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ABSTRACT

Semiconducting polymer nanoparticles (SPN), formulated from organic semiconducting polymers and lipids, show promise as exogenous contrast agents for pho-
toacoustic imaging (PAI). To fully realise the potential of this class of nanoparticles for imaging and therapeutic applications, a broad range of active targeting
strategies, where ligands specific to receptors on the target cells are displayed on the SPN surface, are urgently needed. In addition, effective strategies for quantifying
the level of surface modification are also needed to support development of ligand-targeted SPN. In this paper, we have developed methods to prepare SPN bearing
peptides targeted to Epidermal Growth Factor Receptors (EGFR), which are overexpressed at the surface of a wide variety of cancer cell types. In addition to fully
characterising these targeted nanoparticles by standard methods (UV-visible, photoacoustic absorption, dynamic light scattering, zeta potential and SEM), we have
developed a powerful new NMR method to determine the degree of conjugation and the number of targeting peptides attached to the SPN. Preliminary in vitro
experiments with the colorectal cancer cell line LIM1215 indicated that the EGFR-targeting peptide conjugated SPN were either ineffective in delivering the SPN to
the cells, or that the targeting peptide itself destabilised the formulation. This in reinforces the need for effective characterisation techniques to measure the surface

accessibility of targeting ligands attached to nanoparticles.

1. Introduction

Photoacoustic imaging (PAI) is a relatively new imaging modality
that has great potential for imaging the cellular and molecular bio-
markers of cancer.' PAI can provide molecular imaging in real-time at
exceptionally high resolution, from ~1 pm at a penetration depth of
around 1 mm, to >250 pm at depths of several cm. In contrast to many
other cancer imaging modalities, such as PET and MRI, PAI does not
involve the exposure of patients to ionising radiation and does not
require complex and costly scanners. Moreover, endogenous biological
chromophores, such as water, melanin and haemoglobin, absorb
strongly in the visible region."? For all of these reasons, PAI is an
excellent modality for imaging the vasculature, for the detection and
monitoring of breast, lung, head and neck cancers and melanomas, and
for biopsy and surgery guidance.’

However, at visible and UV wavelengths strong tissue scattering at-
tenuates the PA signal, making deep tissue imaging difficult. In addition,
many therapeutically relevant biological markers are optically silent. A
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wide variety of exogenous PA contrast agents are therefore currently
being developed. Contrast agents for PA imaging should have high
molecular extinction coefficients, excellent photostability, low toxicity,
an adequate in vivo lifetime and low immunogenicity as well as high
target affinity and specificity. In addition, since PAI relies on the con-
version of light to heat, fluorescent probes with high quantum yields are
precluded from use. In both the NIR-I (650-900 nm)> and NIR-II
(1000-1400 nm)” regions tissue scattering is low, and chromophores
absorbing in these regions are currently being exploited for deep tissue
PAL Chromophores absorbing in the NIR-I region are of particular in-
terest; this range is known as the optical window of tissue due to the low
absorption of water and haemoglobin at these wavelengths.”

A variety of new, non-fluorescent PA contrast agents are being
developed, such as single-walled carbon nanotubes (SWCNT) and gold
nanoparticles (AuNP).>° However, many of these have only moderate
molar extinction coefficients, as well as poor photostability, a tendency
to aggregate and poor toxicity/biodegradability. Alongside their appli-
cations in molecular electronics and photovoltaics, semiconducting
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polymers (SP) have in the last decade attracted attention for use in
PAL® " Their extensive, highly delocalised n-conjugated backbones give
SP a narrow band gap, facilitating photoexcitation and energy transfer
and conferring excellent opto-electronic properties. Their organic
composition also carries less potential for toxic degradation than their
inorganic counterparts. The inherent hydrophobicity of SP allows them
to be formulated into nanoparticles alongside oligomers and lipids, to
form semiconducting polymer nanoparticles (SPN). These have large
absorption coefficients, controllable sizes, adjustable absorption max-
ima, optical properties that are independent of particle size, and high
photostability. The majority of reported SPN have been formed through
the co-precipitation of lipids and SP, via either nano-precipitation'® or
mini-emulsion.'’ These techniques effectively encapsulate a water-
insoluble, conjugated polymer within a water-soluble, liposome-like
construct. Amphiphilic SP can also undergo crystallisation-driven self-
assembly in solution to form nanoparticles with a core-shell architec-
ture,'? and more recently microfluidic processing systems have been
shown to enable large scale, high throughput production of uniform
SPN.'*!% Over the last decade, different SPN have been developed with
a range of SP, liposomal formulations and PEGylation approaches,
leading to nanoparticles with long in vivo lifetimes, good biodistribution
profiles and maximum absorbance tuned to the NIR-I or NIR-II re-
gions.”'>1% SPN were first described for in vivo PAI in 2014;'” the SP
used in this study, poly(cyclopentadithiophene-alt-benzothiadiazole)
(PCPDTBT) and poly(acenaphthothienopyrazine-alt-benzodithiophene),
had absorption maxima at around 660 and 700 nm, respectively, giving
SPN with better photostability and higher PA intensity in the NIR region
than SWCNTs and AuNP. Pu et al. recently demonstrated the synthesis
and metabolic pathway of a SPN designed to absorb in the NIR-II win-
dow.'® Poly benzobisthiadiazole (PBBT) SP, selected for their strong
absorption in the second NIR window of absorption, were co-formulated
with FDA approved, biodegradable and amphiphilic PLGA-PEG oligo-
mers by nanoprecipitation. The resulting SPN had excellent PAI prop-
erties, and the metabolic byproducts were also shown to be effectively
cleared from live animals via both hepatobiliary and renal clearance. We
have recently described a series of SPN with tunable absorption prop-
erties in the NIR-I window, using indigoid n-conjugated SP with a high
extinction coefficient and a narrow band-gap.'®.

