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Abstract 
 
 

 
Cancer incidence and mortality continue to rise worldwide due to underlying 

reasons as obesity and aging population, and causing millions of deaths every 

year. The treatment paradigm, however, has shifted dramatically in recent 

years after the emergence of antibody-targeted therapeutics and diagnostics in 

the battle against cancer. Antibodies and antibody fragments are unique 

biological molecules capable of binding to tumour cell surface molecules with 

high affinity and specificity. Using antibody conjugation, one can harness the 

targeting powers of antibodies to deliver various payloads including 

cytotoxic drugs, nanocarriers and diagnostic agents. However, the 

shortcomings of classical conjugation methods drive the ongoing research and 

development in quest for antibody conjugation techniques that yield stable 

immunoconjugates, without compromising the antibody targeting specificity. 

In this thesis we present an exploratory investigation for novel strategies in 

antibody conjugation for the development of next generation antibody-

conjugate therapies and diagnostics able to target cancer cells exclusively 

without  harming the healthy cells. 

Novel antibody conjugates were developed using C-terminus-specific 

chemoselective, enzyme based and proximity directed approaches for the 

conjugation of imaging modalities and nanocarriers loaded with cytotoxic drug 

with  specific targeting ability  to tumours or tumour microenvironment. 

Sortase A, post-translational protein modification enzyme, widely used for 

bioconjugation and well known for its high conjugation efficiency was 
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explored for its application in conjugating cancer targeting ligands to a 

nanosystem engineered from a novel nanomaterial. Following the introduction 

presented in the first chapter, Chapter Two presents a detailed protocol for all 

the essential steps required for the successful application of Sortase A enzyme 

in site-specific antibody conjugation to nanocarriers via two pathways. 

Chapter Three, is divided into two independent studies where two-step bio- 

click conjugation technique based on combinatorial Sortase A mediated 

bioconjugation and copper free click chemistry is employed for the assembly of 

a novel nanomedicine for targeting cancer using two targeting ligands specially 

engineered with C-terminus Sortase A recognition motifs and feature specific 

targeting affinity  to tumours or tumour  microenvironment. 

Furthermore, a novel chemoselective antibody conjugation approach was 

developed and validated in Chapter Four. Primarily,  methionine residues were 

successfully engineered at the C-terminus of a trastuzumab monoclonal 

antibody. The state of the art, methionine-selective chemical reaction known as 

redox activated chemical tagging, was explored for the site-specific conjugation 

of a fluorescence imaging modality for application in diagnostic cancer imaging. 

Finally, proximity directed antibody conjugation is an emerging strategy for 

offering a less cumbersome method compared to chemoselective and enzyme-

based antibody conjugation approaches. The directional conjugation of 

antibodies to nanocarriers using a novel one-step synthesis method was 

developed taking advantage of the unique surface chemistry and charge 

distribution  in the Fc regions of antibody molecule. 
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The primary  goal of this thesis was to engineer novel antibody-conjugates using 

advanced C-terminal specific immunoconjugation techniques for developing 

improved cancer targeted therapeutics and diagnostics that can give future 

cancer patients an increased chance of survival and improved quality of life. 
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Chapter  1|  Introduction  
 
 

 

1.1 Cancer pathophysiology  and global  burden  

Cancer remains to be the second leading cause of death worldwide,  accounting 

for 10 million cancer deaths in 2020 [2] and an estimated 29.4 million new 

cancer cases annually in 2040 [3]. While the progress in cancer prevention, 

diagnosis and treatment strategies has improved the survival rates markedly 

for certain cancers, others are still  linked to high mortality  rates [4]. The rise in 

global burden of cancer incidence and mortality, due to underlying reasons as 

population aging [5]  and obesity [6], is therefore fueling the extensive research 

for technological advancements in cancer diagnosis and therapy with an 

ultimate aim of clinical improvement in patient survival [7]. 

1.2 Advanced technologies  in  cancer targeting  

1.2.1 Antibody conjugation technology 

Selectivity for tumour over healthy tissue is of utmost importance when it 

comes to successful diagnosis and treatment of cancer. Precision oncology 

which is regarded as the future of cancer management, is based on the precise 

diagnosis, treatment and response assessment in a target-specific way [8]. 

Antibody conjugation is a powerful tool of precision oncology that can impart 

such target specificity [1]. 

The rapidly  growing field of antibody engineering and biotechnology has led to 

development in monoclonal antibody engineering and production of a myriad 

of functional antibody fragments. 
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Monoclonal  antibodies:  

 
Monoclonal antibodies (mAb), also known as immunoglobulin (IgG), are a class 

of circulating Ȱ9ȱ shaped proteins that are exploited by the immune system for 

targeting and neutralizing foreign substances. [9]. Each antibody is made up of 

four polypeptidesɀ two heavy chains and two light  chains which are folded into 

three equal-sized fragments: two antigen-binding fragments (Fab) and one 

constant fragment, known as crystallizable fragment (Fc), all joined by a flexible 

linker  region (see whole IgG Figure 1). While the Fc fragment is responsible for 

activation of ÈÏÓÔȭÓ immune system, the Fab portions of an antibody determine 

its specificity and enable the binding to special antigens. Each Fab fragment has 

a constant region attached to the linker region and a variable antigen-binding 

region (Fv) where three hypervariable loops, known as complementarity 

determining regions (CDRs), are evenly distributed  providing  a specific antigen 

recognition site on the surface of the antibody [10]. 

Since the licensing of the first monoclonal antibody therapy in 1986, 

monoclonal antibodies have become the largest class of biopharmaceuticals 

with  over 80 antibodies currently  approved for a variety of disease indications 

[11]. Because of their  superb ability  to bind to specific molecules expressed on 

tumour cell surface, antibody-targeted therapy has revolutionized clinical 

cancer therapy [12], while antibody-targeted diagnostics have shown immense 

potential in pre-surgery and intraoperative dynamic target visualization as well 

as in the evaluation of heterogeneous biomarkers expression [13]. 

Antibody  fragments:  

The development of smaller, antigen binding antibody fragments, derived from 

conventional antibodies or produced recombinantly, has been growing at a fast 



Page | 22  

pace. Antibody fragments offer several advantages over full -length monoclonal 

antibodies that make them a very attractive alternative to employ for targeting 

applications. Mainly because of their increased tissue penetration and 

accessibility to challenging epitopes (low Molecular weight compared to IgG), 

potentially  reduced immunogenicity (lack of Fc domain) and facile and low cost 

of production (low structural complexity) [14, 15]. 

 

Figure 1| Overview of the structure and size of various antibody formats. The structures 

are shown in ribbon form for whole immunoglobulin IgG with Fc and two Fab fragments (a), 

as well as antibody fragments ranging from antigen binding fragment Fab (b), variable 

antigen-binding region Fv and single chain variable fragment scFv (c) to a single-domain 

antibody sDab (VH heavy chain variable domain and VL light  chain variable domain) (d). 

The heavy chains are shown in red and pink, light  chains in blue and light blue. The inter- 

and intra-chain disulfide bonds are in orange, the complementarity determining regions 

(CDRs) in cyan. The sizes are given in approximate kilodalton (kDa). Figure reproduced 

with permission from Tanaka T. and Rabbitts T.H. (2010) Nature Protocol 5(1): p. 67-92. 

A number of antibody fragments have already entered clinical trials with 

antigen-binding fragments (Fab, ~50  kDa) and single-chain variable fragments 

(scFv, ~28 kDa) accounting for most of them [16]. Moreover, fragment 

antibodies are also emerging as great tools in imaging and diagnostics because 

Fab 

Fc  

Fab 
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they are capable of detecting cellular proteins with  high affinity  and specificity. 

Their shorter half-life in the body results in faster clearance and may result in 

fewer risks of side effects from potentially  invasive diagnostic agents. They can 

be easily linked to radioisotopes, fluorescent molecules or enzymes that tag 

specific biomarkers in patients [17]. 

The structures and sizes of antibody fragments, such as fragment antigen- 

binding (Fab), scFv (single chain variable fragments), and VHH (heavy chain 

variable domain or single-domain antibodies) are displayed in Figure 1. 

Single chain variable  fragment  (scFv): 

 
The single chain fragment variable (scFv) was first described in 1988 by Bird 

et al. [18] and comprises the variable regions of the light chain (VL) and heavy 

chain (VH) of an antibody linked by a flexible peptide. The scFv has several 

advantages over a conventional mAb. Firstly, the genetic coding of the VL and 

VH sequences in a single transcript  allows scFv to be produced more quickly, in 

higher yields, and at lower costs than full-sized mAbs, which generally require 

mammalian expression systems [10]. Additionally, their small size of 

approximately 27 kDa makes them ideal for large-scale production in microbial 

systems [9] as well as facilitates tissue penetration and access to challenging 

epitopes, making them especially useful for tumour penetration in cancer 

immunotherapy [11,12]. Finally, the lack of an Fc region removes the risk of 

bystander immune cell activation and antibody effector functions allowing the 

molecule to bind its target without  activation of the ÈÏÓÔȭÓ immune system. Such 

attractive characteristics made scFv a very attractive antibody fragment to 

employ for cancer targeting applications in this thesis. 



Page | 24  

1.2.2 Nanotechnology 

Nanoparticles, are ultrafine  particles with  dimensions measured in nanometers 

(nm; 1 nm = 10Ϻ9 metre). Nanoparticles have unique properties given their 

tunable size, shape, and surface characteristics, also the ability to incorporate 

both hydrophilic and hydrophobic substances with high carrier capacity. 

