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Abstract

Cancer incidence andnortality 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 antibodyargeted therapeutics and diagnostican
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 harneshée
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 researcnd
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 @tibody-
conjugate therapies and diagnostics able to target cancer cells exclusively

without harming the healthy cells.

Novel antibody conjugates were developed usingC-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, postranslational 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 thiatroduction
presented in the first chapter, Chapter Two presenta detailed protocol for all
the essential steps required for the successful application of Sortase A enzyme

In site-specific antibody conjugation to nanocarriersvia two pathways.

Chapter Three, is divided into two independent studies where twstep 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 Gterminus Sortase A recognition motifs and feature specific

targeting affinity to tumours or tumour microenvironment.

Furthermore, a novel chemoselective antibody conjugation approach was
developedand validated in ChapterFour. Primarily, methionine residueswere
successfully engineered at the @&rminus of a trastuzumab monoclonal
antibody. The state of the art, methionine-selectivechemicalreaction known as
redox activated chemicaltagging,was explored for the site-specificconjugation

of afluorescenceimagingmodality for application in diagnosticcancerimaging.

Finally, proximity directed antibody conjugation is an emerging strategy for
offering a less cumbersome method compared to chemoselective amthzyme-
based antibody conjugation approaches. The directional conjugation of
antibodies to nanocarriers using a novel onetep 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 goalof this thesiswasto engineernovel antibody-conjugatesusing
advanced Gterminal specific immunoconjugation techniques for developing
iImproved cancer targeted therapeutics and diagnostics that can give future

cancer patients an increase@hance of survival and improved quality of life.
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Chapter 1| Introduction

1.1 Cancer pathophysiology and global burden

Cancerremains to be the secondleading causeof 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 andtreatment strategies has improved the survival rates markedly
for certain cancers,others are still linked to high mortality rates [4]. Therise in
global burden of cancer incidence and mortality, due to underlying reasons as
population aging[5] and obesity [6], is therefore fueling the extensiveresearch
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

1.2.1Antibodyconjugationtechnology

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 otancer management, is based on the precise
diagnosis, treatment and response assessment in a targspecific way [8].
Antibody conjugation is a powerful tool of precision oncology that can impart

such target specificity [1].

Therapidly growing field of antibody engineeringand biotechnology hasled to
development in monoclonal antibody engineering and production of a myriad

of functional antibody fragments.
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Monoclonal antibodies:

Monoclonalantibodies (mAb), alsoknown asimmunoglobulin (IgG),are aclass
of circulating O 9shapedproteins that are exploited by the immune systemfor
targeting and neutralizing foreign substances. [9]Eachantibody is madeup of
four polypeptidesz two heavychainsandtwo light chainswhich are folded into
three equalsized fragments: two antigenbinding fragments (Fab) and one
constantfragment,known ascrystallizable fragment (Fc), all joined by aflexible
linker region (seewhole IgGFigure 1). While the Fcfragment is responsible for
activation of E | OQi@r@ude system,the Fabportions of an antibody determine
its specificity and enablethe binding to specialantigens.EachFabfragment has
a constant region attached to the linker region and a variable antigelminding
region (Fv) where three hypervariable loops, known as complementarity
determining regions (CDRs) are evenlydistributed providing aspecificantigen

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 bfopharmaceuticals
with over 80 antibodies currently approved for avariety of diseaseindications
[11]. Because otheir superb ability to bind to specific moleculesexpressedon
tumour cell surface, antibodytargeted therapy has revolutionized clinical
cancertherapy [12], while antibody-targeted diagnostics haveshownimmense
potential in pre-surgery andintraoperative dynamictarget visualization aswell

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

Antibody fragments:

The developmentof smaller, antigen binding antibody fragments,derived from

conventional antibodies or producedrecombinantly, hasbeengrowing at afast
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pace.Antibody fragments offer severaladvantagesover full -length monoclonal
antibodies that makethem avery attractive alternative to employ for targeting
applications. Mainly because of their increased tissue penetration and
accessibility to challenging epitopes (low Molecular weight compared tgG),
potentially reducedimmunogenicity (lack of Fcdomain) andfacile andlow cost

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

VL

Whole IgG N s (-15 kDa)
(appoximate size: Fab Dab
—180 kDa (-55 kDa) (-28 kDa)

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)axiable
antigen-binding region Fv and single chain variable fragment scFv (c) to a singli®main
antibody sDab (VH heavy chain variable domain and VL light chain variable domain) (d).
The heavy chains are shown in red and pink, light chainsin blue andlight blue. The inter-
and intra-chain disulfide bonds are in orange, the complementaritydetermining regions
(CDRs)in cyan. The sizes are given in approximate kilodalton (kDa). Figure reproduced
with permission from Tanaka T. and RabbittsT.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 alsoemergingasgreattools in imaging and diagnosticsbecause
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they are capableof detecting cellular proteins with high affinity and specificity.
Their shorter half-life in the body results in faster clearance and may resuin
fewer risks of side effectsfrom potentially invasive diagnosticagents.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 dsagment antigen
binding (Fab), scFv (single chain variable fragments), and VHH (heavy chain

variable domain or singledomain antibodies) are displayed inFigure 1.
Single chain variable fragment (scFv):

The single chain fragment variable (scFv) wa#rst 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 thie VL and
VHsequencesn asingletranscript allows scFvto be produced more quickly, in
higher yields, and at lowercosts than fultsized mAbs, which generally require
mammalian expression systems [10]. Additionally, their small size of
approximately 27 kDamakesthem ideal for large-scaleproduction 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 lackof an Fc region removes the risk of
bystander immune cell activation and antibody effector functions allowingthe
moleculeto bind its target without activation ofthe E I Oirdude system.Such
attractive characteristics made scFv a venattractive antibody fragment to

employ for cancer targeting applications in this thesis.
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1.2.2Nanotechnology

Nanoparticles,are ultrafine particles with dimensionsmeasuredin nanometers
(nm; 1 nm = 10® metre). Nanoparticles have unique propertis given their
tunable size, shape, and surface characteristics, also the ability to incorporate
both hydrophilic and hydrophobic substances with high carrier capacity.
Thereby, nanotechnology offersa uniquely appealingplatform for cancerdrug

and diagnogics delivery. [19].

Unlike conventional chemotherapy,nanomedicinecan 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, adrances in the field of nanomaterial science leads to the
continuous development of novel nanocarriers. A novel nanocarrier system is
developedandexploredin ChapterThree of this thesisfor the targeted delivery

of anticancer therapy.
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1.3 Advancements in antibody conjugation technology

1.3.1Historical development of antibody conjugation technology

Interestingly, the technology of antibody conjugation has advanced in parallel

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

of targeted cancer therapy which enables a conjugated cytotoxic drug to
AOAAEAAOA OOIi 1T 00 AAIT O xEEI A OPAOEI C E/
AOGI 1 AGs AT TAAPO xAO DPOI Pi OAA AU 0AOI %
have been made across ADC sdiovery, 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 industryToday,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[l, 23] and the dramatically
increasing number of ADCs in clinical studies, ADCs have become a-fast
growing segmentof the pharmaceuticalmarket [12]and this is alsoreflected by
the expansion of global ADC market size from $4.00 Billion in 2021 forecasted
to reach $13.13 Billion by D30 [22]. Table 1 summarizes the commercially
available ADCs with particular focus on the antibodgonjugation chemistry,
payload, target antigen and antibody formats used in their design alongside

their therapeutic indications in clinical oncology.
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MTX linked Noncovalent linked ADC  ADC Clinical trials: Mylotarg Adcetris Besponsa Zvnlonta
toantibody ~tested in animal models  vindesineaCEA  Calicheamicin clinical failure approved  approved Padcey, £Ynona,
. ‘ . . . . . Enhertu Tivdak
approved approved
@ o
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Figure 2| Timeline depicting important events in the development and approval of ADCdrugs over the past century since the O A CE .
AOI 1 AOo xAO POl Bl OA A ADC Antibollycdrug eoRjuyate: GEA, CaranpemiBryonic antigen; MTX, Methotrexate; mAbs,
Monoclonal antibodies. Reproduced with permission from ChengSanchezl., Moya-Utrera F., Porras-Alcala C.,LopezRomero J.M.and
SarabiaF.Antibody-Drug ConjugatesContaining Payloadsfrom Marine Origin.2022)
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Table 1:USFood and Drug Administration

approved Antibody drug Conjugates for clinical usein oncology

Antibody -drug Company Year Indication Target Antibody - Payload
conjugate approved Antigen Conjugation site
(Brand name)
e m
% 78 Gemtuzumab Pfizer/ Wyeth 2001, RelapsedAML CD33 \j (/ Calicheamicin
D ozogamicin Laboratrories withdrawn
S (Mylotarg®) 2010; :
reapproved Humainzed 1gG4Lysine
2017
2]
g Brentuximab SeattleGenetics 2011 RelapsedHLand CD30 Monomethyl
= vedotin SALCL Auristatin E
L‘E (Adcetris®) Chimeric 1gG1-Cysteine (MMAE)
(0]
%. Ado-trastuzumab \ £
=l emtansine Genentech/Roche 2013 HER2-+metastatic HER2 j( Emtansine (DM1)
35 (Kadcyla®) breastcancer
g Humainzed IgGlLysine
S N7
=8 Inotuzumab Pfizer/ Wyeth 2017 B-ALL CD22 \( Calicheamicin
é 0zogamicin Laboratrories B
(Besponsa®) Humainzed IgG4Lysine
_|
g Moxetumomab AstraZeneca CAT 2018 Hairy cell Lukemia CD22 .l Pseudomonus
M pasudotox-tdfk exotoxin (PE38)
2 (Lumoxiti®) scFvCysteine
@
2
S
> Polatuzumab Genentech/Roche 2019 Relapsed or CD79b Monomethyl
=t vedotin refractory DLBCL Auristatin E
= (Polivy®) Humanized IgG-Cysteine ~ (MMAE)
=8 Famrastuzumab HER2+ aa
=M deruxtecan-nxki Daiichi 2019 unresectable HER2 Exactecan
= (Enhertu®) Sankyo/Astrazeneca metastaticbreast . . derivative (DXd)
cancer Humanized 1gG-Cysteine
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Enfortumab Astellas/ Seattle 2019 mUCfollowing Nectin-4 Monomethyl
vedotin-ejfv Genetics PD-L1 inhibitor Auristatin E
(MMAE)
(Padcev®) . .
Humanized 1gG-Cysteine
Belanatamab GlaxoSmith Kline 2020 Multiple Myeloma CD38 4 Monomethyl
mafoditin bimf Auristatin F
(MMAF)
Blenrep®
( Pe) Humanized 1gG-Cysteine
Sacituzumab Immunomedics 2020 MetastaticTriple Trophoblast "7/ 4 Active metabolite
govitecanhziy negative breast cell antigen “AF of Ironectan
del cancer (Trop2) (SN38)
Trodelvy®
( Vye) Humanized 1gG-Cysteine
Loncastuximab ADCTherapeutics 2021 LargeBcell CD19 Pyrrolo-
tesirine Ipyl Lymphoma benzodiazepine
(PBD) dimer
(Zynlonta®) i )
Humanized 1gG-Cysteine
Dasitimabvedotin | Seagen/Remegen 2021 Metastatic HER2 Monomethyl
o urothelial and Auristatin E
(Aidixi®) gastriccancer (MMAE)

Humanized 1gG-Cysteine

More than 300 immunoconjugatesare in development,five percentarein phaselll clinical trials asof March2021. AML acute myeloid leukemia,
ALCLanaplasticlarge cell lymphoma, B-ALL B-cell acutelymphoblastic leukemia, DLBCLdiffuse large B-cell ymphoma, mAb monoclonal
antibody, HL Hodgkin lymphoma, TROP2 tumouassociated calcium signal transducer
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1.3.2Requirements for the design of an ideal antibedgnjugate:
Although the German scientist Paul Ehrlich pioneered the concept £ OI ACEA

AO1 inAdd®, thefirst antibody drug conjugate was not available foclinical
use until 2000 with the regulatory approval of MylotargA 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 effectiverss dictates the
sophisticatedunderstanding of the molecular aspectsof eachof its components

(antibody, payload and linker).

Antibodyzdrug conjugate is typically composed of a monoclonal antibody

(mAbs) covalently attachedto a cytotoxic drug viaachemicallinker (Figure 3).

g"v &L Key functions
st
« Targetantigen ~ Recognition of target

A}
“» cancer cells

4

< Antibody Guidance system for
cytotoxic drugs

Bridge between antibody
and drugs and to control
the release of drugs
inside cancer cells

Linker

e ] Cytotoxic drug ~ Warhead for destroying

cancer cells

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., Hars.,
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 andhighly potent killing effect for accurate

and efficient elimination of cancercells,hasbecomeone of the hotspots in the
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researchand developmentof anticancerdrugs. The designof anideal antibody-

drug conjugates necessitatef26]:

1. Recombinantengineering of anideal antibody, featuring:
1 high affinity for tumour antigen antibody recognition
1 Humanisedor chimeric in nature to reduceimmunogenicity

9 Increasedblood circulation half life

2. Tumour specificantigenselectionwith
1 high expressionon tumour cells
1 low or no expressionon healthy tissues

1 high affinity for antibody recognition

3. Thediscovery and developmentof novel linkers characterisedby:
1 stability in blood circulation
1 efficient releaseof cytotoxic payloadat target site
1 prevent premature releaseof cytotoxic payload at non target tissue

1 efficient linker technology(cleavablevs non cleavable)

4. Thediscovery and developmentof ideal cytotoxic payload exhibiting:
1 highly potency; IC50in sub-nanomolar range

1 conjugatedat optimal drug to antibody ratio (DAR)
5. Site-specificimmunoconjugation techniques.

Appropriate selection of immunoconjugation sites and conjugation
technologiesis regarded ascrucial for the successof antibody-drug conjugates.
This is because sites of conjugation and chemistries greatly affect biophysical
properties, plasma stability and consequentlytherapeutic activityof the

conjugate [27]. The focus of the research work of this thesis was mostly time
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development of novel strategies for sitespecific antibody conjugation
expanding the current toolbox for antibodymediated delivery of a variety of

payloads for various disease indications.