These recently developed highly sensitive exogenous PA contrast
agents, in parallel with advances in instrumentation, are bringing PAI
closer to clinical use for cancer screening, imaging of primary tumours
and metastases, and image-guided surgery.! One of the remaining
challenges limiting the clinical use of PAI is limited imaging contrast,
and this can be partly overcome by using precisely targeted exogenous
contrast agents which can be tuned to different NIR-I or NIR-II fre-
quencies. In particular, for PAI to be an effective means of imaging and
treating cancer, exogenous contrast agents must selectively localise at
the tumour. Passive uptake and accumulation of nanoparticles in
tumour tissue occurs via the Enhanced Permeability and Retention
(EPR) effect. The defective vasculature surrounding tumours leads to a
greater macromolecular leakage from the blood vessels into the inter-
stitial tumour space, and the lack of lymphatic drainage from tumour
tissues leads to the accumulation of macromolecules of sizes 50-200 nm
in those sites.’’ The EPR effect has been one of the major driving forces
behind the development of many nanomedicines including drug
encapsulating polymer conjugates, liposomes, and micelles. Nano-
medicines with sizes between 100 and 200 nm have shown improved
pharmacokinetics and preferential tumour uptake in animal models.
Unfortunately, the majority of these nanomedicines have then shown
little or no efficacity in human clinical trials, which has led to a revision
of the viability of the EPR effect alone to direct nanoparticle treatments
to tumours.”!"?* Several approaches have been proposed to complement
the EPR-mediated delivery of nanotherapeutics, in particular “active
targeting” strategies where a targeting ligand is displayed on the
nanoparticle surface. These are particularly beneficial as they are syn-
thetically accessible, can be easily modified to give individualised
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treatments tailored to patient tumour type, and can draw on a range of
different techniques developed for bioconjugation.”* So far, the majority
of SPN reported for PAI have relied on passive accumulation of the
nanoparticles at the tumour site.?* Recently, SPN have been adapted for
active targeting of tumours by modification of the surface with cRGD
peptides,?” prostate-specific membrane antigen targeting ligands,° folic
acid”’ and by coating the SPN with activated fibroblast (AF) cell mem-
branes.’® Thrombus-targeting SPN have also been developed by surface
modification with cRGD peptides.’’ However, there is a need to develop
a broader repertoire of surface modifications of SPN to allow a wide
range of modalities of active targeting to different cancer cell types, and
to understand how to optimise bioconjugation methods, peptide
sequence and linker structure to give effective surface modification and
receptor availability.