Thereby, nanotechnology offers a uniquely appealing platform for cancer drug 

and diagnostics delivery. [19]. 

Unlike conventional chemotherapy, nanomedicine can improve cytotoxic drug 

solubility, stability and plasma circulation therefore concentrate cytotoxic 

drugs at tumour target site and improve the therapeutic index while 

minimizing off target toxicity [20]. 

Considerable technological success has been made in this field leading to a 

number of cancer nanotherapies already in use today and many other 

nanotechnology enabled therapeutic modalities under clinical investigation 

[21]. However, advances in the field of nanomaterial science leads to the 

continuous development of novel nanocarriers. A novel nanocarrier system is 

developed and explored in Chapter Three of this thesis for the targeted delivery 

of anticancer therapy. 
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1.3 Advancements  in  antibody  conjugation  technology  

1.3.1 Historical development of antibody conjugation technology 

Interestingly, the technology of antibody conjugation has advanced in parallel 

with the development of antibody-drug conjugates (ADCs); an important class 

of targeted cancer therapy which enables a conjugated cytotoxic drug to 

ÅÒÁÄÉÃÁÔÅ ÔÕÍÏÕÒ ÃÅÌÌÓ ×ÈÉÌÅ ÓÐÁÒÉÎÇ ÈÅÁÌÔÈÙ ÃÅÌÌÓ ɍρςɎȢ %ÖÅÒ ÓÉÎÃÅ ÔÈÅ ȰÍÁÇÉÃ 

ÂÕÌÌÅÔȱ ÃÏÎÃÅÐÔ ×ÁÓ ÐÒÏÐÏÓÅÄ ÂÙ 0ÁÕÌ %ÈÒÌÉÃÈ ÉÎ ρωρσȟ ÍÁÎÙ ÁÄÖÁÎÃÅÍÅÎÔÓ 

have been made across ADC discovery, design, development, manufacturing 

and clinical trial design, over the years leading to improved clinical outcomes 

(Figure 2). New clinical successes and an influx of regulatory approvals have 

led to increased interest in the ADC industry. Today, pharmaceutical companies 

continue to advance ADC technology and bring more ADCs to the clinic and 

market [22]. 

With nearly 50% (7 out of 14) of ADCs being approved by Food and Drug 

Administration in the past four years alone [1, 23] and the dramatically 

increasing number of ADCs in clinical studies, ADCs have become a fast- 

growing segment of the pharmaceutical market [12]and this is also reflected by 

the expansion of global ADC market size from $4.00 Billion in 2021 forecasted 

to reach $13.13 Billion by 2030 [22]. Table 1 summarizes the commercially 

available ADCs with particular focus on the antibody-conjugation chemistry, 

payload, target antigen and antibody formats used in their design alongside 

their therapeutic indications in clinical oncology. 
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Figure  2| Timeline  depicting  important  events in  the development  and approval  of ADC drugs  over  the past century  since the ȰÍÁÇÉÃ 
ÂÕÌÌÅÔȱ ×ÁÓ ÐÒÏÐÏÓÅÄ ÂÙ 0ÁÕÌ %ÈÒÌÉÃÈ ρωρσȢ ADC, antibody-drug conjugate; CEA, Carcinoembryonic antigen; MTX, Methotrexate; mAbs, 
Monoclonal antibodies. Reproduced with  permission from Cheng-Sanchez I., Moya-Utrera F., Porras-Alcala C., Lopez-Romero J.M. and 
Sarabia F. Antibody-Drug Conjugates Containing Payloads from Marine Origin.2022) 
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Table  1:US Food and Drug Administration  approved  Antibody  drug  Conjugates for  clinical  use in  oncology  
 

Antibody -drug  
conjugate 

(Brand  name)  

Company Year 
approved  

Indication  Target 
Antigen  

Antibody - 
Conjugation  site 

Payload 

F
irst 

g
e
n
e
ra

tio
n

 

 
Gemtuzumab 
ozogamicin 
(Mylotarg®)  

 
Pfizer/  Wyeth 
Laboratrories 

 
2001, 
withdrawn 
2010; 
reapproved 
2017 

 
Relapsed AML 

 
CD33 

 

 
Humainzed IgG4-Lysine 

 
Calicheamicin 

S
e
co

n
d g

e
n

e
ra

tio
n

 A
D

C
 te

ch
n
o
lo

g
y

 

 
Brentuximab 
vedotin 
(Adcetris®)  

 
Seattle Genetics 

 
2011 

 
Relapsed HL and 

sALCL 

 
CD30 

 

 
Chimeric IgG1-Cysteine 

 
Monomethyl 
Auristatin  E 
(MMAE) 

Ado-trastuzumab 
emtansine 
(Kadcyla®) 

 
Genentech/Roche 

 
2013 

 
HER2+ metastatic 

breast cancer 

 
HER2 

 

 
Humainzed IgG1-Lysine 

 
Emtansine (DM1) 

 
Inotuzumab 
ozogamicin 
(Besponsa®) 

 
Pfizer/  Wyeth 
Laboratrories 

 
2017 

 
B-ALL 

 
CD22 

 
Humainzed IgG4-Lysine 

 
Calicheamicin 

T
h

ird
 g

e
n

e
ra

tio
n

 A
D

C
 te

ch
n
o
lo

g
y

 

 
Moxetumomab 
pasudotox- tdfk 
(Lumoxiti®)  

 
Astra Zeneca /  CAT 

 
2018 

 
Hairy cell Lukemia 

 
CD22 

 
scFv-Cysteine 

 
Pseudomonus 
exotoxin (PE38) 

 

Polatuzumab 
vedotin 
(Polivy®)  

 
Genentech/Roche 

 
2019 

 
Relapsed or 

refractory  DLBCL 

 
CD79b 

 
Humanized IgG-Cysteine 

 

Monomethyl 
Auristatin  E 
(MMAE) 

Fam-trastuzumab 

deruxtecan-nxki 

(Enhertu®)  

 
Daiichi 
Sankyo/Astrazeneca 

 
2019 

HER2+ 
unresectable 

metastatic breast 
cancer 

 
HER2 

 
Humanized IgG-Cysteine 

 
Exactecan 
derivative (DXd) 
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T

h
ird

 g
e
n

e
ra

tio
n

 A
D

C
 te

ch
n
o
lo

g
y

 

 
Enfortumab 

vedotin-ejfv 

 
(Padcev®) 

 
Astellas/ Seattle 
Genetics 

 
2019 

 
mUC following 
PD-L1 inhibitor  

 
Nectin-4 

 

 
 

Humanized IgG-Cysteine 

 
Monomethyl 

Auristatin  E 

(MMAE) 

Belanatamab 

mafoditin blmf 

(Blenrep®)  

Glaxo Smith Kline 2020 Multiple  Myeloma CD38 
 

 

Humanized IgG-Cysteine 

Monomethyl 

Auristatin  F 

(MMAF) 

Sacituzumab 

govitecan hziy 

(Trodelvy®)  

Immunomedics 2020 Metastatic Triple 
negative breast 

cancer 

Trophoblast 
cell antigen 

(Trop2)  

 

 

Humanized IgG-Cysteine 

Active metabolite 
of Ironectan 
(SN38) 

Loncastuximab 

tesirine lpyl 

(Zynlonta®)  

ADC Therapeutics 2021 Large B cell 
Lymphoma 

CD19 
 

 

Humanized IgG-Cysteine 

Pyrrolo- 
benzodiazepine 
(PBD) dimer 

Dasitimab vedotin 

(Aidixi®)  

Seagen/ Remegen 2021 Metastatic 
urothelial  and 
gastric cancer 

HER2 
 

 

Humanized IgG-Cysteine 

Monomethyl 

Auristatin  E 

(MMAE) 

More than 300 immunoconjugates are in development, five percent are in phase III  clinical trials  as of March 2021. AML acute myeloid leukemia, 

ALCL anaplastic large cell lymphoma, B-ALL B-cell acute lymphoblastic leukemia, DLBCL diffuse large B-cell lymphoma, mAb monoclonal 

antibody, HL Hodgkin lymphoma, TROP2 tumour-associated calcium signal transducer 
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1.3.2 Requirements for the design of an ideal antibody-conjugate: 

Although the German scientist Paul Ehrlich pioneered the concept ÏÆ ȰÍÁÇÉÃ 

ÂÕÌÌÅÔȱ in 1913 , the first antibody drug conjugate was not available for clinical 

use until  2000 with  the regulatory approval of MylotargΆ gemtuzumab 

Ozogamicin [24]. This long time in research and development translates the 

complex structure of these targeted therapeutics. The successful development 

of antibody-drug conjugate medicine with clinical effectiveness dictates the 

sophisticated understanding of the molecular aspects of each of its components 

(antibody, payload and linker). 

Antibodyɀdrug conjugate is typically composed of a monoclonal antibody 

(mAbs) covalently attached to a cytotoxic drug via a chemical linker  (Figure 3). 