1.3.3Site-specificvsconventionalantibody conjugationtechnology

In the early design of first and secondgeneration antibody-drug conjugates,
non-directional conjugation approaches were employed which made use of
either surface-exposedlysine 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 maleimidemediated cross
linking for the attachment of a functonal 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). Theseheterogenousantibody targeted bioconjugates have
beenshownto havesuboptimal therapeutic indicescomparedto 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 cysteinesidues, 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. 04 EA . Ai@@oma8génkds Bioconjugat®evelopment Optimizing Payload

Placementand Conjugate#l i BT OB20IB) 1 6

Although performing a site-selective chemical reaction on a protein while
maintaining its integrity is highly challenging, a plethora of methodshavebeen
developed for site specific attachment of various payloads to antibodies and
antibody fragments[35]. Site-specific antibody conjugation techniques are
generallyinto four categoriesincluding interchain disulfide conjugation,glycan
modification, chemoselective conjugation @ specially engineered residues at
the N-terminus and Gterminus of the antibody construct and proximity

directed conjugation[36] (Figure 5).
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Site- specific antibody conjugation: Sites of attachment

Glycan Modification Interchain Disulfide Modification

HO OH
o
HO o}
HO

Chemoselective Modification

| -I ///,
NHZ 52

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 resdues at the Germinus 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)

-~ ___Proximity-Based Modification

NH,

While studies have shown that site specific conjugationto the glycanside 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 specficity in the casesof
attachment via interchain disulfide linkages (due to disulfide scrambling)[36]
or at the Nterminus as the antigen binding CDR loops (complementarity

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

On the contrary, theCGterminus 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 whensite-specificity and
stoichiometric control are required for targeted delivery of therapeutics or

diagnostic imaging agents.
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1.4 Gterminal specific Immunoconjugation approaches

Thepremise of Gterminal specificantibody conjugationtechnologyis to enable
site-specificand stoichiometric payload attachmentto antibodies at placement
sites distant from the antigen binding region, thus preserving antibody
specificity and affinity to the target antigen evenafter payload conjugation[36].
Developments in the last 10 years, have allowed -t€rminal spedfic
Immunoconjugation protocols to become attractive tools for selective protein
conjugation and authorize them to lead the future of antibody conjugation

technology.

Full IgG

Figure 6|Ribbon diagram of full -length IgGstructure 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://Iwww.rcsb.org/pdb/ ); PDB codes: 1IGT (full length 1gG).

Based on the nature of conjugation, advancedt€rminal immunoconjugation

approaches can be classified into clmeoselective, 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.
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1.4.1ChemoselectivE-terminusspecifimmunoconjugation

In concept,when antibodies are specially engineeredwith aunique Gterminus
functional moiety, selectivemodification to it results in controlled site-specific
bioconjugation and generation of well-defined conjugateswithout impairment

to the antibody integrity and targeting specificity[40, 41]. Thanks to
advancements in the field of recombinant protein engineering, the design of
antibodiesand antibody fragmentswith Gterminus residuesof chemoselective
reactivity such as cysteine, selenocysteine, neranonical amino acids and
methionine, enabled successful Cterminus 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
chemicalreactivity to aspecialamino acid engineeredin 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 prizeewinning click chemistry (2022: Bertozi, Meldal, Sharpless)
represents a weltknown GC bondforming reaction which has led to
applications not only in the field of bioconjugation but also in drug discovery,
material sciencesand organic chemistry[35]. Although Sharplessoriginal click
chemicalapproach,first introduced in 2001, involved acopper catalyzedazide-
alkyne interaction, the presence of such exogenous metal species (copper)
would aggregate and adversely affect biomolecules in vivo[36]. Coppéree
alternatives were then developed and founded on a strain promoted
cycloaddition between an azide and cyclalkyne 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 Targeting Targeting Payload Application
Chemistry Antibody Antigen
Format
1. Engineered Gterminus Cysteine
Thiol-maleimide mADb HER2 Dolastatin15 Antibody-Drug [43]
conjugate
scFv PSCA 68GaTHP Immuno-PET [40]
imaging
TAGT72 IRDye-800 Opticalsurgical [44]
navigation for
Colorectal
adenocarcinoma
OX40 Fluorophore T-cell [45]
(Ax-488) immunostimulato
ry (Cancerand
autoimmune
disease)
GPIllbllla 18F Immuno-PET [46]
imaging
sdAb VEGFR urease Anticancer [47]
(VHH) immunotoxin
EGRF SiRNA NucleicAcid [48]
Therapeutics
HER2 Fluorophore Extended [49]
(Ax-488) circulation and
HER2 tumour
accumulation
C-Met (IRDye 800) TargetedAnti- [50]
cancer
Phototherapy
PSMA 111N Targeted [51]
diagnostic
imaging Prostate
Cancer
CEA Quantumdots Immunotargeted [52]
MRI
Fab P- IR700 Dye TargetedAnti- [53]
glycoprotein cancer
Phototherapy
CG-Met Anthrax toxin Anticancer [54]
Immunotoxin
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Conjugation
Chemistry

Targeting
Antibody
Format

Targeting
Antigen

Payload

Application

1. Engineered Gterminus Cysteine
Thiol-maleimide PSCA Dual Immuno-PET [65-57]
Cysteine modality imaging
Diabody 18F and
IRDye800
CA199 Polymerized ProstateCancer [58]
Liposomal targeted
Nanocarrier nanmedicine
R3VQ Magnetic MagneticResonance| [59, 60]
Nanoparticle Imaging
S
Thiol- sdAb HER2 18F Immuno-PET [14]
transcyclooctyne (VHH-GGC) imaging
2. Engineered Gterminus Selenocysteine
Thiol-maleimide | mAb,Fab,Fc Sitespecificantibody conjugation [61-63]
fragments
3. Engineered Gterminus Methionine (Novel approach)
ReACTClick mADb HER2 Florophore | Non-invasiveoptical [41]
(A-647) imaging of HER2
overexpressing
tumours
4. Engineered Gterminus Unnatural amino acids
Paraazido sdAb oligonucle HER2 Superresolution
phenylalanine otide imaging [64]
Click Chemistry
Aldehydetag mADb HER2 V.cholerae | Antibody dependent [65]
overexpre sialidase cell-mediated
Aldehyde ssing cytotoxicity
reactive tumours (Tumour cell
chemistry sialides)
PET: Positron emission tomographpx488: AlexaFlour-488 dye, IRDYE 800: Infrared dye 800 r
wavelength, cysteinediabody: dimer of singlehain Fv (scFv) fragment expressing two cystei
residues at the @ermini
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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 presenceof all other natural amino acids. Methionineis amongthe most
hydrophobic and the second rarest amino acid iproteins after tryptophan. In
addition, the majority of methionine residuesare buried within interior protein
cores, therefore surfaceaccessible 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
hasbeendeveloped,called redox-activated chemicaltagging(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].

Comparedto other site-specificantibody conjugation methods,chemoselective
conjugationto Gterminus methionine, introduced via geneticengineering,can
offer aunique method which involvesi) aminor modification at the Gterminus
that does not interfere with disulfide bridges, (i) does not equire activation,
and (i) 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 antibodywith C-terminal methionine residues and explore
the application of ReACT chemistry to generate stoichiometrically defined

Immunoconjugates.
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1.4.2EnzymemediatedGterminal specificconjugation

Theuseof enzymesashbioconjugation agentshaveincreasingly gainedscientific
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 excellentchoices
for site-specific modification of biomolecules and generation of structurally

defined immunoconjugates[®)].

Thanks to recent advances in bioengineering; podtanslational modification
enzymes have been increasingly isolated and characterized, and a solid
foundation has been established for their application in sitespecific
bioconjugation. Currently, Sortag [70, 71], Formylglycinegenerating enzyme
(FGE) [65], transglutaminase[68, 72] and the recently published Trypsiligase
enzyme [73] are the most commonly used enzymes for-€rminus specific

bioconjugation.

Following enzyme recognition of the unique motif engineered in the
biomolecule,enzymaticbioconjugation proceedsmostly by two pathways.First
pathway involves catalyzingthe direct attachmentof the desired payloadto the
antibody [74]. The second pathway also known as chemoenzymatic
AET ATT EOCOCAQGEIEIREDOEDMAET OAO AT AT Uui A
click anchor to the biomolecule to attach a desired payload bearing
complementary click reactive functionality [75]. Consequently, this approach
has obvious advantages, namely, theherent stereospecificity of enzymes on

the one hand andthe broad versatility of click-chemicalreactions 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 Gterminal specific immunoconjugation

Sortase transpeptidases are a superfamily of enzymes widely distributed
throughout Gram-positive bacteria. Staphylococcuaureus TheenzymeSortase
A (SrtA) is responsible for attaching proteins that contain a-@&rminal LPXTG
sorting sequence to the cell wall. SrtA cleaves between the threonine and
glycine of the sorting sequence, forming an ac@nzyme intermediate that
subsequently acylates the primary amine of the pentaglycine of the

peptidoglycan[74].

Studieshaverevealedthat SrtAshowsastrong preferencefor its LPXTGsorting
sequence, that it will accept a variety of glycindased (and some nofglycine)
nucleophiles and mostimportantly a 91-99% conjugation efficiency was
achieved with several 1gG 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 sitespecific protein
modification. Indeed, SrtA has been successfully used fort€minal protein
labeling, as well as improve protein biodistribution and semisynthesis 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 immunonanocarrier
conjugation via one or two-step conjugation procedures[78]. In this thesisthe
utility of this technique was extended to a nvel engineered nanosystem with

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

Proximity directed antibody -conjugation

Proximity directed antibody conjugation is an emerging strategy offerig a less
cumbersome method of sitespecific antibody conjugation compared to
chemoselective and enzymdased antibody conjugation approachedfasedon
the changes in the microenvironment at the terminal positions to that of other
regions within the protein structure, a promising strategy for sitespecific
native antibody conjugation has emerged. Involving the use of small protein
domains or peptides that noncovalently bind to a conserved sequence in the
antibody Fc domain with high affinity, special affnity peptides have been
engineered to enhance selectivity and directed reactivity to the antibody Fc
region, andattach reactive groups capableof forming a site-selective covalent
bond to various conjugation partners through proximityinduced

reactivity[36].

Several examples of this approach have been reported, with the key advantages
being that genetic engineering or glycan remodeling are not requirednd 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 deliveryprecise and homogeneousantibody
orientation on the surface of immunoconjugate nanocarriers is important to
reduce nonspecific tissue interactions and offtarget effects in vivo. Our lab
group have recently developed a novel onstep 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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a)

In this recent study, we were able to demonstrate a novel and simple onstep
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 researchwork, also known as metatorganic frameworks
(MOFs), have shown promise in numerous biomedical researchapplications.
The applicability of this protocol to biosensing was demonstrated by the
successful encapsulation of quantum dots into targeted nanocnyas and the

enhanced tumor targeting performance was confirmed.

This simple one step approach has the potential to accelerate the ongoing
progress in designing immunotargetednanomedicine with therapeutic and

diagnostic applications towards clinical translation.

b)

ZIF-C

1] ‘ fl_Zn,(mIM),(CO,)
< b
.
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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+, HmIMgImidazole) around Fc ragion of Trastuzumabantibody b)
nucleation of ZIF-Caround the Fcregion (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., Ricco R., Righettidl., Bogar M., Amenitsch H., Hashad R.A., Doonan C.,
Hagemeyer C.E. and Falcaro Belt Assembly of Oriented AntibodyDecorated Metay
Organic Framework Nanocrystals for ActiveTargeting Applications.2022

Page| 42



My patrticipation in this study was in the method development of this novel
iImmunotargeted nanc-construct so it is presented in my thesis in the Appendix
A section under the title:SelfAssembly of Oriented Antiboe{fpecorated Metag
Organic Framework Nanoagrstals for ActiveTargeting Applications. Advanced
Materials, 2022.

Page| 43



1.5 Thesis aims and structure

Thesis aims:

In the era of precision medicine, antibodybased therapeutics and diagnostics
enriched with emerging advances and new proebf-concept formats, have
rapidly evolved to become essential contributors to precision medicine. Despite
the advancesin antibody conjugationtechnology,the awarenessof the need to
develop sitespecific 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 sitepecific

immunoconjugation strategies.

Although technological advancements have been made for designing C
terminal specificimmunoconjugatesin the pastdecadeaspreviously described,
the general aim of this thesis is to explore novel -@rminus-specific
Immunoconjugation technique for the development of novel tumowtargeted

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 oveexpressed tumour specific antigens

and specially engineered with @erminus reactive residues.

2. Theengineeringof anovel protein shellednanosystemwith unique potential
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for targeted cytotoxic drug delivery to cancercells.

3. Exploring the Gterminus specific Sortase A enzymenediated
Immunoconjugation technique to engineer antibody decorated nanocarrier

systems.

4. Investigating a novel site-specific conjugation based on chemoselective
reactivity to methionine residuesrecombinantly engineeredat the Gterminus

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, | summarized the literature to assess the global market of
antibody drug conjugatesin oncology and the clinically significant demand for

site-specific conjugation technology. | alsaeviewed the recent advances in

site-specific immunoconjugation technology with special highlight on the

advancedCterminal specificconjugation strategies.This chapteris followed by

peer-reviewed publications for Chapters 2-4.

Chapter Two was published as a protocol-basedresearch study providing in
depth knowledge on all the essential steps for successful application of a
Sortase A enzymemediated Gterminal specific conjugation approachin the

construction of immunotargeted nanomedicine

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

protein shell offering a flexible surface for immunoconjugation using the

Page| 45



approach introduced in Chapter Two. Using two different cancer targeting
ligands, ChapterThree was subdivided into two independent studies. The first
study was designedto investigate Trastuzumab conjugation to the novel
nanosystemand evaluates the cancer cell targetability and toxicity to He2
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.

ChapterFour presents a novel monoclonal antibody (Trastuzumabgngineered
with C-terminal methionine and explores an advanced chemoselective
chemistry for florescent probe labelling and the assessment af vivo tumour

targeting ability.

Finally, ChapterFive discusses the key findings identified irChapters 2-4, the

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

Supplementaryinformation associatedwith this thesiscanbe found in the

appendices.

9 Published Manuscript for a study involving:SelfAssembly of Oriented
Antibody-DecoratedMetalzOrganicFramework Nanocrystalsfor 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
advancesessentialfor the designof targeted therapeutic and diagnosticagents.
An enzymatic conjugation platform basedon a StaphylococcusureusSortaseA
(SrtA) transpeptidase has beenrecognized for some time as a useful
bioconjugation tool with well- studied mechanism [76] and characterized by
substrate specificity, mild reaction conditions, and high bioconjugateyields[70,
71, 75].