In this study, we have focussed on SPN bearing peptides targeted to
Epidermal Growth Factor Receptor (EGFR), a cell-surface receptor
belonging to the ErbB family of tyrosine kinases.>’ Overexpression and
dysregulation of EGFR occurs in a wide variety of cancer types, and
EGFR is a validated target for molecular cancer therapeutics.’’ Exten-
sive research has been carried out in the last 20 years on the develop-
ment of monoclonal antibodies, antibody fragments and peptide
sequences which target EGFR.>*®® The peptide sequence GE11
(YHWYGYTPQNVI)***° was identified via phage-display screening, D4
(LARLLT)*® was identified from screening a peptide library in silico
against the X-ray crystal structure of EGFR, and A-R (AEYLR)® was
derived from the native autophosphorylation site of EGFR. These have
all been used successfully as active targeting agents for antitumour
therapy. We have previously developed lipopolyplexes with EGFR-
targeting peptides at the surface as theragnostic vectors for non-viral
gene delivery, and have demonstrated that these selectively and effi-
ciently transfect tumour cells with pDNA coding for optical imaging
(firefly luciferase, green fluorescent protein)*® or for a biosensor for
FRET-FLIM imaging>”*® in vitro and in vivo. We have demonstrated that
for different cancer cell types, nanoparticle formulations and surface
bioconjugation methods, it is necessary to evaluate each of these peptide
sequences. Subtle differences in both target cell receptor structure and
steric availability of the targeting sequence determine the optimal tar-
geting sequence for binding to the surface, and/or internalisation, for
different cell types.>*>%“C In this study, we have formulated and char-
acterised SPN PAI agents that have been functionalised via bio-
conjugation of all three of these EGFR-targeting peptides. These SPN
have low polydispersity and excellent PA properties. We have charac-
terised the degree of surface coverage of the peptides using a novel NMR
approach and have evaluated the availability of the peptide ligands for
targeted uptake to colorectal cancer cells.

2. Materials and methods
2.1. Chemicals

1,2 Dipalmitoyl-sn-glycerol-3-phosphocoline (DPPC), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEGypgo-malemide) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEGgggo-Amine) were purchased from
Avanti Lipids, USA. Poly-[cyclopentadithiophene-alt-benzothiadiazole]
(PCPDTBT; My = 7000-20000 kDa) was purchased from Sigma-Aldrich.

Table 1
SPNs formulations with different total lipid concentrations and molar ratios.
SPN I SPN II SPN III SPN IV
DPPC (mol %) 95 90 95 90
DSPE-PEG;(go-malemide (mol %) 5 10 5 10
Total lipid concentration (mg/ml) 0.25 0.25 2.5 2.5
PCPDTBT (mg/ml) 0.25 0.25 0.25 0.25
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All other chemicals were obtained from Sigma-Aldrich unless otherwise
stated. All peptide sequences (Table 1) were synthesised via solid-phase
peptide synthesis. Peptides Cys-AR, Cys-GE11 and Cys-D4 were syn-
thesised as previously reported.® The synthetic procedure, purification
methods and characterisation for Cys-EEG-GE11 is included in the
Supporting Information.

2.2. SPN synthesis

SPN were prepared via a nanoprecipitation method using our pre-
viously reported protocol.'® Briefly, 1 mL of PCPDTBT in THF at a
concentration of 0.25 g/L was quickly injected with a syringe into 9 mL
of Milli-Q water under constant sonication using an ultrasonic tip
(QSonic probe; Q125) for 30 s in an ice bath (6 W RMS). 1 mL of a lipid
mixture of DPPC/DSPE-PEGyggo-malemide prepared in THF/water (2:3
v/v) was added to the aqueous dispersion and this was further sonicated
for 60 s at 6 W RMS. The total lipid concentration and the molar ratios
used for each of the formulations are shown in Table 2. The THF was
then evaporated by stirring the above mixture at 45 °C in a water bath
for 3 h under nitrogen flow. The resulting SPN were filtered through a
0.22 mm poly-ethylene-sulfone syringe-driven filter (Merck Millipore,
US) and purified with Amicon® centrifuge filters (Ultra-4-Centrifugal
Filter Unit [MWCO 30 kDa], Merck Millipore, US) at 2780 g for 5 min at
4 °C. This was repeated three times and each time the pellet was
resuspended in 2 mL of Milli-Q water. The SPN suspension was stored at
4 °C at a final volume of 2 mL in MilliQ-water.

The SPN used as a negative control for in vitro work were prepared as
described above using DPPC/DSPE-PEGoggo-Amine as the lipid mixture.

The SPN used for NMR studies were prepared as described above
using D50 as a solvent. In the last centrifugation step the pellet was
resuspended to a final volume of 500 mL in D20 prior to NMR
measurements.

