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Refined construction of antibody-targeted
nanoparticles leads to superior antigen binding
and enhanced delivery of an entrapped payload to
pancreatic cancer cellst
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Antibody-targeted nanoparticles have shown exceptional promise as delivery vehicles for anticancer
drugs, although manufacturability challenges have hampered clinical progress. These include the poten-
tial for uncontrolled and random antibody conjugation, resulting in masked or inactive paratopes and
unwanted Fc domain interactions. To circumvent these issues, we show that the interchain disulfide of
cetuximab F(ab) may be selectively re-bridged with a strained alkyne handle, to permit ‘click’ coupling to
azide-capped nanoparticles in a highly uniform and oriented manner. When compared to conventional
carbodiimide chemistry, this conjugation approach leads to the generation of nanoparticles with a higher
surface loading of cetuximab F(ab) and with markedly improved ability to bind to the target epidermal
growth factor receptor. Moreover, we show that entrapment of a camptothecin payload within these
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nanoparticles can enhance drug targeting to antigen-expressing pancreatic cancer cells, resulting in
superior cytotoxicity versus the conventional nanoformulation. Collectively, this work highlights the criti-
cal need to develop refined methods for the construction of targeted nanoparticles that will accelerate
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Introduction

Nanoparticles can enhance the bioavailability of drug agents,
particularly if they possess stability or solubility issues. Within
the cancer therapeutics field, the ability to exploit nano-
particles as drug delivery vehicles has been extensively
explored, where they can passively locate to tumours by
diffusing through defective endothelial cell-to-cell junctions in
the neovasculature; named the ‘enhanced permeability and
retention’ (EPR) effect."® However, reliance on passive target-
ing may not be sufficient to realise the full clinical application
of chemotherapy-loaded nanoparticles, and so surface functio-
nalisation with targeting ligands is an attractive approach to
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their clinical translation through improved performance and manufacturability.

enhance cellular binding and uptake.* Despite a wealth of pre-
clinical data supporting this conceptual approach,”” none
have successfully translated through to clinical approval.

There are several issues with these modalities that preclude
their clinical adoption. For example, one major issue arises
from the common conjugation chemistries that lead to
random and uncontrolled attachment of the targeting ligands
(e.g. antibodies) to the surface of drug-loaded nanoparticles,
such as carbodiimide coupling between carboxylic acids and
primary amines.®*° Such coupling approaches are inefficient
and afford minimal control over the orientation of antibodies
due to their high amine content, leading to heterogeneous
nanoparticles with poor batch-to-batch reproducibility. These
attributes can obstruct clinical progress, since they do not
conform to regulatory standards and are likely to pose chal-
lenges during upscaled production at the industrial level.

Furthermore, the nature of the targeting ligand may also
explain the limited success of targeted nanomedicines. In for-
mulations containing antibodies as the targeting moiety, most
approaches have employed the full immunoglobulin molecule,
which enhances the diameter of the nanoparticles and can
lead to significant surface crowding that may adversely affect
stability and impair target binding through steric hindrance
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effects.'”'> Moreover, the Fc domain of a fully intact immuno-
globulin is susceptible to immune clearance mechanisms,
which can markedly reduce the circulation half-life of nano-
particles."® To overcome some of these drawbacks, researchers
have begun to explore the use of antibody fragments and
alternative ligand formats."* By moving away from traditional
immunoglobulin G ligands, researchers have been able to
infer significant advantages to emerging nanoformulations,
including reduced susceptibility to immune clearance, pro-
longed circulation, increased tumour uptake and the potential
for enhanced coverage of paratopes on the surface of nano-
particles due to the comparatively smaller dimensions of
fragments.'>">'® Of the various antibody fragments that have
been explored as nanoparticle-directing ligands, F(ab) frag-
ments remain the most commonly employed due to their
accessibility and simplicity. These fragments can be readily
generated from full antibodies without the need for further
engineering that is often required with other scaffold frag-
ments. Additionally, F(ab) fragments retain strong binding to
their target and contain a single disulfide bond that provides
opportunities for site-selective conjugation technologies.

Here, we outline a next-generation approach for the site-
specific functionalisation of nanoparticles with F(ab) frag-
ments derived from the epidermal growth factor receptor
(EGFR) antibody cetuximab (CTX 1). We show that these frag-
ments may be chemically manipulated via the selective inser-
tion of a strained alkyne handle, to facilitate ‘click’ conju-
gation to the surface of complementary azide-capped nano-
particles. Importantly, these nanoparticles display superior
EGFR binding compared to those synthesised via conventional
carbodiimide chemistry, which we exploit for the enhanced
delivery of nanoformulated camptothecin (CPT) to pancreatic
cancer cells. Although several issues must yet be resolved
before targeted nanoparticles can be adopted into clinical
practice, this work outlines a strategy for overcoming one of
the most prominent challenges that have obstructed their
translation to date.