In this chapter we demonstrate the efficient applicabn 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
enzymeand amodel single chainvariable antibody fragment (scFv).Following,
we unfold the Gterminal specific SrtA mediated immobilization of scFvonto a
nanosystemsurfacethrough two pathways: the first is aone pot direct method
while the secondcombinesenzymaticand click conjugationin afamoustwo 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 chaptemiMethods in
molecular biology journal (2019): Hashad R.A.,Lange J.L., Tan N.C.W., Alt K.,

and Hagemeyer C.E., Engineering Antibodies with CGTerminal 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

q
e Chapter 6

4

Engineering Antibodies with C-Terminal Sortase-Mediated
Modification for Targeted Nanomedicine

Rania A. Hashad, Jaclyn L. Lange, Natasha C. W. Tan, Karen AR,
and Christoph E. Hagemeyer

Ahstract

The current advances in nanoengineered materials coupled with the precise targeting capability of recom-
binant antibodies can create nanoscale diagnostics and therapentics which show enhanced accumulation
and extended retention at a target tissue. Smaller antibodies mch as single-chain variable fragments (scFv)
preserve the selective and strong binding of their parent antibody to their antipen with the benefits of low
immunogenicity, more efficient tissue penetration and easy introduction of functional residues suitable for
site-specific conjugation. This is of high importance as nonspecific antibody modification often involves
attachment to free cysteine or lysine amino acids which may reside in the active site, leading to reduced
antigen binding.

In this chapter, we outline a facile and versatile chemoenzymatic approach for production of targeted
nanocarrier scPv conjugates using the bacterial trans-peptidase Sortase A (Srt A). Srt A efficiently mediates
sequence-specific peptide ligation under mild conditions and has few undesirable side reactions. We first
describe the production, purification and characterization of Srt A enzyme and a scFv construct which
targets activated platelets, called seF¥,ni. o, 1. Following this, our protocol illustrates the chemoenzy-
matic modlification of the antibody at the C-terminus with an orthogonal click chemistry linker. This avoids
any random attachment to the biclogically active antigen binding site of the antibody. Finally, we describe
the madification of a nanaparticle surface with scFv attachment via two methods: (1) direct Sortase-
mediated conjugation; or (2) a two-step system which consists of scFv Sortase-mediated conjugation
followed by strain promoted azide-alkyne cycloaddition. Finally, methodology is described to assess the
successfisl assembly of targeted particles,

Key words Nanomedicine, Recombinant antibodies, Targeting, Sortase A, Chemoenzymatic, Site-
specific bioconjugaton

1 Introduction

Posttranslational modification of antibody fragments for biclogical
and medical applications is a critical step toward more potent
therapeutics and high-sensitivity diagnostics, Typically, lysine or
cysteine residucs are tarpeted for those conjugation strategics,
which if in close proximity to the active site, can lead to antibody

Sarm Massa and Nick Devoogdt (eds.}, Bfoconfugation: Methods and Protocols, Methods In Molacular Blology, vol. 2033,
Iiipez//dol.orgf10.1007/978-1-4020-0654-4_6, © Springer Sclence+-Buainess Madla, LLC, part of Springer Natura 2019
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Sortase-Mediated Bioconjugation

SCFVynyi.gpipia L PXTG-Hisg & SCFVynii.gPimaiia-LPXTG-PEG-Ng
('i-KJFIG.-
SH

Y 8 J L o . N
(s w - - 1
——Leu-Pro-X-ThriGly-His, mJ s —LPXT S + G-His, S —|PXTG-PEG, + m)

Ag. 1 Graphical scheme of the Sortase-mediated scFv modification. Site-specific modification of the scFv-
LPXTG by the franspeptidase Sortase A. Sortase A recognizes the substrate with an LPXTG motH, cleaving the
peptide bond betwesn the threonine and glhvclne and causing a thioacyl Intermediate. The modified glycine
links to the targeting scFv via peptide linkage

inactivation [1]. This is even more pertinent when smaller scFvs are
the targeting entity. These scFvs are composed of a variable heavy
and a variable light chain of an immunoglobulin, connected by an
adaptable linker and typically obtained by phage display or cloning
from existing hybridomas cell lines [2, 3].

Bioconjugation of scFv with the enzyme Sortase A (Srt A), a
bacterial transpeptidase from Stapbylococeus aureus, ensures binding
at the C-terminal thereby avoiding compromise of the active site of
smaller antibody fragments [4]. This iz achieved through recogni-
tion of a specific LPXTG peptide sequence which is cloned into the
scPv framework at the C-terminal. Once identified, the Srt A will
cleave the motif between the threonine and glycine amino acids via
a catalytic cysteine. Nucleophilic attack of the carboxyl substituent
of the threonine by an incoming glycine-based reaction partner
generates an amide bond (Fig. 1) [5]. This reaction proceeds at
physiclogical temperature and pH [5].

Through addition of specific tags, purification and confirma-
tion of the scPvs can be achieved after posttranslational modifica-
tion. Efficient separation of unreacted scFvs can be facilitated
through addition of a hexahistidine affinity purification tag down-
stream of the cleavage site, while a second polypeptide protein tag
makes use of an internal validation site in flow cytometry and
immunchistochemistry techniques such as western blot analysis.

Attaching these modified scFvs to nanomaterial can be achieved
with high yield and site specificity ecither using direct Sortase-
mediated conjugation to the nanoparticle or via orthogonal click
chemistry. Click chemistry refers to high yielding, modular, easily
purified, stereospecific and simple chemical reactions [6]. The most
famous of these, and the one that has defined the entire field since
delineation in the seminal paper by Sharpless et al., is the copper-
catalyzed azide—alkyne cycloaddition [6]. A particularly useful vari-
ant of click chemistry is strain-promoted azide-alkyne click chem-
istry. This system uses biorthogonal reactants that are inert to their
surrounding biological milieu, that proceed without the copper
catalyst and do not disrupt delicate quaternary protein structures
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of antibodies and scPvs [7]. Due to its small size and inert nature,
the azide functionality is preferably conjugated to scFvs and the
strained alkyne group to the nanoparticle surface. Based on its
higher reaction rate compared to other strain-promoted substitu-
ents [8] the click reactive bicyclo-[6.1.0]-nonyne (BCN} substitu-
ent was selected in this protocol for tethering to a nanoparticle.

Nanoparticles are submicron {(10-100 nm), highly monodis-
perse and multfunctional structures that allow for a high level of
functional capability [9]. Any nanoparticle formulation is amenable
to the following procedure, the only requirement being simple
surface modification to yield an amine or BCN functional group
available for further conjugation. High payload and therapentic
capacity can be engineered within the structure, wherein the nano-
particle contains a chemotherapy agent such as docetaxel or a
combined treatment with radicactive isotopes for radionuclide
therapy [16, 11]. There is also scope for multi-drug delivery sys-
tems and a corresponding decrease in the adverse effects of therapy
using nanoparticle technology [12].

Platelets play an important role in thrombosis and hemostasis
[13] and in recent years have also been recognized as major players
in inflammation [ 14 ]. In this protocol, we will describe the produc-
tion and purification of a highly specific scPv against activated
platelets targeting the GPIIb/IITa integrin complex (ScFvami
GPIIb/TiTa)- With approximately 50,000-80,000 copies on the sur-
face of each platelet, this complex is an exquisite target for highly
specific enrichment. The s¢Fvuns-gpob/nm specifically binds to the
activated form of this integrin complex thereby further reducing
the background blood pool binding to nonactivated platelets. We
can use this specificity to diagnosis thrombosis and inflammation in
a variety of disease models [15-19].

In summary, we here present two protocols for conjugation of
the anti-platelet scPv .y gpmb/m. to a nanoparticle. The first
involves direct Srt A-mediated conjugation of the scFv to the
nanoparticle, whereas the second involves a two-step click reaction
with Srt A-mediated conjugation of the anti-platelet scFv,yi grmm/
1. to a BCN-modified nanoparticle.

2 Materials
21 Prosin 1. pET20b plasmid (Novagen) to express Hisg-tagged SrtA in
Expression E. coli.
and Purification (Srt 2. pET20b plasmid (Novagen) to express Hiss- and LPXTG-
AlTargeting tagged scFvs in E. coli (see Note 1).
and Mutated Comirof .
3. BL21 (DE3) pLys com t bacteria.
SCcHv-LPXTE) ( ) pLys peten

4, LB medium: 10 g/I. Bacto tryptone, 5 g/L yeast extract,
10 g /L. NaCl.
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5. 1000x Ampicillin stock solution: Dissolve at 100 mg/L in
water.

6. Ampidillin-supplemented LB agar: Dissolve ampicillin
(100 pg/mL) and 1.5% (w/v) agarose in autoclaved LB
medium then pour into petti plates and leave to dry 1 h in
sterile conditions.

7. Glycerol 50% (v/v): Dissolve in nuclease-frec water.

8. 1 M Isopropyl p-p-thiogalactopyranoside {(IPTG): Dissolve in
water.

9. Bacterial lysis buffer (e.g., BugBuster® Master Mix
(Novagen)).

10. Protcase Inhibitor (e.g., ¢Omplete™ EDTA-free Protcase
Inhibitor {Roche)).

11. Binding/wash buffer 1: 50 mM Trs-HCl pH 7.5,
150 mM NaCl.

12. Binding/wash buffer 2: 50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 20 mM imidazole.

13. Elution buffer; 50 mM Tris-HCI pH 7.5, 150 mM NaCl,
250 mM imidazole.

14. Ni-NTA Superflow columns for FPLC system (Qiagen).

15. Centrifugal Filters for protein purification and concentration
(e.p., Amicon® Ultra 0.5 mL Centrifugal Filters).

16. Spectrometer (e.g., Direct Detect spectrometer (Merck

Millipore}).
22 Two-Pot 1. Purified Srt A enzyme from Subheading 3.1.
Synthesls of Targeted 2. Purified scFv-LPXTG,oy Gerb,/ma from Subheading 3.1.
Raneparticies 3. 500 pM azide-fanctionalized glycine linker (G-PEG,-Az, pur-
221 SrtA-Mediated chased from a standard peptide supplier, ¢.g., Wuxi Nordisk
Azide-Functionallzation Biotech Co}. Dissolve in DMSO.
SCFv-LPXTG 4. Srt A reaction buffer: 50 mM Tris—HCl pH 7.5, 150 mM

NaCl. Adjust to pH 8.

5. 20 mM CaCl; stock solution

6. Nuvia™ IMAC Resin: Use 25 pL for every 1 mg His-tagged
protein in the reaction mixture,

7. 8rt A reaction wash buffer: 30 mM sodium dihydrogen phos-
phate, 300 mM NaCl. Adjust to pH 7.

8. Phosphate-buffered saline (PBS), pH 7.4: 137 mM NaCl,
2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,.

9. Thermomixer (e.g., Eppendorf Thermomixer® C).
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222 Functional 1. 12% SDS-PAGE Gels (e.g., NuPAGE Bis-Tris Gels) is pur-
Assessment chased from Thermo Fisher
of the Modified S6FYs 2. Coomassie blue stain: Dissolve 1.25 g of brilliant blue R in a
mixture of methanol (200 mL), water (250 mL), and acetic
acid (50 mL).
3. Destaining solution: Mix water, ethanol, and acetc acid at a
ratio of 6:3:1.
4. BCN-functionalized near infrared (NIR) fluorescent dye (e.g.,
BCN—Dylight 800 dye (BCN-DL800) purchased from
Synaffix®).
5. Odyssey CLX® imaging system LI-COR Biosciences.
223 Click-Reactive 1. Amine surface-functionalized nanoparticles (¢.g., gold nanc-
Nanoparticie Preparation particles (Cat No 765341 from Sigma-Aldrich) or protein
nangoparticles (custom made in the lab)) are used in PBS buffer.
2, 500 pM amine and click bireactive cross-linker (NHS-PEG,-
BCN from BroadPharm), dissolved in DMSO.
3. Centrifugal filters for protein purification and concentration
{e.g., Amicon® Ultra 0.5 mL centrifugal filters).
4. PBS.

5. Azide-finctionalized FITC dye (e.g., Alexa Fluor™ 488 Azide
(Az-AF488) ThermoFisher Cat no. A10266).

23 Targotod 1. BCN-surface-modified nanoparticles (BCN-NPs) from Sub-
Nanoparticie (scFv- heading 3.2.3,

NF} Assombly Using 2, Azide-functionalized scFy (scFv-N3) from Subheading 3.2.1,
Click Ghemistry

3. Centrifugal filters for protein purification and concentration
(e.8., Amicon® Ultra 0.5 mL centrifugal filters).

4. PBS.
24 Evaigation 1. Platelets collected from whole blood (10° platelet/mL),
of Target Specific 2. PBS.
m 3. PBS with Ca and Mg: PBS + 1 mM CaCly + 0.5 mM MgCl,.
Functionaiized NPs 4. 200 pM 10x Adenosine diphosphate {(ADP) solution put-
and Conirois via Fiow chased from Merck® CAS Number 20398-34-9: Dissolve in
Cytometry water.

5. PE anti-human CD62-P Antibody (e.g., CD62P (P-Selectin)
Monoclonal Antibody (Psel. KO2.3), PE, eBioscience™: Pre-
pare a 1:20 dilution in PBS).

6. Alexa Fluor™ 488 Azide (Az-AF488).

7. Flow cytometry platform (e.g., BD FACS Calibur™).
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25 One Pot scFv- 1. ScFv-LPXTG from Subheading 3.1.
mm 2. zert-Butyloxycarbonyl-protected GGGWW  peptides  (c.g.,
Using SrtA BOC-GGGWW-COOH purchased from a standard peptide

supplier, e.g., Wuxi Nordisk Biotech Co.).

3. PyBOP-DIPEA-DMSO mixture: dissolve 2 mg of PyBOP and
1 mg of DIPEA in 100 pL of DMSO.

4, 50% (v/v) uifluorcacetic acid (TFA) in dichloromethane
(DCM).

5. 10% (v/v) trifluoroacetic acid (TFA) in dichloromethane
(DCM).