 

Figure 3|The structure of an ADC drug and characteristics of core components. The 

core components including target antigen, antibody, linker, cytotoxic drug along with 

their key functions are demonstrated. Reproduced with permission from Fu Z., Li S., Han S., 

Shi C. and Zhang Y.Antibody drug conjugate: the "biological missile" for targeted cancer 

therapy.2022 

The pursuit of ideal antibody-drug conjugates combining both the advantages 

of highly specific targeting ability and highly potent killing effect for accurate 

and efficient elimination  of cancer cells, has become one of the hotspots in the 
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research and development of anticancer drugs. The design of an ideal antibody- 

drug conjugates necessitates [26]:  

1. Recombinant engineering of an ideal antibody, featuring: 

¶ high affinity  for tumour antigen antibody recognition 

¶ Humanised or chimeric in nature to reduce immunogenicity 

¶ Increased blood circulation half life 

2. Tumour specific antigen selection with  

¶ high expression on tumour  cells 

¶ low or no expression on healthy tissues 

¶ high affinity  for antibody recognition 

3. The discovery and development of novel linkers characterised by: 

¶ stability  in blood circulation 

¶ efficient release of cytotoxic payload at target site 

¶ prevent premature release of cytotoxic payload at non target tissue 

¶ efficient linker  technology (cleavable vs non cleavable) 

4. The discovery and development of ideal cytotoxic payload exhibiting: 

¶ highly potency; IC50 in sub-nanomolar range 

¶ conjugated at optimal drug to antibody ratio  (DAR) 

5. Site-specific immunoconjugation techniques. 

Appropriate selection of immunoconjugation sites and conjugation 

technologies is regarded as crucial for the success of antibody-drug conjugates. 

This is because sites of conjugation and chemistries greatly affect biophysical 

properties, plasma stability and consequently therapeutic activity of the 

conjugate [27]. The focus of the research work of this thesis was mostly in the 
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development of novel strategies for site-specific antibody conjugation 

expanding the current toolbox for antibody-mediated delivery of a variety of 

payloads for various disease indications. 

1.3.3 Site-specific vs conventional antibody conjugation technology 

In the early design of first- and second-generation antibody-drug conjugates, 

non-directional conjugation approaches were employed which made use of 

either surface-exposed lysine residues (roughly 80 potential coupling sites) 

[28] or  reduced cysteine residues (4 pairs of interchain disulfides in IgG) [29] 

present in the antibody construct. These classical antibody conjugation 

methods utilize N-hydroxy-succinimide (NHS) or maleimide-mediated cross- 

linking for the attachment of a functional molecule to the primary amine of 

lysine or the thiol group of cysteine, respectively[30]. 

An early obstacle was the instability of some of the classic conjugation 

chemistries, which could lead to the payload falling off prematurely, before 

delivery[31]. Moreover, because of the large number of potential attachment 

sites, it was difficult to control the site and stoichiometry of drug conjugation, 

typically resulting in heterogeneous mixtures of ADCs that are difficult to 

optimize (Figure4). These heterogenous antibody targeted bioconjugates have 

been shown to have suboptimal therapeutic indices compared to homogeneous 

site-specific ADCs[32]. 

Site-specific antibody conjugation methods were, therefore, sought in the 

development of third generation ADCs (2019 onwards) to overcome the 

limitations of classical random coupling[33, 34]. 
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Figure 4|Conventional antibody conjugation methods include (a) lysine -reactive 

chemistries and b) cysteine reactive chemistries which generate heterogeneous 

mixtures of drug -antibody -ratio (DAR). Schematic representation of antibody constant 

chains and antigen binding fragments are colored blue and grey respectively. Conjugation 

sites are depicted as red and yellow stars to lysine and cysteine residues, respectively. 

Approximate DAR distribution  for stochastic cysteine and lysine conjugations are 

presented as bar charts. Reproduced with  permission from Bhat, Abhijit S. and Gregory 

T. Bleck. Ȱ4ÈÅ .ÅØÔ 3ÔÅÐ in Homogeneous Bioconjugate Development Optimizing Payload 

Placement and Conjugate #ÏÍÐÏÓÉÔÉÏÎȱ (2014). 

 

Although performing a site-selective chemical reaction on a protein while 

maintaining its integrity  is highly challenging , a plethora of methods have been 

developed for site specific attachment of various payloads to antibodies and 

antibody fragments[35]. Site-specific antibody conjugation techniques are 

generally into four categories including interchain disulfide conjugation, glycan 

modification, chemoselective conjugation to specially engineered residues at 

the N-terminus and C-terminus of the antibody construct and proximity 

directed conjugation[36] (Figure 5). 
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Figure  5|Scheme classifying  the methods  adopted  in  site -specific  conjugation  to  native 

antibodies. These methods can be summarised into four categories including interchain 

disulfide conjugation, glycan modification, chemoselective conjugation to specially 

engineered residues at the C-terminus of the antibody construct and proximity directed 

conjugation. Reproduced with permission from Wu K.L., Yu C., Lee C., Zuo C., Ball Z.T. and 

Xiao H.Precision Modification of Native Antibodies.2021) 

While studies have shown that site specific conjugation to the glycan side chain 

mostly induces immunogenicity[37], and therefore mostly applied in the 

generation of vaccines[38], other studies reported potential impairment of 

antibody and fragment antibodies integrity  and target specificity  in the cases of 

attachment via interchain disulfide linkages (due to disulfide scrambling)[36] 

or at the N-terminus as the antigen binding CDR loops (complementarity 

determining regions) are positioned adjacent to this site[39]. 

On the contrary, the C-terminus ends of the heavy or light chains are more 

distant from the antigen binding region [36] and potentially stand out as most 

promising site for site specific immunoconjugation when site-specificity and 

stoichiometric control are required for targeted delivery of therapeutics or 

diagnostic imaging agents. 

Site- specific  antibody  conjugation:  Sites of attachment  
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1.4 C-terminal  specific  immunoconjugation  approaches 

The premise of C-terminal  specific antibody conjugation technology is to enable 

site-specific and stoichiometric payload attachment to antibodies at placement 

sites distant from the antigen binding region, thus preserving antibody 

specificity and affinity  to the target antigen even after payload conjugation[36]. 

Developments in the last 10 years, have allowed C-terminal specific 

immunoconjugation protocols to become attractive tools for selective protein 

conjugation and authorize them to lead the future of antibody conjugation 

technology. 
 

Figure  6|Ribbon  diagram  of full -length  IgG structure  showing  the antigen  binding  CDR 

segments, highlighted in red, positioned at the N -terminus of the antibody while C - 

termini of the heavy and light chains are more distant . Heavy or light chains are depicted 

in dark blue or cyan, respectively. Structure obtained from the Protein Data Bank 

(http://www.rcsb.org/pdb/ ); PDB codes: 1IGT (full  length IgG). 

Based on the nature of conjugation, advanced C-terminal immunoconjugation 

approaches can be classified into chemoselective, enzyme mediated and 

proximity directed methods. Such methods have been explored for the 

conjugation of a variety of payloads including therapeutic cytotoxic drugs, 

nucleic acids, nanocarriers and diagnostic radioactive and fluorescent probes 

for applications in the field of oncology. 

http://www.rcsb.org/pdb/
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1.4.1 Chemoselective C-terminus specific immunoconjugation 

In concept, when antibodies are specially engineered with  a unique C-terminus 

functional moiety, selective modification to it results in controlled site-specific 

bioconjugation and generation of well-defined conjugates without  impairment 

to the antibody integrity and targeting specificity[40, 41]. Thanks to 

advancements in the field of recombinant protein engineering, the design of 

antibodies and antibody fragments with  C-terminus residues of chemoselective 

reactivity such as cysteine, selenocysteine, non-canonical amino acids and 

methionine, enabled successful C-terminus chemoselective 

immunoconjugation with broad utility for diagnostic and therapeutic 

applications in the field of oncology (Table2) 

Mostly chemoselective conjugation proceed by two pathways either via direct 

chemical reactivity  to a special amino acid engineered in the antibody structure 

or alternatively via chemoselective coupling of a click anchor to attach the 

desired payload functionalized with a complementary click moiety[24]. This 

Nobel prize-winning click chemistry (2022: Bertozi, Meldal, Sharpless) 

represents a well-known C-C bond-forming reaction which has led to 

applications not only in the field of bioconjugation but also in drug discovery, 

material sciences, and organic chemistry[35]. Although Sharpless original  click 

chemical approach, first  introduced in 2001, involved a copper catalyzed azide- 

alkyne interaction, the presence of such exogenous metal species (copper) 

would aggregate and adversely affect biomolecules in vivo[36]. Copper-free 

alternatives were then developed and founded on a strain promoted 

cycloaddition between an azide and cyclo-alkyne at ambient temperature and 

physiological aqueous environment forming highly stable biocompatible 

ligation products and resistant to biological metabolism[42]. 
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Table  2: Advanced approaches  for  C-terminus  specific  antibody  conjugation  based on 
Chemoselectivity and their applications in the field of oncology  

 

Conjugation 

Chemistry  

Targeting 

Antibody 

Format  

Targeting 

Antigen  

Payload Application  Ref. 

1. Engineered C-terminus  Cysteine 

Thiol-maleimide mAb HER-2 Dolastatin15 Antibody-Drug [43]  
    conjugate  

 scFv PSCA 68Ga-THP Immuno-PET 
imaging 

[40]  

  TAG-72 IRDye-800 Optical surgical 
navigation for 

[44]  

    Colorectal  

    adenocarcinoma  

  OX-40 Fluorophore 
(Ax-488) 

T-cell 
immunostimulato 

[45]  

    ry (Cancer and  

    autoimmune  

    disease)  

  GPIIb-IIIa 18F Immuno-PET [46]  
    imaging  

 sdAb VEGFR urease Anticancer [47]  
 (VHH)   immunotoxin  

  EGRF siRNA Nucleic Acid [48]  
    Therapeutics  

  HER-2 Fluorophore Extended [49]  
   (Ax-488) circulation and 

HER-2 tumour 
 

    accumulation  

  C-Met (IRDye 800) Targeted Anti- [50]  
    cancer  

    Phototherapy  

  PSMA 111In Targeted [51]  
    diagnostic  

    imaging Prostate  

    Cancer  

  CEA Quantum dots Immunotargeted [52]  
    MRI  

 Fab P- IR700 Dye Targeted Anti- [53]  
  glycoprotein  cancer 

Phototherapy 
 

  C-Met Anthrax toxin Anticancer 
Immunotoxin 

[54]  
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Conjugation 
Chemistry  

Targeting 
Antibody 
Format  

Targeting 
Antigen  

Payload Application  Ref. 