Experimental
General

All reagents and starting materials were obtained from chemi-
cal suppliers, unless specifically stated otherwise, and were
used as received. Reactions were monitored by thin layer
chromatography using pre-coated SIL G/UV 254 plates (VWR).
Flash chromatography was carried out automatically using a
BioTage Isolera with KP-Snap columns. NMR spectra were
recorded using a Bruker AC600 spectrometer (600 MHz).
Chemical shifts (§) are given in ppm units relative to the
solvent reference and coupling constants (J) are measured in
Hertz. Proton ("H) NMR multiplicities are shown as s (singlet),
d (doublet), t (triplet), q (quartet), m (multiplet), dd (double
doublet), dt (double triplet), etc. HMBC, HSQC and DEPT were
employed to aid with accurate assignments. Infrared spectra
were recorded on a PerkinElmer Spectrum 100 FTIR spectro-
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meter (ATR mode). High and low resolution mass spectrometry
of organic molecules was provided by the EPSRC Mass
Spectrometry facility at Swansea using a LTQ Orbitrap XL.

UV-Vis spectroscopy

Protein concentrations were determined photometrically using
a Nanodrop 2000C (Thermo Fisher Scientific), and UV-Vis
spectra were obtained using a Varian Cary 100 Bio UV-Vis
spectrophotometer operating at 21 °C.

SDS-PAGE gels

Non-reducing 12% acrylamide gels were made using standard
procedures. A 4% stacking gel was utilised. Samples (15 uM)
were mixed 1:5 with a 5x R-250 Dye SDS-loading buffer,
heated for 3 min at 75 °C and loaded onto the gel with a total
volume of 5 pL. Samples were run at constant current (30 mA)
for 40 min in 1x SDS running buffer and stained with
Coomassie Brilliant Blue.

Protein liquid chromatography-mass spectrometry (LC-MS)

All proteins were prepared for analysis by repeated diafiltration
into 50 mM ammonium acetate buffer at pH 6.9 using
VivaSpin 10 000 MWCO sample concentrators (GE Healthcare)
to a concentration of 2 pM. Samples were submitted to the
UCL Chemistry Mass Spectrometry Facility at the Chemistry
Department, UCL, for analysis on the Agilent 6510 QTOF
LC-MS system. 10 puL of each sample was injected onto a
PLRP-S, 1000A, 8 mM, 150 mm X 2.1 mm column, which was
maintained at 60 °C. Flow rate was set at 0.6 mL min™".
Solvent A was H,0 (0.1% formic acid), solvent B was MeCN
(0.1% formic acid) and separation was achieved using a gradi-
ent elution. The column effluent was continuously electro-
sprayed into the capillary ESI source of the Agilent 6510 QTOF
mass spectrometer and ESI mass spectra were acquired in
positive ESI mode using the m/z range 1000-8000 in profile
mode. The raw data was converted to zero charge mass spectra
using maximum entropy deconvolution algorithms using
MassHunter software (version B.07.00).

Formulation of nanoparticles

Nanoparticles were synthesised in 20 mg batches consisting of
either (1) poly(lactic-co-glycolic acid) (PLGA) 502H (Sigma), (2)
a 3:1 blend of PLGA 502H : PLGA-poly(ethylene glycol) (PEG)-
N-hydroxysuccinimide (NHS) (PolySciTech) or (3) a 3:1 blend
of PLGA 502H : PLGA-PEG-azide (PolySciTech). The polymers
were dissolved in 1 mL of dichloromethane (DCM) and then
injected into 7 mL of 2.5% w/v polyvinyl alcohol (PVA) in
50 mM 2-(N-morpholino) ethanesulfonic acid hydrate buffer at
pH 5 (MES), under moderate stirring on ice. The resultant
emulsion was subjected to probe sonication for 90 s on ice
using a Model 120 sonic dismembrator (Fisher Scientific) set
at an amplitude of 50% and left stirring overnight at ambient
temperature to facilitate DCM evaporation. Nanoparticles were
then purified by repeated centrifugation (3x) at 17 000g for
20 min at 4 °C. Probe sonication was used to resuspend nano-
particle pellets in MES between centrifugations. Where
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required, 40 pL of 5 mg mL™" CPT in dimethyl sulfoxide
(DMSO0), or 100 pL of 2 mg mL™' rhodamine 6G in DCM, was
added to the organic phase during nanoparticle synthesis.

Surface functionalisation of nanoparticles

Surface functionalisation was achieved by adding 1 nmole of
CTX F(ab) 2 or CTX F(ab) 9 to 1 mg of nanoparticles that were
suspended in 1 mL of MES. After gentle stirring for 2 h at
ambient temperature, nanoparticles were washed by repeated
centrifugation (2x) at 12 000g for 20 min at 4 °C. Probe soni-
cation was used to resuspend nanoparticle pellets in phos-
phate buffered saline (PBS) between centrifugations.