6. Sortase reaction buffer: 50 mM Tris-HCI pH 7.5, 150 mM
NaCl. Adjust to pH 8.

7. PBS.

8. Centrifugal filters for protein purificaion and concentration
(e.g., Amicon® Ultra 0.5 mL centrifugal filters).

3 Methods

3.1 Prokein Using recombinant DNA technology, the DNA constructs encod-
Expression ing bath Srt A and the targeting /mutated scFv-LPXTG are cloned
and Purification (5rt into the expression plasmid pET20b, and transfected into compe-
A/Targeting scFv- tent BL21 E. coli bacteria (sez Note 2). Bacterial cultivation, protein
LPXTE) expression, and purification steps are performed according to the

outlined protocol. Note that all the DNA constructs used encode
for hexahistidine-tagged proteins, which enables affinity
chromatography-based purification with Ni-NTA Superflow col-
umns using Tris-based buffers.

1. Transform DNA plasmid encoding for scFv-LPXTG and SrtA
separately into BL21 E. colf cells and plate on ampicillin-
supplemented LB agar. Pick single colonies and allow to grow
overnight in ampicillin-supplemented LB medium till
saturation,

2. For long-term storage of transformed E. colé cultures, create a
glycerol stock of cells. Add overnight culture to 50% glycerol in
a 1:1 ratio and freeze at —80 °C in cryo vials (sze Note 3).

3. Start a preculture of a single clone of transformed E. cols cells
containing scFv-LPXTG or Srt A into 10 ml of ampicillin-
supplemented LB medium and leave to grow overnight at
37 °C while shaking at 250 rpm.

4. Cultivate 10 mL of overnight preculture into 1 L of ampicillin-
supplemented LB medium and allow to grow until an
optical density of (.8 at 600 nm is reached, using the same
temperature and shaking conditions outlined in step 3 in Sub-
heading 3.1.
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5. Induce Srt A and scFv-LPXTG expression by adding 1 mM of
IPTG to the culture and incubate for a further 6 h at 37 °C
while shaking at 250 rpm.

6. Harvest bacteria by centrifugation in 250 mL spin bottles for
15 min at 6000 x g and 4 °C. Discard the supernatant and
weigh the cell pellet. Per gram of pellet, resuspend in 3 mL of
BugBuster master mix and c¢Omplete™ Protease Inhibitor.
Then, incubate at room temperature for 15 min while shaking
gently (see Note 4),

7. Clarify the cell lysate by centrifugaton at 15,000 x g for
30 min at 4 °C and collect the supernatant for product purifi-
cation using Ni-NTA Superflow columns on the FPLC system.

8. Equilibrate the Ni-NTA column with 10 mI. of wash buffer.
Set the detector to 280 nm and flow rate to I mL/min,
9. Apply the clear protein supernatant which will cause a UV
absorbance peak. Then, wash the column with wash buffer
1 until UV absorbance returns to baseline.
10. Unspecific protein in the lysate is washed away by applying
wash buffer 2 until all undesired protein is removed.
11. Elute the desirable proteins from the column by applying
clution buffer. Collect the peak fractions.

12. Dialyze against PBS at 4 °C to remove excess imidazole.

13. Analyze the protein concentraton of the purified proteins
using spectrometry (see Note 5).

14. Analyze protein purity on a Coomassie-stained 12%
SDS-PAGE gel. A minimal purity of 95% is recommended.

3.2 Two-Pot The principle of the two pot-reaction to generate functionalized
Symthesis of Targeled  nanoparticles (NPs) is illustrated in Fig,. 2.

Nanoparticies

321 Srt A-Medisted In Srt A-mediated bioconjugation, the molar ratios of the reactants
Azida-Functionalization should be adjusted to optimize the reaction yield which is depen-
ScA-LPXTG dent on the scFv utilized. Increasing the amount of the glycine

nuclecphilic probe or using a sterically hindered nucleophilic probe
helps to drive the reaction to completion and avoids hydrolysis of
the product. In this outlined protocol, the reaction proceeds at
maximum efficiency when scFvum gpmb/ma-LPXTG, glycine-
based nucleophile, and Srt A enzyme are used in a 1:3:3 molar
ratio, respectively. Purification of Srt A modified-scFv from
unreacted mixture is performed using Nuvia™ IMAC Resin
based on the affinity for the hexahistidine purification tag in the
construct.

1. In Srt A reaction buffer mix s¢Pv-LPXT'G (15 pM) with azide-
functionalized glycine linker (45 pM), Srt A (45 pM) and
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A. Sortase-Mediated Bioconjugation

N3
G-PEGy4 Q Na
I
% LPXTG-PEG4

G-Hisg SH
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Ag. 2 Graphical scheme of the two-pot nanoparticle functionalization system. (a) Sts-specific functionallza-
tion of SCFvany-grinma-LPXTG-Hisg with G-PEGs-N3 and (b) modification of the NP with NHS-PEG,-BCN 1o a
targeted nanosystem using bioenzymatic and click conjugation techniques (¢)

CaCl; (0.5 mM), Incubate for 45 h at 37 °C, 750 tpm on
ThermoMixer®.

2. For purification of hence-functdonalized scFv-N3 from starting

unconjugated reactants, use a volume of Nuvia™ IMAC Resin
equivalent to the total amount of his-tagged proteins in the
reaction mixture, Wash the resin twice in 3X volume of Sortase
wash buffer (see Subheading 2.2.1).

3. To the washed Nuvia™ IMAC Resin add the reaction mixture

and incubate on gentle rotation at 4 °C for 30 min.

4. Centrifuge for 5 min at 13,500 x gand collect scFv-Nj3 in the

supernatant,

5. Dialyze against PBS overnight at 4 °C to isclate the purified

SCFV'Ng_
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Protein Marker  ScFv ani. ScFv-N3 ScFvuur-N3 SrtA

GPllblla

50 KDa -

Ryg. 3 Coomassie brilliant blue-stained SDS-PAGE gels. Demonstration of suc-
cessful Srt A-modified SCFV“-@NM".-Ns mst'l:"(:k chemistly with BCN-DLBDJ.
Lana 1 Marksr, Lane 2 stFvau-crinae. LaNe 3 Na-linker modifled sCFYam-gpiny
me LANE 4 Ns-linker-modified scFvp,: control antibody, Lane 5 Sortase A
enzyme. When viewed using the Odyssey LICOR system, the Coomassie brilliant
bius staln appears red and the BCN-DLB0O0 staln appears green

Verification of Srt A-mediated modification efficiency can be per-
formed via click-conjugaton of scFv-N3 to a cycloalkyne-
fonctionalized NIR fluorophore (BCN-DL800) and analysis
through SDS-PAGE. An example of such analysis is shown in
Fig. 3.

1. Mix scPv-N3 and BCN-DIB00 in a molar ratio of 1:3,
respectively.

2. Leave the reaction for 3 hat 4 °C.

3. Analyze the reaction by using a 12% SDS-PAGE.

4. Measure the protein band fluorescent intensity at 800 nm by
using the Odyssey imaging system (sez Notes 5 and 6, Sub-
heading 2.2.2).

Attachment of a BCN-click group to the surface of amine functio-
nalized nanoparticles (NPs) precedes a click reaction to the Srt A
modified scFv-Na. We here describe the addition of an amine
reactive bi-functional cross linker for attachment of the BCN click
groups to the NP’s surface:

1. Incubate NPs suspension in PBS (10°/mL) with NHS-PEG,-
BCN in a ratic of 1:4 amine-NHS for 3 h at room temperature
(s¢r Notes 7 and 8 for determination of amine groups per
particle}.
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2. Wash on Amicon® Ultra 0.5 mL Centrifugal Filters three times
with PRS.

3. Verification of click gronp attachment to NP surface can be
performed via fluorescent labeling with a corresponding azide-
functionalized fluorophore (same conditions as for the attach-
ment of the click modified scFv to the particles).

33 Targeted A spontaneous click reaction drives the conjugation of targeting
Nanopsrifcle {scFv- scFv-N3 with BCN-functionalized nanoparticle according to the
NP} Conjugation Using  following steps:
Click Chemistry 1. Incubate surface-modified NPs-BCN suspended in PBS with a
threefold molar excess of scFv-Nj at 4 °C overnight,
2, Isolate scPFv-Nz-conjugated nanoparticles by washing on Ami-
con® Ultra 0.5 mL centrifugal filters three times with PBS. The
smaller scFv-N3 will be in the flow-through.

Flow cytometry is a technique that allows to confirm the binding of
8CPVanei-gpb /ma-functionalized  nanoparticles to  its  target
(GPIIb/IIIa integrin complex) on activated platelets. An example
of such analysis is shown in Fig, 4.,

400

300

200

Count

100

0
0

1
10 FL1-H 10

RAg. 4 Aow cytometry histogram. Overlay of the FACS histograms for platelets
activatsd with 20 uM ADP and Incubated with scFYany ermni-NP (dark bluse)
compared 10 ScFv,-NP (red) (NP conjugated to control antibody). Tarpet NP
show a clear binding in comparison to the conirol. As additional control,
activated platelets were Incubated with an excess of nonconjugated SCFYgm
crunaa Tor 30 min to block the antigen target before adding sCFvanu-grunana-NP
(ight blue); no binding was observed, confirming specific binding of the
functionalized NP to activated platslets
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1. Fluorescent labeling of targeted scFv-NPs with Az-AF488 is
performed for 3 h in the dark at 4 °C followed by a wash with
PBS using Amicon® Ultra 0.5 mL centrifagal filters. The den-
sity of free BCN groups on the nanoparticle surface is typically
higher than what can be occupied with the larger scPv com-
pared to a small dye. This allows for azide-labeled fluorophores
to be clicked onto the extra BCN moieties on the surface that
are not occupied by the scPv-Nj3 as a result of the steric
hindrance.

2. Platelet Rich Plasma (PRP} is separated from a whole blood
sample and diluted 20-fold in PBS with Ca?* (1 mM) and Mg?*
(0.5 mM) (see Note 9).

3. Activate placlets by 5 min incubation at room temperature
with 20 pM ADP. Confirmation of successful platelet activation
can be performed using CD62P-PE (GPIIb/IIla-specific)
fluorescent antibody on a flow cytometry device (see Subhead-
ing 2.4).

4. To a final concentration of 10° platelets/mI., AF-488 labeled
SCPVansi qpmb,/ma-NP is added at a concentration of 10% parti-
cles/mL and incubated at 4 °C for 15 min in the dark. Fix cell
samples and leave in the dark till they are analyzed on a flow
cytometer.

Nanoparticles with a glycine functionalized surface can be directly
labeled with scFv-LPXTG by a Srt A-mediated transpeptidase reac-
tion. The nanoparticle surface must have a glycine Srt A nucleo-
philic probe. This can be introduced using, for example, tert-
Butyloxycarbonyl-protected GGGWW peptides (BOC-GGGWW-
COOH) via carboxyl activation after which the t-Boc protection
group can be removed. A one-pot scFv-nanoparticle bioconjuga-
tion can be performed as schematically illustrated in Fig. 5.

1. To a particle suspension (1.3 x 10° particles/mL) add BOC-
GGGWW-COOH at a final concentration of 3.8 mM and
40 pL of PyBOP-DIPEA-DMSO mixture, Leave for 2 h at
room temperature while shaking at 70 rpm.

2. Wash the particles on Amicon® Ultra 0.5 mL centrifugal filters
three times with deionized water.

3. De-protect the t-Boc group by adding trifluoroacetic acid and
leave stirting at roem temperature for 3¢ min.

4. Wash with DCM three times, then incubate with 10% (v/v)
TFA in DCM (se¢ Subheading 2.5) for 20 min at room
temperature.

5. Wash twice with water, then twice with Srt A reaction buffer.
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Direct Sortase-Mediated Bioconju

gation

—NH,

PyBOP / DIPEA / DMSO
HOOCWWGGG-BOC

~HNOCWWGGG-BOC

[ TFA / DCM

-~HNOCWWGGG

Q )
Leu-Pro-X-ThriGly-Hisg

\SH
l "

G-Hisg SH
GGG-TXPL

. \\

Fg. 5 Graphical scheme of the one-pot system. NP with amine surface groups are modified with tert-
Butyloxycarbonyl-protected GGGWWY peptides via carboxyl activation and deprotectsd. The particles are slts-

specifically labelsd with scFv-LPXTG by Sortass A-medlated transpeptidase reaction

6. Resuspend the nanoparticles in Srt A coupling buffer contain-
ing scBv-LPXTG (10 pM), Srt A enzyme (30 pM) and CaCl,

(0.5 mM). Incubate for 5 h at 37 °C while shaking.

7. Remove excess scPv and Srt A by washing the nanoparticles

three times in PBS.

1. Any targeting scPv with a Sortase specific LPXTG recognition
motif can be used for the Sortase-mediated bioconjugation to
succeed. The results in this protocol are produced using scFv-
LPXTG as the targeting ligand for activated platelets and a

mutated scPvy,,-LPXTG as a negative control.
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2. Depending on the protein of interest, other types of transfec-
tion and protein production systems can be used accordingly.

3. A glycerol stock of transformed E. colé cells is stable for years;
however, repetitive freeze and thaw cycles may reduce the shelf
life. 'To recover bacteria from the frozen glycerol stock, use a
sterile pipette tip to scrape some of the frozen bacteria from the
top and add directly to your culture medium. Do not allow the
glycerol stock to fully thaw.

4. BugBuster® Master Mix is a bacterial lysis buffer combining
BugBuster® Protein Extraction Reagent with Benzonase
Nuclease and rLysozyme™ Solution in one convenient reagent
allowing for maximum recovery of active soluble protein.

5. Staphylococcus asrens Sortase enzyme (Srt A) is produced effi-
ciently at a yield of 10-20 mg/L of culture by the protocol
described here while scFv-LPXTG can be obtained at a yield of
1-2 mg/L of culture.

6. ScPv,nigpry/m1a is expressed with a C-terminal Srt A tag.
Downstream of the tag an affinity tag (e.g., Hisg-tag) is
included, identical to the one present in the recombinant Srt
A enzyme, to facilitate the clean-up of the final conjugate.
Upon Srt A-mediated conjugation, the affinity tag is cleaved
from the targeting agent. This is apparent in the SDS-PAGE gel
electrophoresis performed on the targeting scEFv before and
after Srt A-mediated azide labeling, where a slight reduction
in the molecular weight is seen. Please note that this change in
size depends on the molecular weight of the taps after the
LPXTG tag and the molecular weight of the linker added.

7. The chain length of the PEG cross-linker can be varied to
optimize the click finctional group availability on the nanopar-
ticle surface for scFv coupling.