1. Engineered C-terminus  Cysteine 

Thiol-maleimide  
Cysteine- 
Diabody 

PSCA Dual 
modality 
18F and 

IRDye 800 

Immuno-PET 
imaging 

[55-57] 

CA19-9 Polymerized 
Liposomal 

Nanocarrier 

Prostate Cancer 
targeted 

nanmedicine 

[58]  

R3VQ Magnetic 
Nanoparticle 

s 

Magnetic Resonance 
Imaging 

[59, 60] 

Thiol- 
transcyclooctyne 

sdAb 
(VHH-GGC) 

HER-2 18F Immuno-PET 
imaging 

[14]  

2. Engineered C-terminus  Selenocysteine 

Thiol-maleimide mAb, Fab, Fc 
fragments 

Site specific antibody conjugation [61-63] 

3. Engineered C-terminus  Methionine  (Novel approach)  

ReACT-Click mAb HER-2 Florophore 
(A-647) 

Non-invasive optical 
imaging of HER-2 
overexpressing 

tumours 

[41]  

4. Engineered C-terminus  Unnatural  amino  acids 

Para-azido 
phenylalanine 

 
Click Chemistry 

sdAb oligonucle 
otide 

HER-2 Super-resolution 
imaging 

 
[64]  

Aldehyde tag 
 

Aldehyde 
reactive 

chemistry 

mAb HER-2 
overexpre 

ssing 
tumours 

V. cholerae 
sialidase 

Antibody dependent 
cell-mediated 
cytotoxicity 

(Tumour cell 
sialides) 

[65]  

PET: Positron emission tomography, AX-488: AlexaFlour -488 dye, IRDYE 800: Infrared dye 800 nm 
wavelength, cysteine -diabody: dimer of single-chain Fv (scFv) fragment expressing two cysteine 
residues at the C-termini 
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Novel chemoselective  immunoconjugation  approach  via engineered 
methionine at the C -terminus  

Methionine displays unique chemical reactivity allowing selective conjugation 

in the presence of all other natural amino acids. Methionine is among the most 

hydrophobic and the second rarest amino acid in proteins after tryptophan. In 

addition, the majority  of methionine residues are buried within  interior  protein 

cores, therefore surface-accessible methionines are limited and offer a 

potentially valuable handle for highly selective antibody conjugation using 

naturally occurring amino acid side chains [66]. 

Methods for methionine labelling under physiological conditions remain 

largely underdeveloped. However, recently, a methionine specific chemistry 

has been developed, called redox-activated chemical tagging (ReACT) [67]. The 

ReACT chemistry involves oxidation of methionine to form a sulfimide adduct 

with an oxaziridine molecule functionalized with an alkylazide to allow cargo 

attachment via click chemistry[66]. 

Compared to other site-specific antibody conjugation methods, chemoselective 

conjugation to C-terminus methionine, introduced via genetic engineering, can 

offer a unique method which involves i)  a minor  modification at the C-terminus 

that does not interfere with disulfide bridges, (ii) does not require activation, 

and (iii) generates unique 1:1 stoichiometries of biological and chemical 

components creating stoichiometrically defined immunoconjugates. 

In the fourth chapter of this thesis, we describe the novel recombinant 

engineering of an antibody with C-terminal methionine residues and explore 

the application of ReACT chemistry to generate stoichiometrically defined 

immunoconjugates. 
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1.4.2 Enzyme mediated C-terminal specific conjugation 

The use of enzymes as bioconjugation agents have increasingly gained scientific 

interest. Enzymes are biological catalysts that play key roles in post- 

translational modification of proteins in living organisms and industrial 

conversion processes[68]. The underlying specificity, rapid reaction rates, 

remarkable catalytic properties, biocompatibility with complex systems, and 

ability  to function under mild reaction conditions make them excellent choices 

for site-specific modification of biomolecules and generation of structurally 

defined immunoconjugates[69]. 

Thanks to recent advances in bioengineering; post-translational modification 

enzymes have been increasingly isolated and characterized, and a solid 

foundation has been established for their application in site-specific 

bioconjugation. Currently, Sortase [70, 71], Formylglycine-generating enzyme 

(FGE) [65], transglutaminase[68, 72] and the recently published Trypsiligase 

enzyme [73] are the most commonly used enzymes for C-terminus specific 

bioconjugation. 

Following enzyme recognition of the unique motif engineered in the 

biomolecule, enzymatic bioconjugation proceeds mostly by two pathways. First 

pathway involves catalyzing the direct attachment of the desired payload to the 

antibody [74]. The second pathway also known as chemoenzymatic 

ÂÉÏÃÏÎÊÕÇÁÔÉÏÎ ÏÒ ȰÂÉÏ-ÃÌÉÃËȱ ÉÎÖÏÌÖÅÓ ÁÎ ÅÎÚÙÍÅ ÍÅÄÉÁÔÅÄ ÃÏÎÊÕÇÁÔÉÏÎ ÏÆ Á 

click anchor to the biomolecule to attach a desired payload bearing 

complementary click reactive functionality [75]. Consequently, this approach 

has obvious advantages, namely, the inherent stereospecificity of enzymes on 

the one hand and the broad versatility  of click-chemical reactions on the other 
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and therefore, offers an approach with maximum flexibility for site-specific 

protein modifications and immunoconjugation[76]. 

Sortase mediated  C-terminal  specific  immunoconjugation  

Sortase transpeptidases are a superfamily of enzymes widely distributed 

throughout Gram-positive bacteria. Staphylococcus aureus. The enzyme Sortase 

A (SrtA) is responsible for attaching proteins that contain a C-terminal LPXTG 

sorting sequence to the cell wall. SrtA cleaves between the threonine and 

glycine of the sorting sequence, forming an acyl-enzyme intermediate that 

subsequently acylates the primary amine of the pentaglycine of the 

peptidoglycan[74]. 

Studies have revealed that SrtA shows a strong preference for its LPXTG sorting 

sequence, that it will accept a variety of glycine-based (and some non-glycine) 

nucleophiles and most importantly a 91-99% conjugation efficiency was 

achieved with several IgG species, without the generation of any detectable 

nonspecific conjugation products and without compromising their antigen 

specific binding affinity[69, 70, 75, 76]. 

These properties make SrtA an attractive tool for site-specific protein 

modification. Indeed, SrtA has been successfully used for C-terminal protein 

labeling, as well as improve protein biodistribution and semi-synthesis of 

multi -domain proteins[71, 76, 77], 

Furthermore, Hagemeyer and Alt group were among the first research groups 

to introduce the application of Sortase A- enzyme in immuno-nanocarrier 

conjugation via one or two-step conjugation procedures[78]. In this thesis the 

utility of this technique was extended to a novel engineered nanosystem with 

the aim of targeted cytotoxic delivery to solid tumours. 
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1.4.3 Proximity-directed C-terminal conjugation. 

Proximity  directed  antibody -conjugation  

Proximity directed antibody conjugation is an emerging strategy offering a less 

cumbersome method of site-specific antibody conjugation compared to 

chemoselective and enzyme-based antibody conjugation approaches. Based on 

the changes in the microenvironment at the terminal positions to that of other 

regions within the protein structure, a promising strategy for site-specific 

native antibody conjugation has emerged.  Involving the use of small protein 

domains or peptides that non-covalently bind to a conserved sequence in the 

antibody Fc domain with high affinity,  special affinity peptides have been 

engineered to enhance selectivity and directed reactivity to the antibody Fc 

region, and attach reactive groups capable of forming a site-selective covalent 

bond to various conjugation partners through proximity-induced 

reactivity[36].   

Several examples of this approach have been reported, with the key advantages 

being that genetic engineering or glycan remodeling are not required, and that 

the same affinity peptide can be used to form bioconjugates with virtually all 

immunoglobulin of the same isotype.  

Proximity  directed  antibody -nanoconjugation  

In the field of nanosized targeted delivery, precise and homogeneous antibody 

orientatio n on the surface of immunoconjugate nanocarriers is important to 

reduce non-specific tissue interactions and off-target effects in vivo. Our lab 

group have recently developed a novel one-step synthesis method for spatially 

controlled crystallization of organic nanocrystals predominantly around the Fc 

regions of antibody molecule based on the significant difference in the surface 

chemistry and charge distribution between the Fab. 
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In this recent study, we were able to demonstrate a novel and simple one- step 

approach for the localized growth a of zinc-based nanocrystals on the Fc 

region of trastuzumab while the Fab regions protruded from the nanocrystal 

surface and free to target the selected antigen(Figure 9). The nanocrystals 

introduced in this research work, also known as metalɀorganic frameworks 

(MOFs), have shown promise in numerous biomedical research applications. 

The applicability of this protocol to biosensing was demonstrated by the 

successful encapsulation of quantum dots into targeted nanocrystals and the 

enhanced tumor targeting performance was confirmed.  

This simple one step approach has the potential to accelerate the ongoing 

progress in designing immunotargeted-nanomedicine with therapeutic and 

diagnostic applications towards clinical translation. 