Characterisation of nanoparticles

Nanoparticles were suspended at 100-200 pg polymer mL ™" in
PBS prior to analysis of size and polydispersity index (PDI)
using a NanoBrook Omni (Brookhaven Instruments Corp). To
quantify the loading of targeting ligands on nanoparticles,
nude NHS NP and nude azide NP (either non-, rhodamine 6G-
or CPT-loaded) were suspended at 2 mg polymer mL ™" in PBS
and used as a diluent to construct a series of CTX F(ab) 2 and
CTX F(ab) 9 standards, respectively. Likewise, native CTX F(ab)
NP and modified CTX F(ab) NP [disulfide] (either non-, rhoda-
mine 6G- or CPT-loaded) were also suspended at 2 mg polymer
mL~" in PBS. After adding each sample to replicate wells of a
96-well microtiter plate, a Micro BCA™ kit (Thermo Fisher
Scientific) was used to assess protein content as per the manu-
facturer’s instructions. Loading was then quantified by refer-
ence to the standard curve. To quantify CPT entrapment
within nanoparticles, nude NHS NP and nude azide NP (non-
loaded) were dissolved at 4 mg polymer mL ™" in a 1: 1 mixture
of acetonitrile (ACN) : DMSO and used as a diluent to construct
a series of CPT standards. Likewise, nude NHS CPT NP and
nude azide CPT NP were also dissolved at 4 mg polymer mL™"
in a 1:1 mixture of ACN:DMSO. After adding 50 pL of each
sample to replicate wells of a black 96-well microtiter plate,
fluorescence was measured at excitation and emission wave-
lengths of 330 and 460 nm, respectively. Entrapment was then
quantified by reference to the standard curve.

Fluorescence-linked immunosorbent assay (FLISA)

High-binding black 96-well microtiter plates (Greiner Bio-One)
were initially coated with the target antigen, where 100 pL of
0.5 pg mL™" human EGFR Fc chimera protein (EGFR-Fc; Sino
Biological) in PBS was added to each well and incubated over-
night at 4 °C. All subsequent steps were performed at ambient
temperature and all concentrations of nanoparticles, EGFR-Fc
and CTX 1 are provided in the figure legends. After washing
(3x) the plates in 0.1% v/v Tween 20 in PBS (PBST), 150 pL of
1% w/v bovine serum albumin in PBS (block buffer) was added
to each well for 1 h. Following further washes (3x) in PBST,
100 pL of fluorescent rhodamine 6G-loaded nanoparticles in
block buffer were added to each well for 2 h. Lastly, the plates
were washed (6x) in PBST, 50 pL of a 1:1 mixture of
ACN:DMSO was added to each well and fluorescence was
measured at excitation and emission wavelengths of 516 and

This journal is © The Royal Society of Chemistry 2020
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557 nm, respectively, using a Cytation 5 plate reader (Biotek).
For studies examining the EGFR targeting specificity of nano-
particles, several modifications were applied to this protocol,
including: (1) an extra step prior to nanoparticle addition,
where 100 pL of free CTX 1 in block buffer was added to each
well for 2 h, followed by washing (3x), (2) pre-incubation of
nanoparticles with free EGFR-Fc under gentle agitation for
30 min in block buffer, of which 100 pL was then added to
each well for 2 h and (3) pre-mixing of nanoparticles with free
CTX 1 in block buffer, of which 100 pL was then added to each
well for 2 h.

Surface plasmon resonance (SPR)

Nanoparticle binding to EGFR-Fc was analysed on a Biacore Q
instrument (GE Healthcare). All experiments were performed
in HBS-EP running buffer (GE Healthcare) at 25 °C. At first,
EGFR-Fc was immobilised on a CM5 sensor chip (GE
Healthcare) via carbodiimide coupling, where the following
solutions were sequentially injected at a flow rate of 10 pL
min~" for 7 min each: (1) 0.4 M EDC and 0.1 M NHS to activate
carboxyl groups on the sensor chip surface, (2) 20 pg mL ™"
EGFR-Fc in 10 mM sodium acetate buffer at pH 4.5 and (3) 1
M ethanolamine hydrochloride at pH 8.5 to quench residual
NHS esters on the sensor chip surface. Thereafter, 10 mg
polymer mL™" nanoparticles in PBS were injected over the
EGFR-Fe-coated chip at a flow rate of 20 pL min~" for 15 s.
Between each injection of nanoparticles, the chip surface was
regenerated with 25 mM sodium hydroxide at a flow rate of
20 pL min~" for 15 s. Where SPR data is reported as a relative
response, this was calculated as the difference in absolute
resonance units (RU) from 10 s before, to 30 s after, each
injection.

Cell culture

BxPC-3, MIA PaCa-2 and PANC-1 human pancreatic cancer cell
lines were purchased from the American Type Culture
Collection and maintained in 5% CO, at 37 °C in a humidified
incubator. BXPC-3 cells were cultured in RPMI supplemented
with 1 mM sodium pyruvate, 50 units mL™" penicillin, 50 pg
mL™" streptomycin, 10 mM HEPES and 10% v/v foetal bovine
serum (FBS). Both MIA PaCa-2 and PANC-1 cells were cultured
in DMEM supplemented with 1 mM sodium pyruvate, 50 units
mL ™" penicillin, 50 pg mL~" streptomycin and 10% v/v FBS.