8. The molar concentration of amino groups available in protein-
based NP is essential for achieving a successful stoichiometric
reaction. This is variable for every type of NP and for commer-
cial particles is typically given by the provider or can be deter-
mined via the calculation of the molar concentration of protein
used in NP preparation and counting the number of particles in
suspension.

9. Collected blood from healthy volunteers who have not taken
any drugs known to affect platelet function for at least 14 days

prior to the study.
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2.3 Principal findings and conclusion

Sortase A (SrtA) enzyme and a single chain variable fragment specially
engineered with a Cterminus 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 glycibased
nucleophiles. Most importantly a 9099% conjugation efficiency was achieved
without the generation of any detectablenonspecificconjugation 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
enzymecancatalyzethe site-specificimmuno-nano conjugationvia adirect one
pot method or alternatively, introduce a click anchor at the @erminus which

can be subsequently attachetb a corresponding click reactive surface.

For the seconddescribed chemoenzymatic approachthe copper-free strain
promoted click chemistry, which was recently awarded the Nobel Prize in
Chemistry 2022, was an important component. Strain promoted cycloatition
between an azide and cyckalkyne at ambient temperature and physiological
agueous environment enabled the formation of highly stable biocompatible

ligation products and resistant to biological metabolism.

While the one pot method offers the advarmdge of astraightforward single step
ligation for the targeting antibody to the nanoeconstruct surface, however
surface glycine functionalization is an important prerequisite fora direct
Sortasemediated transpeptidation reaction. Thecombination of chemical and

enzymatic approaches as described in the twpot method, on the other hand,
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offered more obvious advantages. Firstly, the introduction of a click anchor to
the nanoparticle surface resultedin 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 @ortase A for bioconjugation
of recombinant singlechain variable fragmentsin a selective and sitespecific
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 nanoparticleshave recently attracted considerable attention,
with the focus falling on cytotoxic drug delivery to tumours. Nevertheless,
controlled antibody bioconjugation to nanocarrier surfaces remains ahallenge

[80].

In this chapter, we describe the generation oh novel nanosystem; engineered
from Nisin offering numerous advantages as a nandelivery 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 bioclick Sortase mediated bioconjugation
method, as detailed in the previous chapter was adopted for their-términal
specific immobilization on the nanocarrier surface. The two cancer targeting
ligands explored were, a monocloal antibody used to directly target over
expressedreceptors on the tumour cell (study 1) and a scFv targeting the

tumour microenvironment was investigated instudy 2.
Accordingly, this chapteris sub-divided into two sections.

Study 1: Chemoenzymatic sdace decoration of Nisirshelled nanoemulsions:

Novel targeted drugnanocarriers for cancer applications

300AU ¢d 01 AOAT AO AOOIT AEAO Adrv dorjugateldl O

Nisin-shelled nanovesicles
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The first study of this chapter is presented as the published manuscript in
Ultrasonics Sonochemistry: Hashad R.A.,SinglaR.,Kaur Bhangu$S. JapE.,Zhu
H.,PelegA.Y.BlakewayL.,HagemeyerC.E.CavalieriF.,AshokkumarM.,and Alt
K.,Chemoenzymaticsurfacedecoration of Nisin-shelled nanoemulsions:Novel
targeted drug-nanocarriers for cancer applications. Ultrason Sonochem, 2022.
90: p. 106183.
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Chemoenzymatic surface decoration of
Study 1 | Nisin -shelled nanoemulsions:  Novel
targeted drug -nanocarriers for cancer
applications
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3.2 Published manuscript
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ARTICLEINFO ABSTRACT

Keywords:
Nanoemulsion
Ultrasonication
Nisin

Drug delivery

Nisin, a peptide used as a natural food preservative, is employed in this work for the development of a novel
nanocarrier system. Stable and uniform nisin-shelled nanoemulsions (NSNE) with a diameter of 100 + 20 nm
were successfully prepared using 20 kHz flow-through ultrasonication technique. The NSNE showed limited
toxicity, high bactericidal activity and high drug loading capacity (EE 65 % w/w). In addition, the nisin shell was
exploited for the site-specific attachment of a recombinantly produced cancer targeting ligand («HER2 pgrg 12G).

Employing a unique two phases (bio-click) approach which involved both Sortase A mediated Azide Bio-
conjugation (SMAB) and Strain Promoted Azide Alkyne Cycloaddition (SPAAC) reactions, targeted NSNE
(NSNEpox-aHER2 1gG) were successfully assembled and loaded with the chemotherapeutic drug Doxorubicin
(DOX). Finally, NSNEpoy-aHER2 IgG showed cancer-specific binding and augmented cytotoxicity to HER2

expressing tumour cells.

1. Introduction

Development of novel therapeutic strategies is of paramount
importance in translational biomedical research. Protein shelled nano-
emulsions (PSNE) can offer a versatile platform for targeted drug de-
livery. 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 [1-3], the nanoemulsion
core acts as a drug carrier. PSNE as a targeted nano-delivery system, can
significantly enhance therapeutic efficacy, avoid toxicity and minimize
side effects [4], which is particularly important for drug delivery of
chemotherapeutics. Here, we introduce a facile protocol for the prepa-
ration of novel protein shelled nanoemulsions for potential targeted
cancer therapy.

Ultrasonic emulsification is a simple, fast, versatile, and green
pathway for preparing PSNE [5]. In previous studies Zhou et al have
shown that the active cavitation zone in the flow through horn is limited

* Corresponding author.
E-mail address: karen.alt@monash.edu (K. Alt).

https://doi.org/10.1016/j.ultsonch.2022.106183

to the hole region [6]. Hence uniform nancemulsions are typically ob-
tained due to the confinement of the active cavitation zone in the hole
region. This flow through ultrasonication technique is adopted in this
study to produce monodisperse oil in water nanoemulsions stabilized by
a protein coating.

Numerous proteins and peptides have been investigated as building
blocks for engineering nanodrug delivery. These include human serum
albumin, gelatin, gliadins, lipoproteins and ferritin [1]. Nisin is a
cationic peptide produced by Lactococcus lactis that is widely used in the
food industry as an antimicrobial preservative for inhibiting the growth
of gram-positive bacteria and other pathogen [7], and may provide a
natural, cheap, and readily available nanodrug delivery system that is
yet to be explored. Over the past two decades, studies have shown the
use of nisin for various biomedical applications beyond its bactericidal
activity. Joo et al. explored the cytotoxic and antitumour properties of
nisin A and discovered that it blocks head and neck squamous cell car-
cinoma tumourigenesis [8]. Moreover, Nakajima et. al discovered the

Received 3 March 2022; Received in revised form 4 August 2022; Accepted 5 August 2022
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1350-4177 /8 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons. org/licenses,/by-
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excellent emulsifying power of this small amphiphilic cationic peptide
[9]. Surface activity studies performed in the presence of soybean oil
showed a significant emulsifying capacity of nisin at the concentration
of 10 mg nisin/mL, as compared to f-casein and Tween 80. Nisin is
therefore selected as the peptide of choice for the preparation of NSNE
based on its biological and physicochemical properties. Specific to this
work, the inherent anti-cancer activity of nisin can provide adjuvant
therapeutic value to a chemotherapeutic drug payload. Doxorubicin was
chosen as a model payload for this application.

The surface topography of NSNE is particularly important to create a
docking platform for targeting ligands on their surface as illustrated in
the schematic overview. Lysine, available in the structure of nisin, is one
of the most commonly modified residues for protein modification and
reacts spontaneously with N-hydroxysuccinimidyl (NHS) ester. When
the free amine groups in the nisin shell are incubated with a bifunctional
amine reactive linker (NHS-PEG-BCN), the nanocarrier surface becomes
tethered with bicyclononyne (BCN) click handles. Depending on the
surface modification, the resulting particles (NSNE-BCN) can sponta-
neously conjugate to a smart fluorescent click (SFC) probe, specially
engineered by Ji et al to emit fluorescence only after biorthogonal click
activation [10].

Bioorthogonal click chemistry is a highly specific and powerful
chemical conjugation method inert to biological degradation [11]. Two
major types of bicorthogonal click reactions are prevalent, namely
copper (I)-catalysed azide-alkyne cycloaddition (CuAAC) and strain-
promoted azide-alkyne cycloaddition (SPAAC) [12-13]. SPAAC reac-
tion is the second component of a unique two-step ‘bio-click” approach,
well established by Hagemeyer et al. for nanomedicine applications
[14-15], and employed hereby for site-specific modification and
conjugation of a target ligand to NSNE surface.

Initially, Sortase A (SrtA), a transpeptidase enzyme naturally pro-
duced by Staphylococcus aureus [16] was expressed and purified in E.
Coli. SrtA was then used to catalyze the bioconjugation of a click func-
tionality (specifically an azide) to a genetically encoded targeting anti-
body carrying SrtA recognition motif (LPETG). The strained-alkyne click
group (specifically BCN) is tethered to the nanoparticle surface. There-
fore, SPAAC reaction drives the site-specific covalent attachment of the
targeting ligand to NSNE surface. In contrast to traditional chemical
non-specific conjugation strategies, this ‘bio-click” chemoenzymatic
conjugation avoids compromising the affinity of the antigen-binding site
for the target [14].

Targeted NSNE provides a nano-sized platform for numerous
biomedical applications. Specifically, for this study, an «aHER2 IgG
monoclonal antibody was used as the targeting ligand to investigate the
anti-neoplastic activity of this novel nanosystem (NSNE). The human
epidermal growth factor receptor 2 (HERZ2) is a member of the quartet
human EGF receptors family which are essential mediators of cell pro-
liferation and differentiation. Overexpression of these receptors posi-
tively correlates with transphosphorylation and increased tumour
growth rates [17]. A recombinant DNA construct of aHER2 IgG was
specially engineered to contain LPETG sortase-tag at the C-termini of the
two heavy chains (aHERZ2ypgrg IgG) to enable site-specific SrtA medi-
ated azide bioconjugation (SMAB) and subsequent SPAAC driven
attachment to modified NSNE-BCN surface. Hereby we introduce a facile
protocol for the development of «aHER2-functionalised doxorubicin-
loaded NSNE as an innovative nanosized cargosystem with the poten-
tial to be used as a universal cancer therapeutic.

2. Results and discussion

Flow through ultrasonication provided a simple, fast, versatile and
green pathway for synthesizing the novel protein-shelled nanocarrier
system; nisin-shelled nanoemulsion (NSNE). NSNE preparation started
by emulsifying soybean oil (10 w%) in an aqueous buffered solution
containing nisin (1 mg/mL) and non-ionic surfactants to reduce the
interfacial tension and improve the colloidal stability of the emulsion

Ultrasonics Sonochemistry 90 (2022) 106183

[18]. Next, flow through ultrasonication (20 kHz) horn shown in
Fig. 1A, was used to create high shear stress by acoustic cavitation and
rupture the o/w emulsion into a monodispersed nanoemulsion.

The obtained nanovesicles have a size distribution of 100 + 20 nm as
measured by dynamic light scattering and a zeta potential value of —50
mV. This negative surface charge can be explained by the organization
of nisin at NSNE interface; whereby the acidic amino acids (amino-
butyric acid) are twice exposed at the surface in relation to the basic
amino acids, located further down the peptide chain, and facing the
lipophilic core.

HPLC and Mass spectroscopy analyses were performed to prove nisin
is present at the o/w interface and formed a shell coating the oil nano-
droplets. HPLC chromatograms of the formulation before ultra-
sonication (Fig. 1B) show nisin peaks at retention time of 16.5 and 17.5
min. However, the analysis of the solution after sonication and separa-
tion of NSNE indicated the disappearance of the peak. This suggests that
all nisin molecules are deposited at the oil-water interface. Mass spec-
trometry analysis also confirmed the disappearance of the nisin peaks in
the solution after the ultrasonic emulsification and separation of NSNE.
Overall these results indicate that nisin is incorporated into the nano-
droplets (NSNE), most probably, in the form of a shell due to its high
surface activity. To further explore the antibacterial activity of nisin in
NSNE, a nisin killing assay using Staphylococcus aureus ATCC-29213 was
performed. The results of this dose-dependent study, shown in Fig. 1C,
demonstrated the enhanced bactericidal potency for the NSNE over pure
nisin. This result may be explained by the orientation of nisin at the
nanoemulsion interface; whereby the lanthione rings A and B in nisin
structure responsible for antibacterial recognition and binding [19] are
‘well maintained and exposed on the surface of prepared NSNE. This, in
addition to the possible synergistic bactericidal effect of other compo-
nents incorporated in NSNE including surfactants.

To investigate the anticancer application of the developed nano-
vesicles, NSNE was post-loaded with the model chemotherapeutic drug,
Doxorubicin, which can easily be loaded into the oil core of NNE
through hydrophobic interactions [20]. Drug loading assessment
showed that more than 65 % (0.045 mg/mL) of Doxorubicin was loaded
into the NSNEpgx formulation (Nisin 1 mg/mL, Soybean 10 %). After
loading, NSNEpox nanovesicles increased in size from 100 + 20 nm to
150 + 20 nm in addition to becoming red in color (Fig. 1D), and zeta
potential decreased from —50 mV to —3 mV (Fig. 1E). This physico-
chemical change can be attributed to the successful loading of the
positively charged red colored doxorubicin (pKa = 8.2), not only in the
oily core but also within the protein shell of the nanoemulsion compared
to the unloaded NSNE. [21-22] Physicochemical characterization also
highlighted the colloidal stability of NSNEpgx formulation over a period
of 6 months and when spin-washed via centrifugation; manifested by
only the minor change to their physicochemical characteristics (Fig. 1E).

The empty NSNE or drug loaded NSNEppx provided a template for
decorating the nanoparticle surface with a cancer targeting ligand; using
a ‘bio-click’ approach. Initially, the amine groups available in the nisin
shell were incubated with an amine reactive bifunctional linker (NHS-
PEGx-BCN), to create structural motifs for SPAAC reaction on the
nanocarriers surface (NSNE-BCN). The washed SPAAC reactive nano-
emulsion was then mixed with a SFC probe at physiological conditions
to verify the surface modification (Fig. 2A). A strong blue fluorescence
‘was emitted after click activation of the SFC probe upon binding to the
NSNE-BCN shell as confirmed by the fluorescence imaging (Fig. 2A
insert). This suggests that NSNE surface was successfully tethered with
BCN click handles (NSNE-BCN) and made SPAAC reactive.