 

 

 
Figure 7| One step directional conjugation of antibodies to nanoparticles: Diagram 
describing the spatially controlled crystallization of metal organic framework nanocrystals 
(ZIF-C) precursors (Zn2+, HmIM,ɀImidazole) around Fc region of Trastuzumab antibody b) 
nucleation of ZIF-C around the Fc region (inset shows ZIF-C crystal structure); c) growth of 
plate-like ZIF-C*Ab nanocrystals. Reproduced with permission from Alt K., Carraro F., Jap E., 
Linares-Moreau M., Riccò R., Righetto M., Bogar M., Amenitsch H., Hashad R.A., Doonan C., 
Hagemeyer C.E. and Falcaro P. Self- Assembly of Oriented Antibody-Decorated Metalɀ
Organic Framework Nanocrystals for Active-Targeting Applications.2022 
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My participation in this study was in the method development of this novel 

immunotargeted nano-construct so it is presented in my thesis in the Appendix 

A section under the title: Self-Assembly of Oriented Antibody- Decorated Metalɀ

Organic Framework Nanocrystals for Active-Targeting Applications. Advanced 

Materials, 2022. 
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1.5 Thesis aims and structure  

Thesis aims: 

In the era of precision medicine, antibody-based therapeutics and diagnostics 

enriched with emerging advances and new proof-of-concept formats, have 

rapidly evolved to become essential contributors to precision medicine. Despite 

the advances in antibody conjugation technology, the awareness of the need to 

develop site-specific antibody conjugation methods, is still recent and there 

remains a demand for novel site-selective strategies for the development of 

antibody conjugates with improved selectivities and stability. 

This thesis seeks to address the ongoing demand for immunotargeted 

therapeutics and diagnostics with improved clinical outcome for cancer 

management and add to the current knowledge on site-specific 

immunoconjugation strategies. 

Although technological advancements have been made for designing C- 

terminal  specific immunoconjugates in the past decade as previously described, 

the general aim of this thesis is to explore novel C-terminus-specific 

immunoconjugation technique for the development of novel tumour-targeted 

therapeutic and diagnostic modules with potential for clinical translation. w 

Objectives:  

1. The expression, purification and characterisation of recombinantly 

engineered monoclonal antibody and single chain antigen binding variable 

fragment as the targeting ligands to over-expressed tumour specific antigens 

and specially engineered with C-terminu s reactive residues. 

2. The engineering of a novel protein shelled nanosystem with  unique potential 
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for targeted cytotoxic drug delivery to cancer cells. 

3. Exploring the C-terminus specific Sortase A enzyme-mediated 

immunoconjugation technique to engineer antibody decorated- nanocarrier 

systems. 

4. Investigating a novel site-specific conjugation based on chemoselective 

reactivity  to methionine residues recombinantly engineered at the C-terminus 

of Trastuzumab monoclonal antibody. 

Thesis structure:  

This doctoral thesis is the culmination of studies aimed to investigate C- 

terminal specific immunoconjugation strategies for the engineering of novel 

immunoconjugates targeting cancer. This thesis is presented as a thesis by 

publication and consists of five chapters (Figure). 

In the first chapter, I summarized the literature to assess the global market of 

antibody drug conjugates in oncology and the clinically significant demand for 

site-specific conjugation technology. I also reviewed the recent advances in 

site-specific immunoconjugation technology with special highlight on the 

advanced C-terminal  specific conjugation strategies. This chapter is followed by 

peer-reviewed publications for Chapters 2-4. 

Chapter Two was published as a protocol-based research study providing  in 

depth knowledge on all the essential steps for successful application of a 

Sortase A enzyme-mediated C-terminal  specific conjugation approach in the 

construction of immunotargeted nanomedicine 

In Chapter Three, I developed a novel nanocarrier system designed with a 

protein shell offering a flexible surface for immunoconjugation using the 
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approach introduced in Chapter Two. Using two different  cancer targeting 

ligands, Chapter Three was subdivided into two independent studies. The first 

study was designed to investigate Trastuzumab conjugation to the novel 

nanosystem and evaluates the cancer cell targetability and toxicity to Her-2 

overexpressing tumours. In the second study we explored tumour  

microenvironment  targeting via the conjugation of the same nanocarrier 

system to a single chain variable fragment specifically binding to tumour 

associated activated platelets. 

Chapter Four presents a novel monoclonal antibody (Trastuzumab) engineered 

with C-terminal methionine and explores an advanced chemoselective 

chemistry for florescent probe labelling and the assessment of in vivo tumour 

targeting ability. 

Finally, Chapter Five discusses the key findings identified in Chapters 2-4, the 

implications of the results, and what future directions this work could take. 

Supplementary information  associated with  this thesis can be found in the 

appendices. 

¶ Published Manuscript for a study involving: Self-Assembly of Oriented 

Antibody-Decorated MetalɀOrganic Framework Nanocrystals for Active- 

Targeting Applications (Appendix A) 
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Chapter 2| Enzymatic Sortase A-mediated C-terminal 
immunoconjugation for engineering targeted 
nanomedicine  

 
 

 

2.1 Chapter overview  

Development in the methods of immuno-conjugation come on the forefront 

advances essential for the design of targeted therapeutic and diagnostic agents. 

An enzymatic conjugation platform based on a Staphylococcus aureus Sortase A 

(SrtA) transpeptidase has been recognized for some time as a useful 

bioconjugation tool with well- studied mechanism [76] and characterized by 

substrate specificity, mild reaction conditions, and high bioconjugate yields[70, 

71, 75]. 

In this chapter we demonstrate the efficient application of such technique in 

engineering of targeted nanomedicine. In the form of a detailed protocol, we 

describe the inhouse expression, purification and characterisation of SrtA 

enzyme and a model single chain variable antibody fragment (scFv). Following, 

we unfold the C-terminal specific SrtA- mediated immobilization of scFv onto a 

nanosystem surface through two pathways: the first  is a one pot direct method 

while the second combines enzymatic and click conjugation in a famous two pot 

bio-click method. Finally, the validation assays described could discern the 

successful engineering of a targeted nanomedicine without compromising the 

antigen binding activity of the small antibody fragment. 

This chapter is presented as the published book chapter in Methods in 

molecular biology journal (2019): Hashad R.A., Lange J.L., Tan N.C.W., Alt K., 

and Hagemeyer C.E., Engineering Antibodies with  C-Terminal Sortase- 
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Mediated Modification for Targeted Nanomedicine. Methods Mol Biol, 2019. 

2033: p. 67-80. 
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2.2 Published  Book Chapter 
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2.3 Principal  findings  and conclusion  

Sortase A (SrtA) enzyme and a single chain variable fragment specially 

engineered with a C-terminus Sortase A recognition tag can be efficiently 

expressed, purified and produced at a high yield by the described protocol. 

Furthermore, SrtA A enzyme shows a strong preference for its LPXTG sorting 

sequence and can catalyze the conjugation to a variety of glycine-based 

nucleophiles. Most importantly a 90-99% conjugation efficiency was achieved 

without  the generation of any detectable nonspecific conjugation products and 

without compromising the antigen binding specificity of the scFv. 

This study demonstrates, in a scientific protocol format, how SrtA enzyme 

mediated bioconjugation can be applied to design immunotargeted 

nanomedicine. Depending on the nanocarrier surface functionalization, SrtA 

enzyme can catalyze the site-specific immuno-nano conjugation via a direct one 

pot method or alternatively, introduce a click anchor at the C-terminus which 

can be subsequently attached to a corresponding click reactive surface. 

For the second described chemoenzymatic approach, the copper-free strain 

promoted click chemistry, which was recently awarded the Nobel Prize in 

Chemistry 2022, was an important component. Strain promoted cycloaddition 

between an azide and cyclo-alkyne at ambient temperature and physiological 

aqueous environment enabled the formation of highly stable biocompatible 

ligation products and resistant to biological metabolism. 

While the one pot method  offers the advantage of a straightforward single step 

ligation for the targeting antibody to the nano-construct surface, however 

surface glycine functionalization is an important prerequisite for a direct 

Sortase-mediated transpeptidation reaction.   The combination of chemical and 

enzymatic approaches as described in the two-pot method, on the other hand, 
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offered more obvious advantages. Firstly, the introduction of a click anchor to 

the nanoparticle surface resulted in an approach with  maximum flexibilit y 

and broad versatility for site-specific immuno- nanoconjugation. Secondly, any 

nanoparticle formulation with accessible primary amine functionalization is 

amenable to this procedure . Finally, click reactions are highly quantitative, with 

minimal or no by-products, and thus can minimize the potential of reverse 

sortase-mediated reactions and enhance conjugation yield.  

In summary, this chapter demonstrates the use of Sortase A for bioconjugation 

of recombinant single-chain variable fragments in a selective and site-specific 

manner, which allows the production of targeted nanosystems  with 

applications suitable for molecular imaging and targeted drug therapy. 
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Chapter 3 | Engineering a novel nanosystem and C - 
terminal immunoconjugation for canc er targeting 
applications  

 
 

 

3.1 Chapter overview  

Antibody-coated nanoparticles have recently attracted considerable attention, 

with the focus falling on cytotoxic drug delivery to tumours. Nevertheless, 

controlled antibody bioconjugation to nanocarrier surfaces remains a challenge 

[80]. 

In this chapter, we describe the generation of a novel nanosystem; engineered 

from Nisin offering numerous advantages as a nano-delivery system. Two 

cancer targeting ligands were explored in two independent studies for their 

conjugation to the novel nanosystem and evaluated for cancer targeting 

specificity and cytotoxicity. The bio-click Sortase mediated bioconjugation 

method, as detailed in the previous chapter was adopted for their C-terminal 

specific immobilization on the nanocarrier surface. The two cancer targeting 

ligands explored were, a monoclonal antibody used to directly target over- 

expressed receptors on the tumour cell (study 1) and a scFv targeting the 

tumour microenvironment was investigated in study 2. 