2.3. Conjugation of EGFR-targeting peptides to SPN

A solution of the EGFR-targeting peptide (10 mg/mL) was prepared
in 0.1 M phosphate buffer at pH = 7.4 containing 5 mM of TCEP. Freshly
prepared SPN suspension in MilliQ-water (2 mL) were concentrated with
Amicon® centrifuge filters (Ultra-4-Centrifugal Filter Unit [MWCO 30
kDa], Merck Millipore, US) at 2780 gRCF at 4 °C until a volume of
50-100 pL was reached and this was then diluted to a final volume of 1
mL in phosphate buffer. Subsequently, 15 eq. of EGFR targeting peptide
in phosphate buffer were added to the SPN solution and the mixture was
left under agitation for 4 h at room temperature. The reaction was
monitored by 'H NMR, with the complete disappearance of maleimide
'H proton shifts (Fig. 4b) indicating complete conjugation. Upon
completion of the reaction, the mixture was diluted to 2 mL using Milli-
Q water, washed three times by centrifugation (2780 g RCF 5 mins at
4 °C) to remove unreacted peptide, and concentrated to a final volume of
150 pL. The filtrates from the centrifugation washes were analysed for
the presence of residual, unreacted peptide. The analysis of the washing
filtrates by UV spectroscopy at 280 nm showed no residual peptide ab-
sorption after the third round of centrifugation.

The EGFR-targeting peptide conjugated-SPN used for NMR studies
were obtained from freshly prepared SPN suspension in D30 and using
0.1 M deuterated phosphate buffer (pD = 7.4) for the conjugation

Table 2
Hydrodynamic diameter (Dy) and ¢-potential values for SPN I, II, III and IV in
Milli-Q H,0. Measurements were carried out at room temperature.

Formulation Dy (nm) Pdl ¢ (mV)

SPN I 97.17 £ 1.85 0.197 + 0.011 —43.73 £ 0.86
SPN II 96.28 + 1.19 0.197 + 0.007 —45.61 + 0.35
SPN III 97.10 £ 0.65 0.241 + 0.001 —46.52 + 0.53
SPN IV 99.67 + 0.42 0.203 + 0.007 —40.84 + 1.29
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reaction with EGFR-targeting peptides.

2.4. Nuclear magnetic resonance (NMR)

NMR (*H and !3C, DEPT, NOESY, COSY, HMQC, HMBC) was per-
formed on a 700 MHz Avance Neo Bruker spectrometer equipped with a
5 mm broadband cryoprobe. The chemical shifts () are given in units of
ppm relative to tetramethylsilane (TMS), where § (TMS) = 0 ppm.
Coupling constants (J) are measured in Hertz (Hz), multiplicities for H
coupling are shown as s (singlet), d (doublet), t (triplet), m (multiplet),
or a combination of the above. Deuterated water (D>O) was used as
solvents (as stated) for all NMR measurements.

2.5. Assessment of maleimide functionality on the surface of SPNs and
peptide conjugation by NMR

A single pulse experiment was used to measure 'H NMR spectra. A
30° pulse was used. In order to exclude relaxation time effects, the
acquisition time was set to 4 s and the relaxation delay was set to 36 s.
Thus, the repetition time was 40 s, allowing full relaxation prior to the
application of each pulse. 32 scans were acquired for each run. The 'H
NMR spectra of the SPNs in D20 were compared to that of DSPE-
PEG2000-maleimide in DO for the qualitative assessment of the pres-
ence of maleimide moieties on the SPNs. Quantitative assessment was
performed in D20 by using maleic acid as internal standard at a con-
centration of 0.1 mM. Concentration of maleimide groups (Cmnaleimide
groups) in the nanoparticle suspension was calculated according to
Equation (1), where Cpg is the concentration of the internal standard,
Iimaleimide groups iS the integral relative to the maleimide groups present in
the nanoparticle suspension, #maleimide protons is the number of
maleimide protons, Ijs is the integral value of the internal standard and
#1S protons is the number of internal standard protons:

@

_ Dnaieimide group:/#malelmldepr()t()ns
Cma[eim[de groups — CIS

Iis/# IS protons

Equation (1): Calculation of the concentration of maleimide groups
in the nanoparticle dispersion by 'H NMR in D0.

Similarly, the 'H NMR spectrum of Cys-A-R in D20 was used to
quantitively assess the presence of the peptide on the surface of the SPNs
by following the appearance of the aromatic protons of the tyrosine
residue and using maleic acid as the internal standard at a concentration
of 0.1 mM. The concentration of tyrosine groups was calculated in a
similar way to the calculation of maleimide groups in Equation (1).

