and nanoparticle-enhanced colorimetry, electrochemistry and

chem/electrochemiluminescence methods for some of the uPADs.

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), NO;™ (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).

b
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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)

il

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 uPADs 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 uM and 72 uM, 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 (11) (Ru(bpy)s **) with certain analytes. A mobile camera
phone was used to capture the ECL signals and proposed the further quantitative
analysis (Figure 11).
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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)s 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 (WTADS)

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.
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1.2.2.3.1 Fabrication of 4TADs 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 #TADs 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 L. 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, NO,™ 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 NO," concentration series (0, 125, 250, 500,
and 1000 puM) 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 pM.
(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. lllustration 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,CcEe
Kell K, k
P P1
Kidd JK?, IK
MNS M,N, S, s
Lewis Le® Le°
Lutheran Lu?, Lu®
Duffy Fy?, Fy°

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 Forward Reaction of reagent cells Reverse
blood blood type with serum blood type
Anti-A Anti-B Al Cells B Cells
+ - A - + A
- + B + - B
+ + AB - - AB
- - 0] + + 0]

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.

Blood
o8~ sample

YANA —— Antibodies — s [ 0 S YA\H

-

Gel matrix
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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
(1gG). 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.
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Figure 16. Schematic diagram of the structure of IgM and 1gG molecule.

Indirect antigloblin test

While the antibody products IgM for blood grouping can easily identify the
corresponding group antigens through RBC heamagglutination, the 1gG 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, 1gG
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 1gG antibodies require anti-human globulin (AHG) to
effect the visible agglutination of RBCs. The AHG-performed blood test by 1gG 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.
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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 1gG 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)
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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

(a) |Blood sample Sample — | (b) [Blood sample Sample - 2
with antibody with antibody
(v:v @50:50) (viv @50:50)
Anti-A | coe TR Anti-A e — L
Anti-B e Anti-B Lo s —
Anti-D SSNEIRSURIRTS SR Anti-D TP VI i

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-
guantitative 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.
Step 3: Wash the testing ||:_;

paper with 530 pL saline — |
solution

Step 1: “Testing paper”™

doped with 10 pL of a =S —_— : | _ |
grouping antibody Step 2: Leave : Also Step 3: A fmctllnn of
Testing paper to 1 washed-through saline
dry for 10 min solution collected, quantity

measured gravimetrically,

Step 4: Bradford total
protein assay to quantify
desorbed antibody.

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)
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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.

Clean inspection paper
| means RBC agglutination
| via specific antibody-

Add 2 uL | vl gt
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blood sample -
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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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Non-agglutinated

Agglutinated

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. (¢) 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.
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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 pB-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 B-

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 (1I), Cu (I1), Cr
(VI) and Ni (I1) 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.
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Figure 30. Detection principle and results of the sensor: (a) fabrication of the
multiplexed sensor; (b) colorimetric assay of Hg (1) 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 uPAD for the determination of four
heavy metals, Cu(ll), Ni(ll), Cd(Il) 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.
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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(ll), Ni(ll) 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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Chapter 2

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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2.3 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 Forward Reaction of reagent cells with  Reverse blood
blood blood type serum type
Anti-A Anti-B Al Cells B Cells
+ - A - + A
- + B + - B
+ AB - - AB
- - 0] + @]

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.
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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.

b
a
Blood sample A+ éﬁ\’é‘
‘ U
interacted with % #
antibody-A 3
g »

d

G
Blood sample A+ -
interacted with !
antibody B

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 uL 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.

Blood sample 3 pL

AntiI-A Anlti-B Anlti-D 4 " N

Results: A+

L 7 4 ¥
Positive Negative Positive

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 uL 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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PBS buffer washing
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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 pL
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

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

assay time with the plastic slide shorter than 1 minute.

AB+

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, Cg and Cp, 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.

!