Accordingly, this chapter is sub-divided into two sections. 

 
Study 1: Chemoenzymatic surface decoration of Nisin-shelled nanoemulsions: 

Novel targeted drug-nanocarriers for cancer applications 

3ÔÕÄÙ ςȡ 0ÌÁÔÅÌÅÔ ÁÓÓÏÃÉÁÔÅÄ ÃÁÎÃÅÒ ÔÁÒÇÅÔÉÎÇ ×ÉÔÈ ɻ'0))Â)))Á-scFv conjugated 

Nisin-shelled nanovesicles 



Page | 66  

The first study of this chapter is presented as the published manuscript in 

Ultrasonics Sonochemistry: Hashad R.A., Singla R., Kaur Bhangu S., Jap E., Zhu 

H., Peleg A.Y., Blakeway L., Hagemeyer C.E., Cavalieri F., Ashokkumar M., and Alt 

K., Chemoenzymatic surface decoration of Nisin-shelled nanoemulsions: Novel 

targeted drug-nanocarriers for cancer applications. Ultrason Sonochem, 2022. 

90: p. 106-183. 
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Nisin -shelled nanoemulsions:  Novel 
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3.2 Published  manuscript  
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Study  2 

Platelet associated cancer targeting 

with ɻGPIIbIIIa -scFv conjugated Nisin -

shelled nanovesicles  
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1. Introduction  

1.1 Role of platelets  in  cancer proliferation,  progression  and metastasis  

Platelets, the smallest blood cells, are disk-shaped anucleated subcellular 

fragments originating from megakaryocytes in the bone marrow [81, 82]. 

Although they are known as thrombocytes, platelets play vital roles beyond 

thrombus formation and wound healing [83]. Platelets have been found to be 

among the first biological blood components to sense, phagocytose, and react 

to pathogens in circulation, hence are particularly  involved in innate immunity, 

inflammation and cancer [84, 85]. 

Cancers have long been recognized to induce hemostatic abnormalities since 

first  described by Trousseau in 1865 [86, 87]. Despite the discovery of venous 

ÔÈÒÏÍÂÏÅÍÂÏÌÉÓÍ ÃÏÒÒÅÌÁÔÉÏÎ ÔÏ ÃÁÎÃÅÒ ɉ4ÒÏÕÓÓÅÁÕȭÓ ÓÙÎÄÒÏÍÅɊ ÏÖÅÒ ρςπ 

years ago, the molecular mechanisms underlying cancer pathogenesis and its 

relationship to platelets were poorly characterized [88]. However, recent 

experimental evidence strongly indicates that platelets act as ȬÆÉÒÓÔ ÒÅÓÐÏÎÄÅÒÓȭ 

to cancer and are active participants in tumour proliferation, progression and 

metastasis [84, 89]. 

Cancers, also identified as the nonhealing wounds, continuously engage and 

recruit platelets (Figure 8) in a highly coordinated and dynamic multistep 

process known as Tumour Cell Induced Platelet Activation/Aggregation 

(TCIPA)[88, 90]. Platelets infiltrating into tumour microenvironment become 

activated by several pathways [84, 88, 91]. Besides, the strong platelet- 

activating mediators secreted by tumour cells in the microenvironment, such 

as ADP [92], thrombin  [93], and Thromboxane A2[94], rapid platelet activation 

is also triggered by direct interaction with  pro-aggregatory  membrane 

glycoproteins and tumour cell adhesion receptors (Figure 9).
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Once activated, the platelet cytoskeleton collapses followed by extensive shape 

transformation from biconcave disks to fully spread cells extending filopodia 

[95]. Activated platelets then form platelet-tumour cell aggregates [96] through 

binding of receptors on the plasma membrane of the activated platelets, such 

as GPIb, GPIIb/IIIa, and P-selectin, to cancer cells [97]. Activated platelets in turn  

release a group of tumorigenic agents [98] that play a vital role in stimulating 

angiogenesis, tumour growth as well as facilitate metastatic spread [99]. 

Furthermore, activated platelets are reported to attach to circulating tumour 

cells providing  shield from the immune system and deleterious effects of shear 

forces [100]. 

 

 
Figure  8|  Molecular  mechanisms  of Tumour  cell  induced  platelet  activation (TCIPA).  
TCIPA is mediated by both fibrinogen binding to ÉÎÔÅÇÒÉÎ ɻ))Âɼσ and platelets and cancer 
cells entrapment into the fibrin  network. TF ɀ tissue factor, PAR ɀ protease-activated 
receptors, PL ɀ phospholipids Adapted from [90] 
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Figure 9| Schematic representation of platelet and cancer cell interaction via surface 
receptors or pro -aggregatory mediators released by cancer cells. Platelets surface 
receptors interact with cancer cell via the different types of cell receptor. On inactivated 
platelets, integrins are presented in a low affinity state. Platelet activation leads to 
conformational changes that enable high-affinity interactions with ECM proteins and with 
other cells. One of the most important  integrins is ɻ))Âɼσ (GPIIb/IIIa)  which enhance platelet 
adhesion and aggregation via fibronectin, fibrinogen and vWF. The glycoprotein GPIb-IX-V 
and GPVI are responsible for initial platelet adhesion and activation in blood by binding to 
their main ligand, von Willebrand factor (vWF) and collagen. P-selectin is expressed on 
activated platelets and regulate the initial interactions between activated platelets and 
leukocytes. PAR receptors bind to thrombin that stimulates platelets and increases their 
adhesion to tumour cells. ADP acts through P2Y1 and P2Y12 receptors (G-protein-coupled 
receptors) which leads to shape change, aggregation, and thromboxane A2 production by 
platelets. CLEC-2-podoplanin interaction facilitates hematogenous tumour metastasis 
Adopted from [101] 

Overall, the role of platelets in cancer progression and metastasis is dynamic 

and the critical nature of platelets in carcinogenesis continues to unfold [90]. 

TCIPA is currently  regarded as a key intermediate step in the process of cancer 
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metastasis especially that pre-clinical studies have demonstrated that 

pharmacologically- or genetically-induced thrombocytopenia and platelet 

function defects in animal models are associated with  reduced metastasis [102]. 

1.2 Lung cancer and Prostate  cancer induced  TCIPA 

Lung cancer is the second most common cancer worldwide  and is the primary 

cause of death among the malignant neoplasm with a low five-year survival rate 

[103]. Prostate cancer, in the meantime, is the second most commonly 

diagnosed cancer and the fifth leading cause of cancer death among men 

worldwide, accounting for 1,414,000 new cancer cases and 375,304 deaths in 

2020 [104]. TCIPA has been documented to be involved in tumorigenesis in 

several types of cancers including lung [105] and pancreatic cancers [106]. 

TCIPA induced by two human cancer cell lines, lung cancer cell line (LLC-1) and 

prostate cancer cell line (PC-3), was therefore investigated in this research 

study. 

1.3 TCIPA as a universal  tumo ur  targeting  approach  

Since cancer cells are usually accompanied by activated platelets in vivo. Thus, 

targeting activated platelets can be considered as a universal method for 

tumour targeting [107]. TCIPA is in the spotlight of current research for the 

possibility  to develop TCIPA targeting approaches that open new ways to track 

or eradicate cancers [90, 108]. 

1.4 GPIIbIIIa  receptor  as a potential  TCIPA target  

As mentioned above, some receptors on the plasma membrane of the activated 

platelets, such as GPIb [109], GPIIb/IIIa[110], and P-selectin[111] can interact 

with  cancer cells or pro-aggregatory mediators excreted by cancer cells in the 
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tumour microenvironment. One of the most important platelet surface 

receptors and most abundantly expressed upon activation is the glycoprotein 

'0))Â)))Á ÏÒ ÁÌÓÏ ÄÅÎÏÔÅÄ ÂÙ ÉÎÔÅÇÒÉÎ ɻ))Âɼσ ɍρρπɎ. On activated platelets, with 

υπȟπππ ÃÏÐÉÅÓ ÁÔ ÔÈÅ ÓÕÒÆÁÃÅȟ ÔÈÅ ÍÁÊÏÒ ÒÏÌÅ ÏÆ ɻ))Âɼσ ÉÓ ÔÏ ÅÎÓÕÒÅ ÐÌÁÔÅÌÅÔ 

aggregation through the binding of plasma fibrinogen, whose dimeric nature 

ÁÌÌÏ×Ó ÔÈÅ ÂÒÉÄÇÉÎÇ ÏÆ ÁÄÊÁÃÅÎÔ ÐÌÁÔÅÌÅÔÓȢ ɻ))Âɼσ ×ÁÓ ÌÏÎÇ ÂÅÌÉÅÖÅÄ ÔÏ ÂÅ 

specifically expressed in the platelet lineage, but has also been reported to be 

present in several tumour cells [85], promoting tumour cell adhesion and 

invasion. In fact, several studies demonstrated that knockout of the GPIIbIIIa 

subunit in mice or competitive inhibition of platelet GPIIb/IIIa, either 

pharmacologically or by using antibodies against GPIIIa also diminished the 

formation of metastases [102]. Having a specific antibody or peptide for 

targeting these receptors directly conjugated to a payload or nanocarriers can 

be utilized to deliver anticancer drugs or imaging probes to the tumour cells 

[90]. In this research study we explore the util ization of a single-chain antibody 

ÓÐÅÃÉÆÉÃÁÌÌÙ ÔÁÒÇÅÔÉÎÇ ɻ))Âɼσ ÒÅÃÅÐÔÏÒÓ ɉ'0))Â)))Á ÓÃ&ÖɊ ÆÏÒ ÔÈÅ ÐÕÒÐÏÓÅ ÏÆ 

platelet associated tumour targeting. 