The SFC probe click reaction with NSNE-BCN at 37 °C was monitored
by time-dependent fluorescence for at least 2 h as shown in Fig. ZB.
Interestingly, the results showed a significant effect of the linker chain
length on this reaction whereby stronger blue fluorescence was emitted
(p < 0.0001) when the SFC probe was clicked to NSNE-PEGgBCN in
comparison to the PEG;z linker. This might be explained by possible
coiling of the longer linker chain (PEG;,) rendering the BCN group on
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Fig. 1. Nisin-shelled nanocemulsion formulation using Flow-through Ultrasonication and characterization. (A) Schematic illustration for the Flow-through ultra-
sonicator machine and SEM image of the produced nanovesicles; scale 1 pm (B) HPLC chromatogram showing the presence and absence of nisin related peaks after
nanovesicle formation (C) Bactericidal assay for nisin and NSNE when used in concentrations (16, 32 pg/mL) (D) Microscopical image of NSNE (translucent) and
Doxorubicin loaded NSNEpox (red) nanovesicles (E) Column chart displaying the physico-chemical properties (size and zeta-potential) of prepared NSNE, after
Doxorubicin loading, after 6 month storage and after spin washing. Data represent means + standard error of the mean based on at least 3 independent biolog-
ical replicates.

Fig. 2. Schematic illustration for creating a SPAAC-reactive surface on NSNE and validation using a click-activated smart florescent (SFC) probe. (I) Coupling of
bifunctional linker (NHS-PEGx-BCN) to the amino groups in the surfaced lysine residues on the nisin shell. (II) A smart probe which emits florescence only when click
activated (SFC), can bind to the attached BCN groups on NSNE surface and switch on the florescence as imaged using florescence microscopy (insert); Scale 10 pm.
(111) Strain promoted alkyne azide cycloaddition (SPAAC) of an azide-bearing targeting antibody with BCN-functionalized NSNE. (B) Flow cytometry analysis of SFC
probe click reaction to NSNE and NSNE-BCN (2 different chain lengths PEGg-BCN and PEG,,-BCN) after 60 and 120 min compared with a pre-blocking treatment of
nanovesicles. Data rep + standard error of the mean based on 3 independent replicates (two-way ANOVA using Tukey's multiple comparison test, ****p
< 0.0001).

the nanoparticle surface not accessible for the click reaction and SFC
attachment. As a control experiment, pre-treatment of NSNE-BCN with a
blocker (an equimolar concentration of NaN3) showed no detectable null
signal confirming the specific reactivity of SFC probe to the BCN moi-
eties on NSNE-BCN surface.

Using recombinant DNA technology, a unique pentapeptide LPETG
motif was recombinantly engineered onto the targeting antibody
(«HER2 pgrg 1gG), to be recognized by SrtA, and was placed at the C-
terminus of both heavy chains to preserve its receptor binding affinity.

Accordingly, SrtA and «HER2;pprg IgG were cloned, expressed, and
purified as per methods described then quantified and identified using
SDS PAGE gel as displayed in Fig. 3B. Biologically, SrtA normally cat-
alyzes the attachment of a nucleophilic polyglycine moiety by cleaving
between the threonine and glycine residues. In this research work SrtA
mediated the bioconjugation of a G-PEGz-Azide linker to both the C-
termini of the targeting antibody («HER2azige 1gG) as schematically
illustrated in Fig. 3A. A commercial «HER2 IgG (bearing no LPETG
sequence) was used as a negative control to exclude unspecific reaction.
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Fig. 3. SMAB and verification using SDS-PAGE gel electrophoresis. (A) Schematic illustration for the steps involved in the SrtA mediated bioconjugation of an azide
group (SMAB) to the targeting antibody at genetically encoded LPETG tag. 1) SrtA recognizes LPETG motif and cleaves between threonine and glycine to produce a
thio-acyl intermediate. II)The exposed thipacyl group is then attacked by a nucleophilic poly-glycine component such as G-PEG3-Azide used in this study. I} The
final product thus yields a click reactive azide-bearing antibody (aHERZ2 ;4. IgG) and free SiTA. (B) Comassie stained SDS PAGE gel of successful cloned, expressed
and purified SrtA enzyme (lane 2) and aHER2;ppre IgG (lane 3). (C) The success of SMAB on aHER2, perg IgG was verified when 20 ug protein samples were
incubated with BCN-Dylight 800 (a 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 aHER2, pgyg IgG before and after SMAB,
respectively, while lanes 4 and 5 corresponding to commercial «HER2 IgG before and after SMAB. (D) Binding of aHER2, pprg in comparison to the aHERZ 44, 0N
HER" and HER’ cell lines which shown no difference in the affinity to the target after sortase A modification and also no uptake on the non-antigen expressing cell
line. Data represent means + standard error o the mean based on 3 independent biological replicates (two-way ANOVA using Tukey’s multiple comparison test, **p

PEG "
e 3 s

Concentration of aHer2 lgG (pg/mL)

< 0.01).

Successful production of a click reactive antibody («HER25:4. 12G)
via SMAB approach, was verified using a click reactive near-infrared/
green fluorescent dye (BCN-DL800) then run on SDS-PAGE gel and
visualized using NIR-fluorescence imaging in the 800 nm channel
wavelength. A strong green fluorescent band was detected for
aHER2 5zi4. IgG heavy chain (lane3 Fig. 3C) in comparison to the com-
mercial tHER2-1gG sample which showed no green fluorescence (lane
5). This observation confirmed the site-specific SMAB reaction at the C-
terminus of both heavy chains of tHER2 454, 12G (greater than50 kDa)
and the availability of its azide functionalization for SPAAC reactions.

The receptor binding efficiency of (tHER2 yzige 1gG) after SMAB was
evaluated using flow cytometry. The results displayed in Fig. 3D
demonstrate the comparable tumour cell binding efficiency of targeting
ligand before and after SMAB (aHER2 pgrg 1gG, aHER24z44. 1gG) at all
three concentrations. Furthermore, statistically significant binding to
HER2 expressing in comparison to HER2 non-expressing cells (p <
0.0001) was observed and demonstrated the specificity of «-HER2 IgG as
a tumour targeting ligand. In the meantime, 2.5 ug/mL concentration
was chosen for upcoming experiments due to the highest binding
capacity.

SPAAC click reaction drove the final step for targeted particle as-
sembly. A spontaneous bioorthogonal and site-specific covalent bonding
between SPAAC-reactive azide-bearing «HER2 IgG with complementary
SPAAC-reactive BCN-functionalized NSNEpox led to the generation of
novel cancer targeting nanovesicles of doxorubicin-loaded nisin shelled
nanoemulsion surface-decorated with oHER2 IgG (NSNEpgx-«HER2
I2G). To investigate the final amount of conjugated antibody to the
nanovesicles, the flow through post spin filter wash was analysed.
Furthermore, specificity of the click conjugation vs unspecific adsorp-
tion was investigated by three hours pre-incubation of NSNE-BCN with a
complimentary click reactive compound before incubation with
aHER25zi4. 12G. The analysis of the flow through post spin filter wash

indicated that the majority of the antibody (up to 85 + 2 %) was site-
specifically clicked to the NSNE-BCN while only 15 + 2 % of the anti-
body was found to be physically adsorbed.

In addition, the nanosystem characteristics as particles size and
Polydispersity index after conjugation was characterized using dynamic
light scattering (DLS). The results as displayed in Fig. 4 A, showed no
significant changes in nanosystem (NSNEppx-wHERZ2) particle size and
homogeneity before and after antibody conjugation.

Importantly, in vitro plasma stability assay provides helpful insight
into how blood components affect the size and aggregation behaviour of
drug delivery vehicles once injected into blood plasma [23]. The in-
teractions between NSNE particles and blood plasma did not lead to
multicomponent aggregation of particles or plasma components as
assessed by DLS. There was also no indication of particle degradation.
However, a slight increase in particle size over time was observed,
without reaching significant differences (Fig. 4B) [24]. These results
provide an indication that the particles are stable in plasma and that the
nisin protein coating plays an important role by decreasing multicom-
ponent aggregation in plasma.

Finally, the anti-cancer activity of tumour-targeted NSNEpoy-cHER2
IgG were explored. The cancer targeting efficiency of assembled
NSNEpox-eHER2 IgG to HERZ2-expressing cancer cells was validated
using flow cytometry. As shown in Fig. 4C, we observed significant in-
crease of NSNEpqy-eHER2-1gG association to HER2™ cells in comparison
to HER2 cells (p < 0.01). These results indicate that «HER2 IgG, model
targeting ligand, was able to attach site- specifically to the surface of
MNSNEpgx-BCN nanovesicles and retain its tumour targeting efficiency.
Such cancer specific targeting of NSNEpgx-«HER2 IgG was further
confirmed by pre-blocking the antigen binding site on the cancer cells
with commercially available HER2 mAb before adding NSNEpo-«HER2
1gG; a significant reduction in receptor binding was observed (p < 0.01).

Additionally, a WST-1 assay, a technique for colorimetric evaluation
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Fig. 4. Targeted nanovesicles characterization: (A) Particle size (ps) and polydispersity (pdi) analysis of the nanosystem before (NSNE) and after antibody conju-
gation (NSNE-aHER2) using dynamic light scattering. (B) In vitro plasma stability by incubation of targeted NSNE-aHER2 IgG in plasma for 0, 30 and 120 min. (C)
Tumour cell association efficiency of targeted NSNEpox-cHER2 IgG to HER2*and HER2" cancer cell lines compared to a receptor pre-blocking with commercially
available HER2 mAb to determine specificity (D) Variability assay by incubating HER2" cancer cells 3hr with the targeted NSNEpoy-0HER2 IgG in comparison to
Doxorubicin, NSNE, NSNEpqgy. Data represent means + standard error of the mean based on 3 independent biological replicates (two-way ANOVA using Tukey's
multiple comparison test with *p < 0.05 or greater as significant; r-test within two sample groups, ns = not significant).

of cell proliferation assay, was used to quantitatively assess the degree of
HER2™ cancer cell death after application of NSNEpgy-«HER2 IgG and
controls such as Doxorubicin, NSNE and nontargeted NSNEpgx. The
parameters of this assay were as followed 1 pg of Doxorubicin and
incubated 3 h period. The results indicated a significant decrease in
cancer cell viability upon treatment with targeted NSNEpgx-«HER2 IgG
(1 pg Doxorubicin) in comparison to the free drug (Doxorubicin)
(Fig. 4D). This enhanced cytotoxic effect indicates a faster and higher
potency of NSNEpox-a«HER2 IgG compared to its controls and shown in
literature [24-25]. Future studies will be beneficial to observe the
cellular uptake of this novel nanosystem and its biodistribution and
tumour accumulation in vivo.

3. Conclusion

The outstanding benefits of nisin, as a polypeptide, were the basis for
developing a novel nanovesicle, Nisin-shelled nanoemulsion (NSNE),
which when loaded with a special payload and decorated with a tar-
geting ligand become a universal nanosized-platform for therapeutic/
diagnostic applications. The results in this research work revealed that
flow-through ultrasonication proved to be the method of choice to
produce spherical and uniformly dispersed nanovesicles of NSNE with
long term stability, low toxicity and, even more, able to accommodate a
high concentration of anticancer drugs and augment their cytotoxic ef-
fect. All components of the NSNE are biodegradable and biocompatible.
A unique two phase (bio-click) approach, involving both SMAB/SPAAC
reactions, was efficient in the site-specific attachment of cancer target-
ing ligand («HER2;pprg 1gG) on nisin shelled nanovesicles. Finally,
biological assays proved that nisin was assembled at the water-oil

interface in a way where the antibacterial binding region (AB ring
fragment) in nisin structure and the lysine residue 12 are directed out-
wards in the aqueous phase and are exposed for surface reactions.
Therefore, as more interest is currently drawn for bacterial infections in
cancer patients, the combined bactericidal/ cytotoxic effect of NSNE
when loaded with a cytotoxic drug paves the way for a dual therapy
platform for bacterial infections in cancer patients.

4. Experimental Methods

4.1. Flow through ultrasonication method for the preparation of Nisin-
shelled nanoemulsion

The general scheme for preparing NSNE involves a two-step emul-
sification method at room temperature. Initially, coarse o/w emulsion
was prepared by magnetically stirring 10 % soybean oil (dispersed
phase) in 10 mM sodium phosphate buffer containing 1 mg/mL nisin
(continuous aqueous phase) and 5 w% of non-ionic surfactant (50 %
Tween 80 and 50 % Span 80). The whole mixture was left to stir for 15
min. and final pH of the solution was adjusted to 7.5. Secondly, the
coarse emulsion was subjected to a 20 kHz flow through ultrasenication
horn (1 em tip with 3 mm hole size) for 4=6 min, operated at an ultra-
sonic power about 240 W and flow rate optimized to 175 mL/min.
Samples were taken every 2 min. for physicochemical characterization;
using optical microscopy, dynamic light scattering and HPLC. Prepared
nanoemulsion (NSNE) was dialyzed overnight and stored in fridge for
upcoming experiments. Stability of the nanoemulsion was evaluated
after 6 months storage in the fridge and when subjected to spin washing
in Amicon® Ultra 0.5 mL 100 K Centrifugal Filters at 14,000 rpm for 5

Page| 72



R.A. Hashad et al
min.
4.2. Physicochemical characterization

The presence of nisin in nanoemulsion was tracked by measuring the
change in the nisin concentration using a RP-HPLC (SHIMADZU
controller SCL-10AVP, oven CTO-10ASVP, pump LC-10ATVP, auto
injector SIL-10ADVP, diode array detector APDM10AVP) with eluents A
(Water: Acetonitrile: Trifluoro acetic acid 900:100:1) and B (Water:
Acetonitrile: Tri fluoro acetic acid 100:900:1). Before analysis, samples
were filtered using 0.45 pm syringe filters. A C18 column (Jupiter 5 pm,
300 AOD, 250 x 4.6 mm) was used and the flow rate was 0.8 mL/min at
room temperature. Malvern Zetasizer (Nano ZS) was used for particle
size and surface charge analysis before and after antibody conjugation.
Freshly prepared samples of nanoemulsions were diluted 10 times with
deionized water and analysed under the ‘protein size analysis’ option
(particle refractive index: 1.45, particle absorption 0.001, viscosity of
water 0.8872 cP, refractive index of water 1.33, measurement angle:
173" backscatter). The morphologies of the samples were observed using
a high- resolution field emission scanning electron microscope (Quanta
200 FEI) without sputter coating pre-treatment.