Optical Density A = 26.5 — 14.6 x In(fy — 542 X 107%); f, = E_A (1)
A

Where f, is the dilution factor of anti-A; C; is the concentration of anti-A of each

dilution.
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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 Al reagent red cell (concentrated from
the commercial reagent to a hematocrit level of 45%) on paper. (b) The calibration
curve of the Al 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

Anti-A

Anti-B

Anti-D

Number of dissolution washes

x1 X2

Colour 58.7+2.3 62.0+2.8

density

Relative (11.1+£1.7)%C,  (8.911.7)%Ca
concentration

Colour 68.3+1.9 76.1+1.6

density

Relative (23.1+2.4)%Cs  (15.6+£1.3)%Cpy
concentration

Colour 82.4+1.7 110.6+£3.2

density

Relative (92.0£14.3)%Cp  (9.5+£1.9)%Cp

concentration

x3 x4 x5

66.3+2.4 75.8+1.8 99.6+2.6

(6.6+1.1)%C,  (3.5£0.4)%C,  (0.7+0.1)%C

86.8+2.5 100.5+2.8
(9.4+1.1)%Cg  (5.50.5)%Cg

143.9+2.2

(3.240.1)%Cp
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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 Cg (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 6¢). 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).

Cp
Cp

Optical Density B = 41.4 — 17.2 X In(fg — 0.02); f5 = (2)

Optical Density D = 81.1—10.7 X In(f, = 0.03); fp =2  (3)
D

Where fz and f, are the dilution factors of anti-B and anti-D; C; and Cj, are the

concentrations of anti-B and anti-D after each dilution.
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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.
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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:
D = —lni 4)

Where D is the reflective optical density, usually measured with a reflective
densitometer in the printing industry, I and I, 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
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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

100%  75% 50% 25%  Neg. 100% 75% 50% 25%  Neg.
control control
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Figure 8. Sensitivity tests of the plastic slide method by dilution of reagent red blood
cell carrying known antigens: (a) Al 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

Blood sample flow distance (mm)
Additives
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%) + 25 25 25 25

Tween 20 (0.1%)
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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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 Cy¢ 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.?’ Those text patterns
occupied by the agglutinate RBC lumps therefore have unambiguous legibility with

high resolution and contrast.
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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)
Agglutination Blood types RBC Antigens RBC Antigens States CAN be
No. or non- determined by CANNOT be CANNOT be expressed in text
agglutination RBC expressed in text expressed in text after
observations agglutination by RBC after implementing implementing
(see text below) agglutination design solution 1 design solutions 1
(and reasons) &2
1 ABD AB+ v
2 ABD At v
3 ABD AB- X (D) v
4 ABD A- X (D) v
5 ABD B+ v
6 ABD O+ X (A, B) X (A,B) v
7 ABD B- X (D) v
8 ABD O- X (D,A, B) X (A, B) v

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 2°=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
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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 p 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 1a). 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 “x” 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 “x”, the sample is mixed with Anti-A
and Anti-B inside “x”. If the sample carries A-antigen or B-antigen, or both, then
haemagglutination reaction will occur inside “x” 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 “x”. 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.
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a) Saline washing leads
to text reporting for +
Rh+ sample, (D)
Printed with a
water-insoluble ink
Blood
sample
I Tntroduced I
Into “I”
Printed with

Anti-D solution

>

Saline washing leads —
to text reporting for
Rh- sample, (D)
Saline washing leads
[b) to text reporting for A
or B or AB samples, 8
(A, B, AB)
“0" is printed with a
water-insoluble ink
Blood
- sample
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Into “X"
“X" is over-printed
with an equal-volume
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Anti-B solution Saline washing leads
to text reporting for 0
0 sample,
(AB)

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 “x” 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, “x” and
“I” 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.

Printing

Figure 2. The designed and printing of the text-reporting paper device.

@ (b)

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 uL of Anti-A, clone 10 090; Anti-B, clone 10091; and Anti-D, clone

CG|”

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 “x”
(Figure 4a). Then letter “O” was printed using a water-insoluble ink over the
hydrophilic and invisible “x” 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.
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a) n_ Antibody ~ ANt-B b)
: ——) O
Anti-A  Anti-D Anti-A,B
d) c)
X Saline 3 Blood sample

‘u ’ _‘ 4

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 “x”, and Anti-D is
introduced into “|”. (b) Letter “O” and symbol “—” are printed over “x” 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 2x50
pL of saline solution, the blood typing result is reported by the device in text.

In a blood typing assay, 2.5 uL 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 uL 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.
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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.