Binding of nanoparticles to EGFR-expressing cells

MIA PaCa-2 and PANC-1 cells were seeded at 10 000 per well
on black 96-well plates. Following overnight adherence, cells
were chilled in culture media for 20 min at 4 °C and main-
tained under these conditions during subsequent treatment
with rhodamine 6G-loaded nanoparticles at 600 pg polymer
mL™" (MIA PaCa-2) or 800 pg polymer mL™" (PANC-1) for a
further 45 min. Cells were then washed (3%) in PBS and lysed
by adding 50 puL of 0.5% v/v Triton X-100 in 0.2 M sodium
hydroxide to each well. Fluorescence was measured at exci-
tation and emission wavelengths of 516 and 557 nm, respect-
ively, using a Cytation 5 plate reader (BioTek).
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Flow cytometry

PANC-1 and BxPC-3 cells were seeded at 400 000 per well on
6-well plates. Following overnight adherence, cells were
washed in PBS and incubated in 0.1% w/v EDTA in PBS for
10 min at 37 °C. Detached cells from each well were centri-
fuged at 200g for 5 min and suspended in culture media. After
repeating this centrifugation-resuspension wash step, cells
were incubated in culture media containing 500 pg polymer
mL™" nanoparticles for 1 h at 4 °C under gentle agitation.
Cells were then centrifuged at 200g for 5 min and incubated in
5% v/v FBS in PBS (FACS buffer) containing 5 ug mL™" FITC-
labelled anti-human EGFR or anti-mouse IgG2a isotype control
antibodies (Santa Cruz Biotechnology) for 45 min at 4 °C.
Following the addition of FACS buffer, cells were centrifuged
at 200g for 5 min and this wash cycle was then repeated. Cells
were suspended in FACS buffer prior to measurement of FITC
fluorescence on a FACSCalibur flow cytometer (Becton
Dickinson). A minimum of 30000 events per sample were
acquired.

Clonogenic assay

MIA PaCa-2 cells were seeded at 250 000 per well on 6-well
plates. Following overnight adherence, cells were chilled in
culture media for 10 min at 4 °C and maintained under these
conditions during subsequent treatments. Initially, cells were
treated with PBS or 200 pg mL™" free CTX 1 for 15 min, fol-
lowed by the addition of 500 ng mL™" free CPT, or drug equiva-
lents in nanoencapsulated format, for a further 45 min. Cells
were then washed (5x) in PBS and incubated in fresh culture
media at 37 °C. On the following day, cells were detached from
culture plasticware, seeded at 250 per well on 6-well plates and
incubated at 37 °C for several days to allow colony formation.
At study endpoint, cells were stained in 0.4% w/v crystal violet
solution for 10 min and the number of colonies containing
>50 cells were enumerated.

Data analysis

GraphPad Prism software (version 6.0c) was used to graph data
and perform statistical analyses. Student’s ¢-test was used to
determine statistical significance in datasets comprised of two
groups. One-way analysis of variance with Tukey’s post hoc test
was used to determine statistical significance in datasets com-
prised of three or more groups. Statistical significance was
defined as follows: *P < 0.05, **P < 0.01, ***P < 0.001. All data
within bar graphs and dose response curves was presented as
mean + standard error of the mean. FlowJo software (version
10.4.2) was used to construct flow cytometry histograms.

Results and discussion

Generation of targeting ligands for downstream conjugation to
nanoparticles

CTX 1 is an EGFR-targeted monoclonal antibody approved for
the treatment of KRAS wild-type colorectal carcinoma and
squamous cell carcinoma of the head and neck. Binding of the
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antibody to the receptor on the tumour cell can block prolifer-
ation, but many tumours harbour mutations in EGFR itself or
downstream signalling proteins such as KRAS, rendering the
cells resistant to CTX 1. Nonetheless, we hypothesised that
EGFR, which is frequently overexpressed on the surface of
tumour cells, could still be exploited for targeted drug delivery
even in KRAS mutant cancers; thus CTX 1 was chosen as a
model ligand for this study. Synthesis of our targeted nano-
particles began with papain digestion of CTX 1 and sub-
sequent protein A purification to generate CTX F(ab) 2 with a
68% yield (Fig. 1A). To impart ‘click’ reactivity onto CTX F(ab)
2, we chose to chemically manipulate the interchain disulfide
for several reasons. Firstly, since each F(ab) contains only one
interchain disulfide, this would ensure that modification was
exclusively confined to the same site within each fragment,
providing a single locus for homogeneous attachment to nano-
particles. Secondly, as the interchain disulfide is located distal
to the paratope, this would minimise interference with target
binding. To achieve this, a heterobifunctional linker composed
of a dibromopyridazinedione bearing a strained alkyne was
synthesised (PD 8; Fig. 1B). Dibromopyridazinediones are con-
sidered an excellent platform for functional re-bridging of di-
sulfide bonds due to their stability profile and exclusive thiol
selectivity, thus allowing site-specific installation of the linker
across the reduced interchain disulfide of CTX F(ab) 2 (CTX
F(ab) 9; Fig. 1C). To confirm the integrity of the strained
alkyne functionality after conjugation to the F(ab), CTX F(ab) 9
was incubated with azide-functionalised Alexa Fluor-488 to
yield fluorescent CTX F(ab) 10 (Fig. 1C). Successful strain-pro-
moted alkyne-azide cycloaddition (SPAAC) reaction was con-
firmed via SDS-PAGE, UV-Vis spectroscopy and LC-MS (ESI
Fig. S6-587).