4.3. Nisin killing assay

Staphylococcus aureus strain ATCC 29213 was grown on Heart
Infusion agar (Oxoid) at 37 °C for 16 h. Plate grown bacteria were
harvested into Cation-Adjusted Mueller (CAMH) broth (Thermo Scien-
tific), equalized to an optical density at 600 nm (0OD600) = 1.0, and
diluted to 1x106 CFU/mL. 50 pL of each suspension was added to wells
of a 96 well plate in triplicate. The killing assay was started by addition
of 50 pL free nisin or nisin nanoparticles in CAMH broth to a final
concentration of either 16 or 32 pg/mL. 96 well plates were incubated at
37 °C and samples were taken at 30, 60, 90, 120 and 150 min. 10-fold
serial dilutions were performed in CAMH broth, 5 pL of each dilution
was plated onto the agar and plates were incubated at 37 =C for 16 h.
Bactericidal activity was assessed.

4.4. Doxorubicin loading

Nisin o/w nanoemulsion was loaded with a model chemotherapeutic
drug; Doxorubicin. Initially, ultracentrifugation (at 100,000g at 4 °C for
30 min) separated NSNE in the top layer which was collected and diluted
to 1 mg/mL of nancemulsion in aqueous solution. Afterwards, Doxo-
rubicin (0.07 mg/mL) was incubated with NSNE overnight with gentle
shaking then dialyzed overnight to get rid of unloaded doxorubicin.
Doxorubicin, with inherent floreseence at 600 nm, when loaded in NSNE
was visualized using florescence microscopy, measured quantitively
using florescence spectroscopy and characterized using Dynamic light
scattering. Entrapment efficiency percentage of NSNEpoy was calculated
according to equation: [DOX toal (g DOX free g3/ DOX total (g)] x 100.

4.5. SPAAC reactive

An amine-reactive bifunctional linker (NHS-PEGx-BCN) was incu-
bated with NSNE (1 mg/mL) in excess for 3 h at 4 *C on gentle rotation.
The cross-linker chain lengths studied herein were two (PEGg and
PEG3). Surface modified nanovesicles NSNE-BCN were spin-washed 3
times in PBS, to remove any unreacted NHS-PEG4-BCN using Amicon®
Ultra Centrifugal Filter at 14000xg for 5 min. Note only unloaded NSNE
was used for assessment of this surface modification as the nisin shell
was considered identical in both NSNE and NSNEpgx.

4.6. Verification of NSNE-BCN surface modification

As per method described by Ji et al. [ 10] nanoemulsion samples were
incubated with SFC in a 1:10 M ratio of probe: BCN-NSNE, then spin-
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washed using centrifugal filters. The parameters of this experiment
were optimized; including reaction time (1 h and 2 h) and linker chain
length (PEGS and PEG 12). A control experiment was performed where a
pre-treatment of NSNE-BCN with a blocker (an equimolar cone. of
NaN3) before incubation with SFC probe. The intensity of florescence
emitted was detected using BD FACS Canto II Flow Cytometer and
analysed using FlowJo software. Fluorescence microscope imaged the
fluorescent nanodroplets in the DAPI channel.

4.7. Recombinant DNA constructs of SrtA and aHER2;pgye-IgG cloning,
expression and purification

Recombinant DNA technology was essential in the production of the
transpeptidase enzyme (SrtA) and the cancer targeting ligand
(«HER 2y pgrg-1gG) whereby their DNA sequences were cloned into E.coli
expression plasmids then separated using Plasmid Maxiprep System
(Promega). Afterwards, expression plasmids of aHER2pgrg-1gG were
transfected into mammalian HEK293 cells while SrtA was transfected
into bacterial E. coli. Expressed proteins were purified using FPLC
chromatography based on nickel affinity and size exclusion using Ni-
NTA Superflow columns. BCA assays were performed for colorimetric
quantification of protein sample concentrations while SDS-PAGE was
completed to evaluate the purity of protein samples, and gels were
produced fresh.

4.8. SortaseA-mediated azide bioconjugation (SMAB) to aHER2; ppre-
IsG

An LPETG recognition motif was genetically encoded in the construct
of the targeting ligand (aHER2(pgrg-1gG) for SrtA to site-specifically
cleave and conjugate a click reactive azide moiety (SMAB). The
expressed and purified aHER2ypprg-IgG was mixed with SrtA and the
bifunctional G-PEG4-Azide linker in a 1:6:3 M ratio, respectively. The
reaction proceeded for 5 h at 37 °C in the presence of sortase reaction
buffer (50 mM Tris, 150 mM NaCl, 0.5 mM CaCl, pH 8.0). Finally, pu-
rification of tHER2 pzig.-1gG was completed using a Nuvia™ IMAC Resin
(Biorad ltd) as described by manufacturer. The flow-through containing
aHER2 a4iq.-1gG only was collected and dialyzed against PBS overnight
at 4 °C, as SrtA wotuild be removed from the reaction produet due to the
his-tag, in its construct, affinity to the resin. BCA assays were performed
for colorimetric quantification of SMAB-modified ligand (0HER2 z4.-
IgG) concentrations.

4.9. Verification of successful SMAB-modification to aHER2z4.-IgG

Samples of oHERZpperg-IgG and commercial «HER2-IgG (not
bearing LPETG sequence) before and after SMAB were incubated with a
near infrared fluorescent click reactive dye (BCN-Dylight 800) then run
on freshly prepared SDS-PAGE gel, Coomassie stained and scanned 700/
800 nm NIR wavelength using Odyssey CLx® -imaging system.

4.10. SPAAC-mediated targeted particle assembly (NSNEpgx-tHER2
1s6)

SPAAC was the driving force for targeted nanovesicle assembly.
SPAAC reactive Doxorubicinloaded nanoemulsion (NSNEpgx-BCN) was
mixed with SPAAC reactive azide- bearing «HER24;iq.-1gG and incu-
bated for 3 h under gentle rotation at room temperature. The reaction
mixture was spin-washed and stored at 4 °C for further experimentation.

For site specific antibody conjugation quantification, the through
flow after wash spin was analysed using BCA assay as Wiantibody uncon-
jugated): Percentage of antibody conjugation was calculated according to
following equation:
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Wt antibody unconjugated

Percentage of antibody conjugated : 100% — .( Witomlantibod
anl y

x 100)

Specificity was determined by pre-blocking of the binding site via
azide-click groups in a threefold molar access for 3 h. The blocked
nanoparticles were spin washed then incubated with the azide- labelled
aHER2;4.-12G and left for another 3 h at room temperature. The system
was then spin washed and analysed for remaining unconjugated anti-
body using BCA assay. Percentage of unspecific and specific antibody
conjugation was calculated according to following equation:

Percentage of unspecific antibody conjugation

. 100% — (Wt antibody unconjugated " IDCI)

Wt total antibody

Particle diameter, size distribution and morphology were monitored
after antibody conjugation using dynamic light scattering and Scanning
Electron Microscopy.

4.11. Tumour cell receptor binding efficiency

Tumour cell lines expressing and non-expressing HER2 receptors
were seeded overnight. 1.5 x 10% cells/well were collected and incu-
bated with various treatment including targeting ligand o«HER2-IgG
before and after SMAB in 3 different dilutions (1, 2.5 and 5 pg/mL) or
the targeted nanovesicles NSNEpy-0HER2-IgG aliquots containing lug
Doxorubicin. A blocking treatment of the two cell lines with commercial
analog of aHER2-1gG was investigated as a pretreatment before incu-
bating with NSNEpnx-«HER2-1gG. Receptor binding efficiency was
detected using antiHuman IgG-488 florescent mAb via flow cytometry.

4.12. WST-1 cytotoxic assay

HER2 expressing cancer cells were seeded in DMEM™ media at 1.5 =
10* cells/well in a flat-bottom Corning® Costar® 96-well microplate,
and grown for 24 h until an 80 % confluent cell layer was formed.
Original DMEM™ media was removed, and the various treatments in
fresh media were added to cells up to 100 pL/well, 3 h time points,
incubated the microplate at 37 °C then 10 pL/well of the reaction so-
lution Cell Proliferation Reagent WST-1 (Merck) was then added and
again incubated at 37 °C for a further 90 min. The spectrophotometrical
absorbance values of samples were then measured at 450 nm using the
FLUOstar OPTIMA Microplate Spectrophotometer. All values were then
calculated as percentages relative to wells of DMEM + media while
viable and untreated cells at each time point was used to normalize the
maximum cell viability to 100 % and hence measure the in vitro cyto-
toxicity of treatments.

4.13. In vitro plasma stability

The in vitro plasma stability of the nanosystem was studied in human
plasma. Initially, blood was withdrawn from healthy volunteers (0.5 %
volume of 3.2 % w/v sodium citrate added as an anticoagulant) ac-
cording to ethics approval number CF07/0141=-2007/0025). The whole
blood was then centrifuged at 1000 rpm for 10 min and the blood plasma
was separated from the blood cells. Plasma stability testing was initiated
by the addition of 100 uL of particle solution (NSNE, NSNEpqx-«HER2-
IgG) to 1 mL of preheated plasma solution. The particles were incubated
in the blood plasma continuously for 120 min in a shaking water bath at
37 °C. Samples were taken at 0, 30 and 120 min, diluted twofold using
preheated PBS for ideal DLS analysis using Malvern Zetasizer (Nano Z8).
Dynamic light scattering (DLS) was used to monitor the change in par-
ticle characteristics (size and PDI). The values represent the mean of
three independent experiments.
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4.14. Statistical analysis:

One-way analysis of variance was used to determine statistical sig-
nificance. The results are expressed as means + the standard error of the
mean. P-values < 0.05 were considered statistically significant. All sta-
tistical analyses were performed using Graphpad prism V9.4.1.
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1. Introduction
1.1 Role of platelets in cancer proliferation, progression and metastasis

Platelets, the smallest blood cells, are diskhaped 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 thefirst biological blood components to sense, phagocytose, and react
to pathogensin circulation, henceare particularly involved in innate immunity,

inflammation and cancer[84, 85].

Cancers have long been recognized to indudeemostatic abnormalities since

first describedby Trousseauin 1865 [86, 87]. Despitethe discovery of venous

OEOIT I AT Al AT 1 EOI AT OOAI AGEI 1T OF AAT AAO
years ago, the molecular mechanisms underlying cancer pathogenesis and its
relationship to platelets were poorly characterized[88]. However, recent
experimental evidencestrongly indicates that platelets actasO £ABAO®T T AAO O
to cancer and are active participants in tumour proliferation, progression and
metastasis[84, 89].

Cancers, also identified as th@onhealing 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]. Platelés 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 ADH92], thrombin [93], and Thromboxane A2[94], rgid platelet activation
is also triggered by direct interaction with pro-aggregatory membrane

glycoproteins and tumour cell adhesion receptors (Figur®).
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Once activated, theplatelet cytoskeleton collapsesfollowed by extensiveshape
transformation from biconcave disks to fully spread cells extending filopodia
[95]. Activated platelets then form platelettumour cell aggregate496] through
binding of receptors on the plasma membrane of the activated platelets, such
as GPIb, GPlIb/lllaand P-selectin,to cancercells[97]. Activatedplateletsin turn
release a group otumorigenic agents [98] that play a vital role in stimulating
angiogenesis, tumour growth as well as facilitate metastatic spreaP9].
Furthermore, activated platelets ae reported to attach to circulating tumour
cells providing shield from the immune systemand deleterious effectsof shear
forces[100].
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Figure 8| Molecular mechanisms of Tumour cell induced platelet activation (TCIPA).
TCIPAis mediated by both fibrinogen binding to ET O A C O E &nd plajeletédgnd cancer
cells entrapment into the fibrin network. TF z tissue factor, PAR z protease-activated
receptors, PLz 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 inawated
platelets, integrins are presented in a low affinity state. Platelet activation leads to
conformational changes that enable higfaffinity interactions with ECM proteins and with
other cells.Oneof the mostimportant integrinsisy ) ) AGPlib/Illa) which enhanceplatelet
adhesion and aggregation via fibronectin, fibrinogen and vWF. The glycoprotein GRXV
and GPVI are responsible for initial platelet adhesion and activation in blood by binding to
their main ligand, von Willebrand factor (vWF) andcollagen. Pselectin 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 thniagh P2Y1 and P2Y12 receptors (Brotein-coupled
receptors) which leads to shape change, aggregation, and thromboxane A2 production by
platelets. CLEE-podoplanin interaction facilitates hematogenous tumour metastasis
Adopted from [101]

Overall, the role d platelets in cancer progression and metastasis is dynamic
and the critical nature of platelets in carcinogenesis continues to unfolf90].

TCIPAIs currently regarded asakey intermediate stepin the processof cancer
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metastasis especially that preclinical studies have demonstrated that
pharmacologically- or genetically-induced thrombocytopenia and platelet

function defectsin animal modelsare associatedwith reduced metastasis[102].

1.2 Lung cancer and Prostate cancer induced TCIPA

Lung canceris the secondmost common cancerworldwide and is the primary
cause of death among the malignant neoplasm with a low fisseear survival rate
[103]. Prostate cancer, in the meantimgis 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 tamorigenesis in
several types of cancers including lung105] and pancreatic cancers [106].
TCIPAInduced by two human cancercell lines, lung cancercell line (LLC-1) and
prostate cancer cell line (PE3), was therefore investigated in this research

study.

1.3 TCIPAasauniversal tumo ur targeting approach

Sincecancercellsare usually accompanied byactivated plateletsin vivo. Thus,
targeting activated platelets can be considered as a universal method for
tumour targeting [107]. TCIPA is in the spotlight of current research fothe
possibility to develop TCIPAtargeting approachesthat opennew waysto track

or eradicate cancerd90, 108].