@) (b) ©

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 (2x50

ul).

a) A+ B+ O+ AB+
A B BB o ABH=B
I - B B
A B BB o ABHE
A- B- O- AB-
b)
Rt a 8s® o] AB®
- = L + -+
A B By | O | AB®

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 mmx25 mm.

102


http://onlinelibrary.wiley.com.ezproxy.lib.monash.edu.au/doi/10.1002/anie.201201822/full#fig3

Chapter 3

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.

100%

90%

80%

.
]

o

70%

Blood sample (A+) dilution from 100% to 25%

60%

50%

25%

ES 1w
Er e

100%

Blood sample (B+) dilution from 100% to 25%

50%

25%

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. ¥4 blood sample mixed
with ¥ 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].

—
- L} L] = | ]
. o A
.&\ lﬁ! A L=
I —— =
Blood sample A+ of weak D Blood sample AB+ of weak AB

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 pL 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 x 50 pL 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 24 9 17 2 6 2 26 13 99
and their typing

Results by paper text- 24 9 17 2 6 2 26 13 99
reporting devices

False positive 0 0 0 0 0 0 0 0 0

Matching with the 100 100 100 100 100 100 100 100 100
Laboratory results (%)

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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Chapter 4

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.

114



Chapter 4

Table 1 List of the common secondary blood group systems

Secondary Blood Antigens
group systems
Rhesus D* C,c, E, e
Kell K, k
P P1
Kidd Ik, JK°
MNS M, N,S,s
Lewis Le?, Le°
Lutheran Lu®, Lu®

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 1gG 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 1, 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 pL) were used to transfer antibodies, blood samples, and saline solutions onto
the paper device.A Nikon AilRsi Confocal Microscope in the Melbourne Centre for
Nanofabrication was used for obtaining the confocal micrographs. The objective lens

employed for imaging was a 60x 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.

Normal Hydrophobic area
printed letter  printed by AKD Antibody

Hydrophilic  Stroke printed by red Anti-C Anti-E Anti-K
channel water-resistantink

C
- Blood sample

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 pL 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 pL 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 x 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 pL of labelled RBCs was dropped onto them. A pre-set
reaction time was allowed. After that, 20 uL 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.

K Jba Jbw M N S P1 Lea

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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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 ¢ 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 60x 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.
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Figure 4. Haemagglutination behaviour of 3 blood groups investigated by confocal
imaging (60x 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. 1gG antibodies, however, are
monomers with only 2 binding sites in total. The molecular dimension of an IgM
molecule is also greater than an 1IgG molecule, being 30 nm and 14 nm, respectively [5].
Consequently, Tte distance between the two binding sites of an 1gG 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 1gG 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 1gG 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, 1gG 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 1gG, (d) anti-s 1gG, (e) anti-K IgM
and (f) anti-s IgM. Reaction times of all assays were 2 min and 60X oil lens was used.

Confocal microscopy was used to capture the agglutination patterns of the K(+) and s(+)
RBCs by IgM and 1gG antibodies. Figures 5¢ and 5d show agglutination patterns of
K(+) and s(+) RBCs after being introduced onto papers treated with anti-K 1gG and
anti-s 1gG, 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 1gG. This is due to fact that the commercial 1gG

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 pL 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 7¢ 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.

- -‘}
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Figure 7. ldentification for agglutinated RBCs of blood group ¢ washed by: (a)
distilled water; (b) 0.9% NaCl; (c) PBS. Two minutes RBC-antibody interaction time
was allowed.

a b

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.
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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 I Ik S s

Antibody | IgM  IgM  IgM IgM IgM IgM IgM IgM IgM IgM IgM
type

Incubation | 30s 30s 3m 3m 30s 2m 30s 2m 2m 2m 2m
time

Number of | 127 127 127 127 79 79 19 30 30 11 11
samples

Matching | 100 100 100 100 100 100 100 100 100 100 100
with the
Laboratory
result (%)

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, ¢, 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 1gM, such as C/c, Ele, 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
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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 pL) 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.