Nanoparticle formulation and characterisation

Having successfully re-bridged the interchain disulfide of CTX
F(ab) 9 with a strained alkyne-functionalised linker, we next
explored whether the fragment could be site-selectively conju-
gated to the surface of polymeric nanoparticles. We prepared
PLGA-based nanoparticles incorporating surface accessible
azide moieties and a PEG corona to limit non-specific protein
adsorption, wusing a 3:1 polymer blend of PLGA
502H : PLGA-PEG-azide that yielded nanoparticles of approxi-
mately 200 nm in diameter with a monodisperse size distri-
bution (Table 1) (nude azide NP). The presence of surface-
exposed azide moieties on these nanoparticles facilitated site-
specific ‘click’ coupling to the complementary alkyne entity of
CTX F(ab) 9, which was enabled by gentle mixing of both com-
ponents for 2 h at ambient temperature (modified CTX F(ab)
NP [disulfide]) (Fig. 2A). These reaction conditions bypass
potential toxicity associated with copper catalysis, which has
been employed in many similar efforts to functionalise nano-
particles via alkyne-azide cycloaddition.'” " Characterisation
of these nanoparticles revealed a marginal increase in dia-
meter versus the nude azide NP control and a protein content
of 16.1 + 1.5 ug mg " polymer, indicating that conjugation had
been achieved (Table 1).

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Purification and functional re-bridging of the F(ab) domains of CTX 1. (A) Digestion protocol applied to CTX 1 to yield CTX F(ab) 2. Reagents
and conditions: (i) Papain, digest buffer pH 6.8, 37 °C, 5 h. (B) Synthesis route of PD 8. Reagents and conditions: (i) Boc anhydride, i-PrOH, CH,Cl,,
21 °C, 16 h; (ii) tert-butyl acrylate, i-PrOH, 60 °C, 24 h; (iii) dibromomaleic acid, AcOH, reflux, 5 h; (iv) DCC, NHS, THF, 21 °C, 16 h; (v) BCN(endo)-
PEG2-NH,, MeCN, 21 °C, 16 h. (C) Modification of CTX F(ab) 2 with PD 8 and subsequent ‘click’ coupling with Alexa Fluor-488-Nsz. Reagents and
conditions: (i) PD 8, TCEP-HCI, borate buffer pH 8 (5 mM EDTA), 21 °C, 16 h; (ii) Alexa Fluor-488-Ns, PBS pH 7.4, 21 °C, 2 h.

In parallel, we also prepared control PLGA-PEG nanoparticles
incorporating surface NHS moieties to enable comparison of this
‘click’ coupling approach to conventional carbodiimide conju-
gation. Here, native CTX F(ab) 2 was coupled to PLGA-PEG-NHS
nanoparticles (native CTX F(ab) NP) (Fig. 2B). Physicochemical
characteristics of native CTX F(ab) NP and the non-functionalised
control (nude NHS NP) were comparable to the corresponding
azide-based nanoformulations (Table 1). Notably however, native

This journal is © The Royal Society of Chemistry 2020

CTX F(ab) 2 loading on NHS-functionalised nanoparticles was
lower than that observed previously for modified CTX F(ab) NP
[disulfide], despite the addition of equimolar amounts of each
fragment to the respective nanoparticle conjugation reactions
(Table 1). In agreement with these findings, other publications
have also shown that the use of refined bioconjugation strategies
can significantly enhance the loading of targeting ligands on

nanoparticles compared to carbodiimide coupling.”®*!
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Table 1 Characterisation of nanoformulations
F(ab) conjugated®” CPT entrapped”
Nanoformulation Polymer Diameter” (nm) PDI¢ (ng mg ™" polymer) (ng mg ™" polymer)
Non-loaded
Nude NHS NP PLGA-PEG-NHS 207.5+13.9 0.12 £ 0.07 — o
Native CTX F(ab) NP PLGA-PEG-NHS 215.0 £13.0 0.15 + 0.06 10.1 £ 2.7 —
Nude azide NP PLGA-PEG-azide 204.7 +10.2 0.07 £ 0.03 — —
Modified CTX F(ab) NP [disulfide] PLGA-PEG-azide 211.7 £+ 5.6 0.08 £ 0.05 16.1£1.5 —
Rhodamine 6G-loaded
Nude NHS NP PLGA-PEG-NHS 218.8 +20.8 0.13 £ 0.06 — —
Native CTX F(ab) NP PLGA-PEG-NHS 226.1 +23.7 0.15 + 0.04 12.2 £5.3 —
Nude azide NP PLGA-PEG-azide 215.1 +12.2 0.08 + 0.04 — —
Modified CTX F(ab) NP [disulfide] PLGA-PEG-azide 218.8 +13.8 0.07 £ 0.04 16.0 £ 5.6 —
CPT-loaded
Native CTX F(ab) CPT NP PLGA-PEG-NHS 214.2 +12.5 0.14 £ 0.05 16.6 +1.5 3.4+1.8
Modified CTX F(ab) CPT NP [disulfide] PLGA-PEG-azide 215.7 £13.5 0.12 £ 0.03 14.2 +3.4 39+1.4

“Data expressed as mean + standard deviation. ” Equimolar amounts of each F(ab) domain were initially added to the nanoparticle conjugation
reaction.