1.4 GPlIbllla receptor asapotential TCIPAtarget

Asmentioned above,somereceptors on the plasmamembrane of the activated
platelets, such as3PIb [109], GPIIb/llla[110], and P-selectin[111] can interact

with cancercells or pro-aggregatorymediators excreted by cancercellsin the
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tumour microenvironment. One of the most important platelet surface
receptors and mostabundantly expressed upon activation is the glycoprotein
"0))A)))A T 0O Al OF AAT 1. Onfadtivafetiplakelet MQOET
vnmhnnn Al PEAO AO OEA OOOZFZAAAR OEA 1 AEI
aggregation through the binding of plasmdibrinogen, whose dimeric nature

Al 1T x0O0 OEA AOEACETC 1T &£ AAEAAAT O bl AOAI
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 GPlIIbllla

subunit in mice or competitive inhibition of platelet GPIlIb/llla, either
pharmacologically or by using antibodies against GPllla 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 researchstudy we explore the util ization of a single-chain antibody
OPAAEZLZEAAI 1T U OAOCAOEI C 1))Aroc OAAAPOI O

platelet associated tumour targeting.

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

Platelet-assocated 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 nanoemusion made up of a natural, cheap, and readily

availablepeptide (nisin) canoffer aunique platform for cytotoxic drug delivery

Page| 81



to tumour site[112]. While the protein in the shell provides a nontoxic,
biocompatible, andbiodegradable 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 nanocarrieran the development of
activated platelettargeted doxorubicin-loaded nisin shelled nanovesicles that
can potentially be used as a universal cancer nardelivery platform at high

therapeutic efficacy while minimizing systemic side effects.

1.6 GCterminus site specific bio-click conjugation for targeted
nanoparticle assembly

When the nanovesicles are conjugated to the GPIIbllla targeting ligand
j1'"0))A)y))A OA&OGqh EO EO AOOAEAI O 1A
reserve the targeting ability for GPlIbllla integrins. For that purpose, site

specific bioconjugation using Sortase A enzyme and click chemistry (Botick

approach) was chosen for plateletassociated cancer targeting nanomedicine
construction. Accordingly, the scFvwasrecombinantly engineeredto include a

31T OOAOCA ' OAAT C1 E OE Istruprd frOiidel shefspegific * 0) ) 7
attachment on surface of nisin shelled nanovesicles.

2. Results

2.1 Expression, purification and characterisation of platelet targeting

ligand | ' 0) ) AsEPw)ejcahd SrtA enzyme:

With the aim of platelet associated tumour targeting, firstly a singkehain
antibody fragment specific to the activated form of the glycoprotein
(GPIIb/llla), the most prominent marker expressed by platelets upon

activation, was engineered by recombinant DNAtechnology.In the vector map
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(Figure 100 qh OEA CAT AOEA -skRBvuAA expiéssion yas0) ) A)
extended at the G&erminus with a V5 tag for internal validation in flow
cytometry experimentsfollowed by a Sortaserecognition sequencgLPETG)for

site specific bioconjugation usingSortase A enzyme and hexdistidine tag for

AEFET EOU AEOI T AOT COAPEU bDOOEZAZEAAQGEIT 8
scFvpreTtcas well as mutated norbinding scFv (MUTscFweTe) and Sortase A

enzyme were all cloned intoE.coliexpression plasmids, then expressed and

purified using FPLCchromatographybasedon nickel affinity and sizeexclusion.

A. B.

For Primer
—

Igk Leader ScFv-aGPIIBllla 6xHis | Myc | 6xHis AAA...

EcoRI Notl

77777

Figure 10| Expression, purification and characterisation of recombinant proteins A)
Vector map with gene of interest cloned into pSectag2A backbone. The vector features the
geneofinterestj 4 ' 0 ) JscAYrgrd fdllowed by aV5tag,the Sortase Atag (LPETG)and a
His6 tag for purification and stop codon B) Coomassistained SDSPAGE gel comparing (1)
31T OOAOA ' h  fcEvGerc jand0(P) ) MUY )soFvkere following expression and
purification. Molecular weight protein standard markers were run in parallel for
comparison. NIR digital fluorescence imaging was performed on th@dyssey CLX imaging
system.Fluorescences observedasred protein bandsin the 700nm channelwavelengthfor
31T OOAOGA ' A0 ¢ mEscArercand MUTAscFyptrdare $edn) aj gbduit 35kDa.
Representative gel out of n=3 is shown.
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The eluted samples were quantified then assessed for purity using SPAGE
gel electrophoresis. When correlated against protein standard (FigureOB),
Coomassie stained proteirsampleswere observedas fluorescent red bandsn
the 700nm wavelength; the first lane depicts one strong band of SrtA at about
20kDa,while bandsobservedat approximately 35kDaand 36kDarespectively,
OAPOAOGAT O b O OEcmEALaNd MUDSEFYRA] il Jades 2 and 3
respectively. The clarity of the bands indicates high purity of the yield.

2.2 Sortase mediated azide bioconjugation (SMAB)to | ' 0) ) -BcFVeratdA

The bioconjugation of a clickreactive pendant site -specifically at the C

OAOI ET OO0 1T £ OAAT I AET AT-OF\vkirc dntl E mubae®@ A A | °
control was accomplished wusing SrtA bioconjugation technique. At
physiological temperature and in a buffeed reaction mixture SrtA recognizes

the LPETG motif at the @erminus of scFvs and catalyzes the transpeptidation

of aglycinebearingclick reactive linker (G-PEG-Nz3) asdisplayedin Figure 11A.

4EA T 1T AEZLZEAA OA&O xEOE -séFwid) viad sepalatdd AAT O
from the reaction mixture using NuvidA IMAC Resin and the flowthrough

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 BCNDY800and run on SDSPAGHEgel. Imaging with the OdysseyCLX®
system(Figure 11B),showedgreenfluorescentbands(800nm wavelength) only

for the SrtA modified click reactive scFvg | ' 0 ) Bchkwhide-BENDYS00

(~33kDa) in lane 3, and MUTscFumide-BCNDY800 (~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 vedfi
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SortaseA enzyme-mediated Azide Bioconjugation

aGPlibllla scFV p6iss aGPlibllla scFvy,4.

a ’
{
G- PEGB
SH >

— Leu-Pro-X- Thr le -Hisg — LP)(T S + G-Hisg

+

\3 SH

'— LPETG-PEGg

37kDa

25kDa

BCNDY800 + + + +

Figure 11| Sortase A mediated azide bioconjugation (SMAB)ofy ' 0) ) -8cFVLPEARG
A) schematic illustration for Sortase A mediated bioconjugation of click pendant (azide) to
1 ' 0) )-saBv)PETG B) Coomassi&ained SDSPAGE gel demonstrating the success of
SMABon| ' 0) )-seRupejenas verified when 20 ug protein sampleswere incubated with
BCNDylight 800 (click reactive fluorophore) then run on 12% SDSPAGEgel and Comassie
stained. Using Odyssey CIEX-imaging system the gel was scanned at 700/800 nm NIR
wavelength showing: molecular weight protein standard markers (lane 1), lanes2 and 3 for

1 ' 0) )-seBupejctdefore and after SMAB respectively, while lanes4 and 5 corresponding

to non-binding control MUTscFvpetcbefore 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 conjugationtechnique was manifestedby
> 90% bioconjugateyield.

2.3 Click reactive scFv binding efficiency to activated platelet receptor
GPllb/llla

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

Using a BD FACS CalibArflow cytometer, initially, the platelet population of

interest was gated on a dot plot comparing side scatter and forward scatter
fluorescence of unstained PRP whileplatelet activation-specific antibody
(aCD62PE) was used to stain activated platelets and determine appropriate
platelet ADRAAOEOAOQET 18 4EA Dl AOAI AGscFAmdsAET C
analyzed before and after SrtAmediated bioconjugation via V5 tagspecific
(anti-V5FITC)secondaryantibody. A significant increasein FL1-H fluorescence

xAO T AOAOOAA xderiwas jincubgted Avith)agtivated platelets

compared to the nonrbinding control Mut-scFv(Figurel2). This indicates

Bl scFv GPlib/llla- N3
* % Hl scFv GPllIb/llla

600 | B3 mut GPIlIb/llla

E3 mut GPIIb/llla- N3

Mean fluorescence
intensity (FITC)

Figure 12| Column graph evaluating the degree of specific binding to activated

bl AOAT AOO /EbcBvLPET® hefprd and after SrtA-mediated bioconjugation.

Mean FLZXH 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.

#1 1 DPAOEOI T xAO 1 AAAscAdf anll Adgative'cdniro) MukspPurdhTe

before StAI AAEAOAA AET AT 1 E OCAdD&zile,l amd MUTSEFwe' after ) A) ) ) A
modification. Oneway ANOVA, mean £+ SEM, where significance **p<0.001
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successful binding to platelet receptor GPIIbllla target. In the meantime, there
was no statistically significant difference between the mean FLH of
1 "' 0) )-sEBVIPETG, ' Wllla-scFvAzidesuggestingthat the affinity of the
1 ' 0) )-sEBvivas ot impaired by SrtA-mediated bioconjugation of the click

reactive pendant at the Germinus.

2.4 Nisin shelled nano-emulsion preparation and conjugation to
1" 0) ) -BcFhade A

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% ad surface modification using a bifunctional amine

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

our previous researchwork. The biorthogonal click chemistry SPAAQIrives the

OPT 1T OAT AT OO Al 1 EOGé4Pkd to BLCME functiofaljzedA) ) ) A
doxorubicin-loaded nisin shelled nanovesicles as illustrated in Figure3l to
assemble the plateletassociated tumourOAOCAOAA T AT T OUOOAI
SCFUNSNBoy.
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Targeted Nanocarrier assembly via Strain Promoted Azide —Alkyne Cycloaddition
U
~~~~~~~
LPETG-PEG, -
N=N*=N-
= a!.ﬁ S
% m;;"."'s‘!/ ‘ x,‘f
B K
H H S o A '.’,.::::
R e
\PEGS &ﬁ:{;‘?{ ;‘,‘:;"'—.z, %
= tp TEE
NH v
e L
3}.. 13 o lll
i, |
| ’L}‘. H \.s “ ’.{ -_P.!N /

Figure 13| Schematic illustration for engineering platelet  -associated tumour -
OAOCAOGAA 1T AT T OUGEENSNEDOX)Styain fromotedialkyne azide
cycloaddition (SPAACf an azide-bearing targeting single chain antibody with BCN
functionalized NSNE.

2.5 Platelet binding affinity of targeted nanocarriers ' 0) ) -8cFy ) A
NSNE

Flow cytometry was used to analyze the platelet binding affinity of the
AOOAT AT AA -sgFuNSNE rahoyesidles. When ABdttivated platelets

were incubatedwith | ' 0 ) )-skBuN9NBEand comparedto the control group
(MUT-scFv NSNE), the platelet targeting nanocarriers showed a significant
florescent shift (Figurel4); indicating successfulplatelet binding in comparison

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

treated with anexcessof | ' 0 ) )-skBHvash bhocking treatment for the target

AT OECAT OEAT ET AOAJMINSHNE. RhE &ults reévaalpd nd) ) ) A
binding of the targeted nanaconstruct, thus confirming specific birding of

1 ' 0) )-sEhviunctnalized Nisin nanovesicles to activated platelets.
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aGPlibllla-scFv-NSNE

= Blocking +aGPllbllla-scFv-NSNE
Em MUT-scFv- NSNE

300+ I *

200+

Mean fluorescence
intensity (FITC)

100+

0 | s

Figure 14| Column graph evaluating the degree of activated platelet binding affinity of
OAOCAOAA 1T AT T AA GoR-RSNG.Mgan BLEH #uprdsgerce values of n=3
experiments on activated platelets. Samples were stained with arti5 FITC secondary
antibody, before beingrun on the BDFACSCalibur™ flow cytometer. Comparisonwas made
with anegative control group MUT-scF+NSNEaswell asareceptor pre-blocking treatment
to determine specificity. Oneway ANOVA,mean + SEM,where significance *p<0.01 and
***n<0.001.

2.6 Tumour Cell Induced Platelet Activation: parameters optimization

The basis for designing plateletassociated cancer targeted nanomedicine
necessitateshe assessmenof tumour cell induced platelet activation (TCIPA).
Therefore, platelet activation by two human cancer cell lines, lyghcancer cell
line (LLG1) and prostate cancer cell line (P€), was investigated in this

research study. While LLgp xAO 11T Of AiT U AOI OEOAOAA

essential medium the PE3 cells were grown using RPMI medium.

The activation of platelets imduced 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 incubatedwith the cancercelllines PG3 or
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LLG1 cells which were harvested at a concentration of 1 x ICcells/mL and
resuspendedin mediaat a2:1 volume ratio. Cancercells and platelets were left
on a blood tube roller mixer at 37Cdhen platelet samplesvere collected at 30
minutes, 1h and 2 h time points. Plateletsin physiological saline (PBS+aand

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

Flow cytometry analysis d single stained platelet samples revealedqrimarily,
that different tumours can induce platelet activation at a variable magnitude
(Figure 15). While the incubation of PRP with LLE cells and PE3 cells was
associated with fluorescence signal detectetly flow cytometry and reflected
tumour cell induced platelet activation (TCIPA),however LLG1 cells exhibited
more amplified florescencesignal and accordingly stronger platelet activation.
The significant difference between platelet activation in presenceof LLG1 cells
and physiological saline (PBS), at all time intervals, validates tumour cell

induced platelet activation phenomenon.

In pursuit of understanding the mechanismof 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 cancercells.Both conditioned media of the LLG1 and
PG3 cells exhibited platelet activation in comparison to theplain non-

conditioned media alone.

2.7 Evaluating the Cytotoxicity of TCIPA-targeted nanomedicine
1" 0) ) -AcF}NSMEDOX

Based on the previous results, L@ tumour cell induced platelet activation
was used to investigate the potential tumoutargeting ability and cytotoxicity of
1" 0) )-sEFvNIN&ox Briefly LLG1 cells were preincubated with PRP 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
presence of LLG1 and PG3 cancer cell lines. Flow cytometry analysis of Tumour Cell
Induced PlateletActivation in presenceof LLG1 and PCG3 cancercell lines. Plateletsamples
were stained with anti-CD62PPEfluorescent antibody and MeanFL2-H fluorescencevalues
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. Taway
ANOVA, mean + SEM; where significance **p<0.001.

i L' 0) )sBP+NINFoy containing doxorubicin at T8 p t §bdnCp t C
concentrations and left for 1 hour at physiological temperature. Cytotoxicity
was evaluated using WSIL 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 wasobservedover time with LLC1treatment

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

AA T AOCAOOAA xEOE EOOO p -EcFhDOSNEox(HAgd®i AT O
16). Dose dependent cytotoxicity was reflected by the statistically significant

reduction observedin cell viability of LLC1cellswith additionofp { C
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