1.5 Nisin  shelled  nanoemulsion  as a potential  platelet -associated cancer 
targeting nanomedicine  

Platelet-associated cancer targeting nanomedicines have been recently 

introduced and are further explored for their unique targeting features to 

increase the delivery for a variety platelet inhibitors or tumour toxins to the 

tumour site [90]. 

The protein shelled nanoemulsion made up of a natural, cheap, and readily 

available peptide (nisin)  can offer a unique platform for cytotoxic drug delivery 
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to tumour site[112]. While the protein in the shell provides a non-toxic, 

biocompatible, and biodegradable surface that is rich in functional groups for 

the attachment of targeting ligands, the nanoemulsion core acts as a drug 

carrier, as demonstrated in the previous section. Hereby, we describe an 

extended application of these unique nanocarriers in the development of 

activated platelet-targeted doxorubicin-loaded nisin shelled nanovesicles that 

can potentially be used as a universal cancer nano-delivery platform at high 

therapeutic efficacy while minimizing systemic side effects. 

1.6 C-terminus site specific bio -click conjugation for targeted 
nanoparticle assembly  

When the nanovesicles are conjugated to the GPIIbIIIa targeting ligand 

ɉɻ'0))Â)))Á ÓÃ&ÖɊȟ ÉÔ ÉÓ ÃÒÕÃÉÁÌ ÔÏ ÍÁÉÎÔÁÉÎ ÉÔÓ ÓÔÒÕÃÔÕÒÁÌ ÉÎÔÅÇÒÉÔÙ ÁÓ ×ÅÌÌ ÁÓ 

reserve the targeting ability for GPIIbIIIa integrins. For that purpose, site 

specific bioconjugation using Sortase A enzyme and click chemistry (Bio-click 

approach) was chosen for platelet-associated cancer targeting nanomedicine 

construction. Accordingly, the scFv was recombinantly engineered to include a 

3ÏÒÔÁÓÅ ! ÒÅÃÏÇÎÉÔÉÏÎ ÓÅÑÕÅÎÃÅ ɉɻ'0))Â)))Á-scFvLPETG) for the site-specific 

attachment on surface of nisin shelled nanovesicles. 

2. Results 

2.1 Expression,  purification  and characterisation  of platelet  targeting  

ligand  ɻ'0))ÂȾ)))Á-scFvLPETG and SrtA enzyme: 

 
With the aim of platelet associated tumour targeting, firstly a single-chain 

antibody fragment specific to the activated form of the glycoprotein 

(GPIIb/IIIa), the most prominent marker expressed by platelets upon 

activation, was engineered by recombinant DNA technology. In the vector map 
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(Figure 10!Ɋȟ ÔÈÅ ÇÅÎÅÔÉÃ ÃÏÄÅ ÆÏÒ ɻ'0))Â)))Á-scFvLPETG expression was 

extended at the C-terminus with a V5 tag for internal validation in flow 

cytometry experiments followed by a Sortase recognition sequence (LPETG) for 

site specific bioconjugation using Sortase A enzyme and hexa-histidine tag for 

ÁÆÆÉÎÉÔÙ ÃÈÒÏÍÁÔÏÇÒÁÐÈÙ ÐÕÒÉÆÉÃÁÔÉÏÎȢ 4ÈÅ $.! ÃÏÎÓÔÒÕÃÔÓ ÏÆ ɻ'0))Â)))Á- 

scFvLPETG as well as mutated non-binding scFv (MUTscFvLPETG) and Sortase A 

enzyme were all cloned into E.coli expression plasmids, then expressed and 

purified  using FPLC chromatography based on nickel affinity  and size exclusion. 
 

 
Figure  10|  Expression,  purification  and characterisation  of recombinant  proteins   A) 

Vector map with gene of interest cloned into pSectag2A backbone. The vector features the 

gene of interest ɉɻ'0))Â)))Á-scFvLPETG) followed by a V5 tag, the Sortase A tag (LPETG) and a 

His6 tag for purification and stop codon B) Coomassie-stained SDS-PAGE gel comparing (1) 

3ÏÒÔÁÓÅ !ȟ ɉςɊ ɻ'0))Â)))Á-scFvLPETG and (3) MUT scFvLPETG following expression and 

purification. Molecular weight protein standard markers were run in parallel for 

comparison. NIR digital fluorescence imaging was performed on the Odyssey CLx®  imaging 

system. Fluorescence is observed as red protein  bands in the 700nm channel wavelength for 

3ÏÒÔÁÓÅ ! ÁÔ ςπË$Áȟ ×ÈÉÌÅ ɻ'0))Â)))Á-scFvLPETG and MUT scFvLPETG are seen at about 35kDa. 

Representative gel out of n=3 is shown. 
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The eluted samples were quantified then assessed for purity using SDS-PAGE 

gel electrophoresis. When correlated against protein standard (Figure 10B), 

Coomassie stained protein samples were observed as fluorescent red bands in 

the 700nm wavelength; the first lane depicts one strong band of SrtA at about 

20kDa, while bands observed at approximately 35kDa and 36kDa respectively, 

ÒÅÐÒÅÓÅÎÔ ÐÕÒÉÆÉÅÄ ɻ'0))Â)))Á-scFvLPETG and MUTscFvLPETG in lanes 2 and 3 

respectively. The clarity of the bands indicates high purity of the yield. 

2.2 Sortase mediated  azide bioconjugation  (SMAB) to ɻ'0))Â)))Á-scFvLPETG 

 
The bioconjugation of a click-reactive pendant site -specifically at the C- 

ÔÅÒÍÉÎÕÓ ÏÆ ÒÅÃÏÍÂÉÎÁÎÔÌÙ ÅÎÇÉÎÅÅÒÅÄ ɻ'0))Â)))Á-scFvLPETG and the mutated 

control was accomplished using SrtA bioconjugation technique. At 

physiological temperature and in a buffered reaction mixture SrtA recognizes 

the LPETG motif at the C-terminus of scFvs and catalyzes the transpeptidation 

of a glycine bearing click reactive linker  (G-PEG3-N3) as displayed in Figure 11A. 

4ÈÅ ÍÏÄÉÆÉÅÄ ÓÃ&Ö ×ÉÔÈ Á ÃÌÉÃË ÐÅÎÄÁÎÔ ɉɻ'0))Â)))Á-scFvAzide) was separated 

from the reaction mixture using NuviaΆ IMAC Resin and the flow-through 

containing click reactive scFv only was collected and dialyzed against PBS 

overnight at 4°C. The success of this bioconjugation step was assessed by 

incubating the modified scFv with a complementary click reactive near infra- 

red dye BCN-DY800 and run on SDS-PAGE gel. Imaging with  the Odyssey CLX® 

system (Figure 11B), showed green fluorescent bands (800nm wavelength) only 

for the SrtA modified click reactive scFvs ɉɻ'0))Â)))Á-scFvAzide-BCN-DY800 

(~33kDa) in lane 3, and MUTscFvAzide-BCN-DY800 (~32kDa) in lane 4) in 

comparison to controls . Notably, the slight reduction in the molecular weight 

of the modified scFvs, mostly sequence following the LPETG tag, also verified 
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A. 
 

B. 
 
 
 
 

 
37 kDa 

 
 

25 kDa 

 

BCN-DY800  + + + + 
 
 

Figure  11|  Sortase A mediated  azide bioconjugation  (SMAB) of ɻ'0))Â)))Á-scFvLPETG 

A) schematic illustration for Sortase A mediated bioconjugation of click pendant (azide) to 

ɻ'0))Â)))Á-scFvLPETG B) Coomassie-stained SDS-PAGE gel demonstrating the success of 

SMAB on ɻ'0))Â)))Á-scFvLPETG was verified when 20 ug protein  samples were incubated with 

BCN-Dylight 800 (click reactive fluorophore)  then run on 12% SDS -PAGE gel and Comassie 

stained. Using Odyssey CLX® -imaging system the gel was scanned at 700/800 nm NIR 

wavelength showing: molecular weight protein  standard markers (lane 1), lanes 2 and 3 for 

ɻ'0))Â)))Á-scFvLPETG before and after SMAB, respectively, while lanes 4 and 5 corresponding 

to non-binding control MUTscFvLPETG before and after SMAB. Representative gel out of n=3 

is shown. 
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the successful SrtA mediated transpeptidation and azide moiety 

bioconjugation. The efficiency of this conjugation technique was manifested by 

> 90% bioconjugate yield. 

2.3 Click reactive  scFv binding  efficiency  to activated  platelet  receptor 
GPIIb/IIIa  

From freshly collected human blood, platelet rich plasma (PRP) was separated. 

Using a BD FACS CaliburΆ flow cytometer, initially, the platelet population of 

interest was gated on a dot plot comparing side scatter and forward scatter 

fluorescence of unstained PRP while platelet activation-specific antibody 

(aCD62PE) was used to stain activated platelets and determine appropriate 

platelet ADP-ÁÃÔÉÖÁÔÉÏÎȢ 4ÈÅ ÐÌÁÔÅÌÅÔ ÂÉÎÄÉÎÇ ÆÕÎÃÔÉÏÎ ÏÆ ɻ'0))Â)))Á-scFv was 

analyzed before and after SrtA-mediated bioconjugation via V5 tag specific 

(anti -V5 FITC) secondary antibody. A significant increase in FL1-H fluorescence 

×ÁÓ ÏÂÓÅÒÖÅÄ ×ÈÅÎ ɻ'0))Â)))Á-scFv was incubated with activated platelets 

compared to the non-binding control Mut-scFv (Figure12). This indicates 
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Figure 12| Column graph evaluating the degree of specific binding to activated 

ÐÌÁÔÅÌÅÔÓ ÆÏÒ ɻ'0))Â)))Á-scFvLPETG before and after SrtA-mediated bioconjugation. 