Nanoparticle binding to recombinant EGFR-Fc were added to microtiter plates coated with recombinant
EGFR-Fc, followed by measurement of fluorescence as a
readout of target binding. Upon incubation with EGFR-Fc-
immobilised wells, binding of modified CTX F(ab) NP [di-

sulfide] was significantly enhanced in comparison to native

Binding of the nanoformulations to the cognate EGFR antigen
was next evaluated, where nanoparticles (fluorescently labelled
through incorporation of rhodamine 6G in the polymeric core)

A nude azide NP CTX F(ab) 9 modified CTX F(ab) NP [disulfide]

% H % H
H—b H:
Z /,N

B nude NHS NP CTX F(ab) 2

o, HN HN
o
‘ ' L oN + v
o | NH;
L s—s—

native CTX F(ab) NP

Fig. 2 Overview of control and EGFR-targeted nanoformulations. (A) Modified CTX F(ab) NP [disulfide] were synthesised through site-specific con-
jugation of azide moieties on the surface of nanoparticles to strained alkyne handles within CTX F(ab) 9. The presence of a single ‘click’-reactive
alkyne within CTX F(ab) 9, at a position that lies distal to the paratope, facilitated homogeneous coupling of the fragments to the surface of nano-
particles in a highly optimised conformation. (B) Native CTX F(ab) NP were synthesised by reacting NHS esters on the surface of nanoparticles with
the amine side chains of lysine residues throughout CTX F(ab) 2. Due to the high abundance of lysines within CTX F(ab) 2, coupling via this conven-
tional approach proceeded in a random and heterogeneous manner, affording minimal control over the orientation of the fragments on the surface
of nanoparticles.
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CTX F(ab) NP (Fig. 3A). These effects were conditional on the
F(ab) targeting corona, since minimal binding was observed
with both nude control nanoformulations. Further analyses
also revealed that binding of native CTX F(ab) NP and modi-

View Article Online

Paper

fied CTX F(ab) NP [disulfide] was dose-dependent, with each
increment in polymer concentration leading to an enhance-
ment in fluorescence (Fig. 3B). These findings suggest that
site-specific ‘click’ coupling leads to improved presentation
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Fig. 3 Binding of nanoformulations to recombinant EGFR-Fc. (A—C) Binding of fluorescent nanoformulations to EGFR-Fc was evaluated by FLISA at
concentrations of (A) 1 mg polymer mL™%, (B) 100-800 pg polymer mL™* and (C) 500 pg polymer mL™2. (D) Binding of fluorescent nanoformulations
(500 pg polymer mL™) to EGFR-Fc was evaluated by FLISA + pre-block with CTX 1 (40 ug mL™). (E) Binding of fluorescent nanoformulations (50 pg
polymer mL™?) to EGFR-Fc was evaluated by FLISA + pre-incubation with EGFR-Fc (10 pg mL™). (F) Binding of fluorescent nanoformulations (500 pg
polymer mL™) to EGFR-Fc was evaluated by FLISA in competition with CTX 1 (0.0001024-40 pg mL™). (G) (i) Binding of non-fluorescent nanofor-
mulations (10 mg polymer mL™) to EGFR-Fc was evaluated by SPR. (i) Representative sensorgram from experiment in (i), with details of the anno-

tated samples 1-4 in the accompanying table.
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and accessibility of F(ab) paratopes on the surface of nano-
particles, thus maximising their ability to bind to EGFR.

To further confirm that the superior EGFR binding of modi-
fied CTX F(ab) NP [disulfide] was due to optimised F(ab) orien-
tation enabled by ‘click’ conjugation to complementary azide-
capped nanoparticles, CTX F(ab) 9 was instead coupled to
nanoparticles functionalised with either NHS or carboxyl
groups. However, only marginal binding of both these nano-
formulations to EGFR-Fc was detected, in marked contrast to
that synthesised via SPAAC chemistry, indicating that oriented
display of CTX F(ab) 9 is necessary for optimal target engage-
ment (Fig. 3C).

Next, modifications of this assay approach were used to
confirm that binding of the nanoparticles was via specific
engagement of EGFR-Fc. Firstly, the EGFR-Fc-coated wells were
pre-incubated with an excess of CTX 1 prior to addition of the
nanoparticles. This led to a significant decline in the binding
of native CTX F(ab) NP and modified CTX F(ab) NP [disulfide]
(Fig. 3D). In an alternative approach, the F(ab) paratopes on
the nanoparticles were initially saturated with an excess of free
EGFR-Fc. Upon incubating these samples with EGFR-Fc-
immobilised wells, a significant reduction in nanoparticle
binding was once more observed (Fig. 3E). Finally, CTX 1 was
mixed with modified CTX F(ab) NP [disulfide] and both were
added simultaneously to EGFR-Fc-coated wells. In this case,
nanoparticle binding was progressively inhibited with each
concentration increment of competing CTX 1 (Fig. 3F).