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 Jk? IgM P3HT7
K IgM P3.143
Duffy Fy? Polyclonal Polyclonal (Human Source)
Fy" Polyclonal Polyclonal (Human Source)
MNS M IgM LM1
N IgM LN3
S IgM P3S13JS123
S Polyclonal Polyclonal (Human Source)
P P1 IgM 650
Lewis Le? IgM LEA2
Le” IgM LEB?
1) Elution

A known antibody reagent is dotted along the bottom of paper (10uL) before the
addition of mixed EDTA blood sample (3uL) [11]. After a reaction period, ranging
from 30 to 120 seconds, the substrate was hung in a vertical-standing elution tank
containing 0.9% NacCl 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].
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1. Pipette antibody along 2. Pipette blood sample 3. Wait for reaction
paper along paper period
Normally a
minimal of
30
seconds
10uL L 0-0-0-0-0-0-0-0-O1 3uLeach |o-060-0-00-0-00 000000000
each
4. Hang in elution tank 5. Wait for elution period 6. Read results
with saline solution (5mins)

i . . 5
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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 2.5uL of antibody solutions were introduced into the corresponding
patterns. After the antibody solution was dried, 2.5uL 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 pL 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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ANTIGEN C E c e K K k
Antibody Type lgM IgM IgM IgM IgM Polyclonal lgM
No. of Samples 76 67 54 8 11 53 25
Reaction Time | (s) 30 30 E:120, TR:180 E:60, TR:180 E: 60, TR:120 120 120
Buffer NaCl NaCl PBS PBS NaCl NaCl NaCl
+ - + - + - + - + - + - + -
No. of Samples 31 45 17 50 40 14 41 8 2 9 12 41 23 2
Elution BS 123 51 118 42 105+4.3 | 44.0+2.4 107 38+.1 | 82136 41 97.2 57.9 97+6.0 | 64+1.7
Method 9.1 9.4 +5.1 +7.9 +4.63 +71.7 +23.7 +6.90
EP 8.2+3.1 32 85430 | 49+11 | 5.8+1.0 32165 6.1 54 +6.5 13+8.8 27 15.8 335 1613.1 A44+6.0
6.8 +0.48 4.3 £9.43 +7.11
QDR 1727 29 16£3.6 1.0 12+3.7 1.8+0.39 | 18115 0.72 84455 2.0 0.183 0.585 6.4+1.5 15
+0.55 114 .12 +0.46 | 0. +0.126 #).25
179
Text Method 152 28 145 30 154 £5.7 3013.7 135 30+4.2 | 10645.0 34 16 35+#7.1 | 131483 | 3145.0
+7.4 +3.8 +7.1 +4.9 +9.2 +4.0 +4.1
ANTIGEN Fy’ Fy e K P1 Le® Le’
Antibody Type Polyclonal Polyclonal IgM IgV lgM lgM IgM
No. of Samples 12 8 30 25 40 46 23
Reaction Time (s) 120 30 120 120 30 180 180
Buffer NaCl NaCl NaCl NaCl NaCl PBS PBS
+ - + - + - + - + - + - + -
No. of Samples 9 3 7 1 22 8 15 10 26 14 13 33 11 12
Elution BS 60+13 | 60123 | 37456 40 106+8.7 | 48+4.0 100 67483 | 128+16 | 6910 | N/A N/A N/A N/A
Method +7.5
EP 39415 | 38413 | 33538 35 14436 40 4.2 15+36 | 34491 | 1488 | 35215 | N/A N/A N/A N/A
ODR 16 2.0 11 11 83+27 | 124013 | 6.8+1.8 | 29+1.2 | 1219 1.7 N/A N/A N/A N/A
.17 | £0.028 | 10.19 +0.63
Text Method 36111 27 N/A N/A 95 16.2 37448 122 34462 | 140157 31 68 35+6.2 | 116459 | 3746.2
4.0 19.8 5.5 3.1
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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.
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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. 1gG 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 1gG 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 vyielded 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, ¢ and e antigens showed a slightly less clear BS
with higher density in the EP. The clarity of tests for ¢ 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 ¢ 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 ¢ 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).
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Figure 4. (a) Effect of time on the reaction period tested with ¢ 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 ¢ antigen using text-reporting.

145



Chapter 4

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 1gM 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: 46x4.1, 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

testi