Mean FL1-H fluorescence values of n=3 experiments on activated platelets. Samples were 

stained with anti -V5 FITC secondary antibody, before being run on the flow cytometer. 

#ÏÍÐÁÒÉÓÏÎ ×ÁÓ ÍÁÄÅ ÂÅÔ×ÅÅÎ ɻ'0))Â)))Á-scFvLPETG and negative control Mut-scFvLPETG 

before SrtA-ÍÅÄÉÁÔÅÄ ÂÉÏÃÏÎÊÕÇÁÔÉÏÎȟ ÁÎÄ ɻ'0))Â)))Á-scFvAzide, and MUT-scFvAzide after 

modification. One-way ANOVA, mean ± SEM, where significance **p<0.001 
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successful binding to platelet receptor GPIIbIIIa target. In the meantime, there 

was no statistically significant difference between the mean FL1-H of 

ɻ'0))Â)))Á-scFvLPETG, ɻ'0)IbIIIa-scFvAzide, suggesting that the affinity  of the 

ɻ'0))Â)))Á-scFv was not impaired by SrtA-mediated bioconjugation of the click 

reactive pendant at the C-terminus. 

2.4 Nisin  shelled  nano-emulsion  preparation  and conjugation  to 

ɻ'0))Â)))Á-scFvAzide 

 
Nisin shelled nanoemulsion have been produced using Flowthrough 

ultrasonication creating 150 ± 20 nm stable and homogenous nanoemulsion 

system. Characterisation of this novel nanosystem, successful doxorubicin 

loading at 66 ± 10 EE% and surface modification using a bifunctional amine 

reactive linker (NHS-PEG8-BCN) was thoroughly investigated and validated in 

our previous research work. The biorthogonal click chemistry SPAAC drives the 

ÓÐÏÎÔÁÎÅÏÕÓ ÃÏÎÊÕÇÁÔÉÏÎ ÏÆ ɻ'0))Â)))Á-scFvAzide to BCN- functionalized 

doxorubicin-loaded nisin shelled nanovesicles as illustrated in Figure 13, to 

assemble the platelet-associated tumour-ÔÁÒÇÅÔÅÄ ÎÁÎÏÓÙÓÔÅÍ ɉɻ'0))Â)))Á- 

scFv-NSNEDOX). 
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Figure 13| Schematic illustration for engineering platelet -associated tumour - 

ÔÁÒÇÅÔÅÄ ÎÁÎÏÓÙÓÔÅÍ ɉɻ'0))Â)))Á-scFv-NSNEDOX). Strain promoted alkyne azide 

cycloaddition (SPAAC) of an azide-bearing targeting single chain antibody with  BCN- 

functionalized NSNE. 

 

2.5 Platelet  binding  affinity  of targeted  nanocarriers  ɻ'0))Â)))Á-scFv- 

NSNE 

Flow cytometry was used to analyze the platelet binding affinity of the 

ÁÓÓÅÍÂÌÅÄ ɻ'0))Â)))Á-scFv-NSNE nanovesicles. When ADP-activated platelets 

were incubated with  ɻ'0))Â)))Á-scFv-NSNE and compared to the control  group 

(MUT-scFv NSNE), the platelet targeting nanocarriers showed a significant 

florescent shift (Figure14); indicating successful platelet binding in comparison 

to the control. As an additional validation study, platelet samples were pre- 

treated with  an excess of ɻ'0))Â)))Á-scFv as a blocking treatment for the target 

ÁÎÔÉÇÅÎ ÔÈÅÎ ÉÎÃÕÂÁÔÅÄ ×ÉÔÈ ɻ'0))Â)))Á-scFv-NSNE. The results revealed no 

binding of the targeted nano-construct, thus confirming specific binding of 

ɻ'0))Â)))Á-scFv-functionalized Nisin nanovesicles to activated platelets. 
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Figure  14|  Column graph  evaluating  the degree of activated  platelet  binding  affinity  of 

ÔÁÒÇÅÔÅÄ ÎÁÎÏÃÁÒÒÉÅÒÓ ɻ'0))Â)))Á-scFv-NSNE. Mean FL1-H fluorescence values of n=3 

experiments on activated platelets. Samples were stained with anti-V5 FITC secondary 

antibody, before being run on the BD FACS CaliburTM flow cytometer. Comparison was made 

with  a negative control  group MUT-scFv-NSNE as well as a receptor pre-blocking treatment 

to determine specificity. One-way ANOVA, mean ± SEM, where significance *p<0.01 and 

***p<0.001. 
 

2.6 Tumour  Cell Induced  Platelet  Activation:  parameters  optimization  

 
The basis for designing platelet-associated cancer targeted nanomedicine 

necessitates the assessment of tumour  cell induced platelet activation (TCIPA). 

Therefore, platelet activation by two human cancer cell lines, lung cancer cell 

line (LLC-1) and prostate cancer cell line (PC-3), was investigated in this 

research study. While LLC-ρ ×ÁÓ ÎÏÒÍÁÌÌÙ ÃÕÌÔÉÖÁÔÅÄ ÉÎ $ÕÌÂÅÃÃÏȭÓ ÍÉÎÉÍÕÍ 

essential medium the PC-3 cells were grown using RPMI medium. 

The activation of platelets induced by tumour cells was detected by flow 

cytometry as previously described by Radomski et al. [113] based on the 

upregulation of P-selectin on the surface of platelets when activated. Briefly, the 

platelets either in the form of platelet rich plasma (PRP) or washed platelets 

pretreated with  apyrase (WP) were incubated with  the cancer cell lines PC-3 or 



Page | 90  

LLC-1 cells which were harvested at a concentration of 1 x 107 cells/mL and 

resuspended in media at a 2:1 volume ratio. Cancer cells and platelets were left 

on a blood tube roller mixer at 37 ȏC then platelet samples were collected at 30 

minutes, 1 h and 2 h time points. Platelets in physiological saline (PBS+ Ca and 

Mg) were used as control over the time of assay. 

Flow cytometry analysis of single stained platelet samples revealed, primarily, 

that different tumours can induce platelet activation at a variable magnitude 

(Figure 15). While the incubation of PRP with LLC-1 cells and PC-3 cells was 

associated with fluorescence signal detected by flow cytometry and reflected 

tumour  cell induced platelet activation (TCIPA), however LLC-1 cells exhibited 

more amplified florescence signal and accordingly stronger platelet activation. 

The significant difference between platelet activation in presence of LLC-1 cells 

and physiological saline (PBS), at all time intervals, validates tumour cell 

induced platelet activation phenomenon. 

In pursuit  of understanding the mechanism of TCIPA, whether by tumour cell - 

surface molecules or via tumour- released platelet activation mediators [84], 

PRP samples were incubated exclusively with conditioned media that was 

surrounding the growing cancer cells. Both conditioned media of the LLC-1 and 

PC-3 cells exhibited platelet activation in comparison to the plain non- 

conditioned media alone. 

2.7 Evaluating  the Cytotoxicity  of TCIPA-targeted   nanomedicine  

ɻ'0))Â)))Á-scFv-NSNEDOX 

 
Based on the previous results, LLC-1 tumour cell induced platelet activation 

was used to investigate the potential tumour targeting ability and cytotoxicityof 

ɻ'0))Â)))Á-scFv-NSNEDOX. Briefly LLC-1 cells were preincubated with PR P for 

30 minutes prior to adding the nanoconstruct treatments
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Figure 15| Flow cytometry analysis of Tumour Cell Induced Platelet Activation in 

pre sence of LLC-1 and PC-3 cancer cell lines. Flow cytometry analysis of Tumour Cell 

Induced Platelet Activation in presence of LLC-1 and PC-3 cancer cell lines. Platelet samples 

were stained with  anti-CD62P PE fluorescent antibody and Mean FL2-H fluorescence values 

representative of n=3. Comparison was made between platelets in various settings of 

tumour cells in its conditioned DMEM+, conditioned DMEM+ only, an in PBS. Two-way 

ANOVA, mean ± SEM; where significance **p<0.001. 

 ɉɻ'0))Â)))Á- scFv-NSNEDOX) containing doxorubicin at πȢρʈÇȟ πȢυʈÇ and ρʈÇ 

concentrations and left for 1 hour at physiological temperature. Cytotoxicity 

was evaluated using WST-1 cell proliferation assay. Control experiments 

initially monitored LLC1 cell viability after treatment with doxorubicin and 

Nisin nanovesicles (NSNE) without addition of PRP. 

Minimal reduction in cell viability  was observed over time with  LLC1 treatment 

of free doxorubicin and blank NNP, however a trend of reduced cell viability can 

ÂÅ ÏÂÓÅÒÖÅÄ ×ÉÔÈ ÊÕÓÔ ρ ÈÏÕÒ ÔÒÅÁÔÍÅÎÔ ×ÉÔÈ ɻ'0))Â)))Á-scFv-NSNEDOX (Figure 

16). Dose dependent cytotoxicity was reflected by the statistically significant 

reduction observed in cell viability  of LLC1 cells with  addition of ρʈÇ 
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