SPR was then used to evaluate nanoparticle binding to
EGFR-Fc immobilised on a carboxymethylated dextran chip.
These studies produced similar trends to those observed via
FLISA, where binding of modified CTX F(ab) NP [disulfide]
was significantly greater than that of native CTX F(ab) NP
(Fig. 3G). Thus, from data generated using two independent
techniques, it can be concluded that the EGFR binding activi-
ties of CTX F(ab) 2 and CTX F(ab) 9 are retained following con-
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jugation to nanoparticles via distinct chemistries. Notably,
however, exploitation of the alkyne-azide ‘click’ reactivity
during nanoparticle construction leads to enhanced EGFR
binding.

Other common strategies for the site-specific functionalisa-
tion of nanoparticles include maleimide-based coupling, or
engineering of antibodies with enzyme recognition motifs or
non-canonical amino acids.>**® Whilst these can markedly
improve the homogeneity and antigen binding ability of tar-
geted nanoparticles, multiple factors often limit their success,
such as the instability of the resultant conjugate, disruption of
the native structure of antibodies and the need for a signifi-
cant investment of time and expense. In contrast, our
approach generates a highly stable triazole linkage, preserves
the structural integrity of the F(ab) through re-bridging of the
reduced disulfide and circumvents the need for engineering,
ensuring facile translation to other platforms as we have pre-
viously demonstrated.>”»*®

Nanoparticle binding to EGFR-expressing pancreatic cancer
cells

Cell-based assays were next employed to evaluate the EGFR
binding activity of the nanoparticles. The human pancreatic
cancer cell lines PANC-1, MIA PaCa-2 and BxPC-3 were chosen
as suitable models for these studies, due to their surface
expression of EGFR.>*** Nanoparticles were incubated with
the cells at 4 °C to limit non-specific endocytosis as previously
shown.?® Cellular binding of fluorescent modified CTX F(ab)
NP [disulfide] was enhanced when compared to native CTX
F(ab) NP (Fig. 4A), consistent with previous FLISA and SPR
results. In a subsequent experiment to confirm that the
observed binding was due to EGFR engagement, cells were
first incubated with non-fluorescently labelled nanoparticles,
prior to staining of surface-expressed EGFR with a FITC-tagged
antibody to visualise uncomplexed receptor remaining on the
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Fig. 4 Binding of nanoformulations to EGFR-expressing cells. (A) PANC-1 cells were treated with fluorescent nanoformulations (800 pug polymer
mL™Y) for 45 min at 4 °C. Cells were then washed and binding of the nanoformulations was assessed through fluorescence measurement. Results for
native CTX F(ab) NP and modified CTX F(ab) NP [disulfide] are presented as % increase in relative fluorescence units (RFU) versus the corresponding
nude NHS NP and nude azide NP controls, respectively. (B) PANC-1 cells were treated with non-fluorescent nanoformulations (500 pg polymer
mL™Y) for 1 h at 4 °C. Cells were then washed, stained with FITC-labelled EGFR or isotype control antibodies and analysed by flow cytometry.
Representative histograms are shown for each of the numbered treatments 1-7, with inset values denoting the geometric mean fluorescence
intensity.
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cell surface. High basal staining of EGFR was detected on
untreated cells and a similar pattern was also apparent follow-
ing incubation with the nude control nanoparticles (Fig. 4B).
In contrast, EGFR staining was markedly reduced upon treat-
ment with native CTX F(ab) NP and, to a more pronounced
extent, by modified CTX F(ab) NP [disulfide] (Fig. 4B). These
findings suggest that both native CTX F(ab) NP and modified
CTX F(ab) NP [disulfide] engage EGFR on the surface of
PANC-1 cells, thereby impeding binding of the fluorophore-
tagged antibody to the receptor. Upon replicating these studies
in other cell lines including MIA PaCa-2 and BxPC-3, the
trends were largely comparable to those observed in the
PANC-1 model (ESI Fig. S91). Collectively, this in vitro dataset
confirms that the superior EGFR binding activity of modified
CTX F(ab) NP [disulfide] translates to a cell-based setting.

Targeted delivery of nanoformulated CPT to EGFR-expressing
pancreatic cancer cells

To date, numerous EGFR-targeted nanoparticles have been
examined as drug delivery vehicles in the treatment of pancrea-
tic cancer.®*>” However, most of these efforts have involved
random bioconjugation of full antibody targeting ligands to
the surface of nanoparticles, providing clear scope for further
improvement that we wished to address. Thus, following the
successful development and validation of native CTX F(ab) NP
and modified CTX F(ab) NP [disulfide], their utility as a tar-
geted drug delivery platform was next explored using the topoi-
somerase 1 inhibitor CPT as a model agent. This drug cargo
was selected due to the ease of entrapping it within PLGA-
based nanoparticles without loss of activity,”*® and due to the
clinical relevance of topoisomerase inhibitors in pancreatic
cancer therapy such as the recently approved liposomal formu-
lation of irinotecan.®® Entrapment was achieved through direct
addition of CPT to the organic phase during nanoparticle syn-
thesis, to generate native CTX F(ab) CPT NP and modified CTX
F(ab) CPT NP [disulfide] with a comparative drug loading of
3.4 + 1.8 and 3.9 + 1.4 pg mg " polymer, respectively (Table 1).
Furthermore, other physicochemical characteristics of these
CPT-loaded nanoformulations were similar, including size,
PDI and F(ab) loading (Table 1).

The clonogenicity of MIA PaCa-2 cells was then assessed following
treatment with the CPT-loaded and control nanoformulations, or an
equivalent concentration of free CPT. This cell line was considered
the most appropriate model based on its ability to form defined colo-
nies. Whereas free CPT, nude NHS NP and nude azide NP yielded
similar results to the untreated control in these assays, colony
numbers were reduced by native CTX F(ab) CPT NP and, to a signifi-
cantly greater extent, by modified CTX F(ab) CPT NP [disulfide]
(Fig. 5). Despite the sensitivity of MIA PaCa-2 cells to CPT, uptake of
the free drug during the short duration of treatment at 4 °C was not
sufficient to exert an impact upon survival. In contrast, however, both
native CTX F(ab) CPT NP and modified CTX F(ab) CPT NP [disulfide]
were capable of engaging surface EGFR under these conditions, facili-
tating their internalisation (and thus intracellular delivery of CPT)
upon transfer to 37 °C. Moreover, the enhanced ability of modified
CTX F(ab) CPT NP to bind to EGFR may potentially explain the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Application of nanoparticles as targeted drug delivery vehicles.
(A) MIA PaCa-2 cells were treated with free CTX 1 (200 pg mL™) for
15 min at 4 °C where appropriate, followed by the addition of free CPT
and various nanoformulations for a further 45 min at 4 °C. Both free and
nanoencapsulated CPT were added to cells in equivalent concentrations
of 500 ng mL™%. Control nanoformulations containing no CPT were
added to cells at an equivalent polymer concentration as the corres-
ponding drug-loaded nanoformulations. Following treatment, cells were
washed and then maintained at 37 °C to allow colony formation. Colony
numbers were quantified for each treatment, with representative images
shown in (B).

superior reduction in colony numbers following treatment with this
nanoformulation.

To confirm that the observed reduction in colony formation
was mediated via EGFR-targeted drug delivery, cells were also
pre-incubated with an excess of CTX 1 prior to treatment with
the CPT-loaded nanoformulations. Clonogenic survival was
partially restored under these conditions, demonstrating the
EGFR targeting specificity of native CTX F(ab) CPT NP and
modified CTX F(ab) CPT NP [disulfide] (Fig. 5). Taken together,
these data highlight the enhanced performance of modified
CTX F(ab) NP [disulfide] as a targeted drug delivery vehicle
and the importance of site-specific functionalisation for
optimal EGFR binding.

Similar attempts to repurpose antibodies for targeted drug
delivery have yielded a promising class of biotherapeutics
known as antibody-drug conjugates (ADCs), where a cytotoxic
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warhead is directly coupled to an antibody via a synthetic
linker.***> Whilst a small number of ADCs have gained FDA
approval, their full clinical potential has been hampered by
issues such as linker instability that can lead to premature
drug release and off-target effects.”>** Moreover, only a small
number of drug molecules can be appended to each antibody,
so ultrapotent payloads tend to be used that further increase
the risk of toxicity. Crucially, these factors may be overcome by
our antibody-targeted nanoparticles described herein, which
allow for higher drug loading on a per vehicle basis and do
not necessitate linker technology since the payload is
entrapped within the polymeric core.*>*®

Conclusions

To conclude, we have outlined a method for the refined con-
struction of antibody-targeted nanoparticles that may be gen-
erically applied to other platforms with minimal time and cost
requirements. By exploiting the disulfide reactivity of pyridazi-
nediones, we show that the interchain disulfide of an antibody
F(ab) may be selectively re-bridged with a strained alkyne
handle to facilitate ‘click’ coupling to cognate azide-capped
nanoparticles. This strategy leads to optimised orientation of
F(ab) paratopes on the surface of nanoparticles in a confor-
mation that maximises target engagement, whilst also avoid-
ing issues with the use of full antibodies. Crucially, these
nanoparticles outperform those synthesised via conventional
NHS chemistry, as confirmed through their enhanced ability
to bind to EGFR and deliver an entrapped payload to pancrea-
tic cancer cells. Through improving the homogeneity and bio-
logical performance of targeted nanoparticles, our approach
could potentially overcome regulatory and manufacturing
hurdles that are often encountered during development, repre-
senting a significant advance amongst efforts to expedite the
clinical translation of these platforms.
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