2.6. Scanning electron microscopy

Scanning Electron Microscopy (SEM) was performed using a Carl
Zeiss XB1540 Crossbeam SEM/FIB at the London Centre for Nanotech-
nology (LCN). A drop of the sample (diluted by 10-fold in Milli-Q water)
was placed onto a silicon wafer and left to dry overnight. Subsequently,
the sample was gold-sputtered before imaging (Edward Sputter Coater).
The diameter of the nanoparticle was measured with ImageJ. Statistical
analysis on the frequency count was done with Origin Pro 9.1 and these
data were fitted with a LogNormal distribution using the same software.

2.7. Dynamic light scattering and { potential measurements

The hydrodynamic diameter (Dy) and z-potential of SPNs and EGFR-
targeting peptide-conjugated SPNs were measured with a Zeta-sizer
Nano (Malvern Instrument Ltd., UK). Nanoparticle samples were
diluted by 10-fold in an appropriate solvent medium and filtered
through a 0.45 mm PES syringe-driven filter before the measurement.
The hydrodynamic diameter and ¢-potential were measured in ultrapure
Milli-Q water. The software uses the CONTIN analysis to obtain the in-
tensity distribution and the cumulant analysis to generate the
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hydrodynamic diameter and polydispersity index values. All measure-
ments were performed in triplicate.

2.8. UV-visible spectroscopy (UV-vis)

UV-vis spectroscopy was carried out on an Agilent Cary 100 UV-Vis
spectrophotometer, using a 0.5 mL quartz cuvette with a 10 mm path
length. Spectra were acquired from 300 to 1000 nm in ultrapure Milli-Q
water for the nanoparticle samples and in THF for PCPDTBT.

2.9. PA spectroscopy

PA absorption spectroscopy was carried out on a custom-built PA
spectroscope.’® The absorption coefficient was determined by fitting an
exponential to the initial compressive part of PA signals generated by 1
mg/mL SPN solutions contained in a cuvette. The volume of the solu-
tions was 50 pL.

2.10. Cell uptake studies

The human LM1215 colorectal carcinoma cell line, positive for EGFR
expression®”*’ was grown in RPMI-1640 (Life Technologies Ltd) sup-
plemented with 10 % fetal calf serum (FCS, Invitrogen, Paisley, UK), in a
humidified incubator at 37 °C with 95 % air and 5 % COs. Cells were
grown to 80 % confluence before trypsinisation and centrifugation for
pelleting at 300g. The cells were counted and then plated overnight at
1x108 in 6 well plates for in vitro uptake studies. The growth media was
removed, the cells washed with PBS and 2 mL of serum free RPMI-1640
media was added. Prior to cell uptake work freshly prepared SPN in
MilliQ-water (2 mL) was concentrated with Amicon® centrifuge filters
(Ultra-4-Centrifugal Filter Unit [MWCO 30 kDa], Merck Millipore, US)
at 2780 g RCF at 4 °C until a volume of 500 mL was reached. 250 pL of
SPN III formulations (Table 3) were added in duplicate to the wells and
250 pL of sterile water was added in duplicate to control no-SPN wells
and the cells were incubated for 4 h in the incubator at 37 °C. After
incubation the cells were washed 3 times with PBS before trypsinisation
and centrifugation for pelleting at 300g for the assessment of successful
uptake by green colouration of the pellet.

3. Results
3.1. Targeted SPN formulation and bioconjugation strategy

Surface functionalisation of liposomes for active targeting is gener-
ally achieved either by bioconjugation of the targeting peptide to acti-
vated groups at the surface of liposomes, or by synthesis of a suitable
lipid-targeting peptide bioconjugate, followed by liposome formula-
tion."! Whilst prior synthesis of a lipid-targeting peptide bioconjugate
has the advantage that the bioconjugate can be fully characterised prior
to formulation, purification of such lipopeptides is frequently chal-
lenging and the presence of the targeting peptide can impede formula-
tion of the SPN. We therefore elected to use the commercially available
DSPE-PEGypo-maleimide as the activated lipid, formulated at varying
concentrations with DPPC, with the aim of subsequently developing a

Table 3
Imaleimide group Values and the respective concentrations of the maleimide group
for three measurements calculated from Equation (1).

Measurement  Ialemide group Iis (6.33 Concentration of maleimide
(6.91 ppm) ppm) groups (10~* M)’

1 2.070 1.00 2.07

2 2.123 1.00 2.12

3 2.031 1.00 2.03

Yield ( %) 69.12 + 1.54

! Theoretical concentration of maleimide groups is 3.0 x 10™* M.
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reliable analytical method for characterising the extent of post-
formulation bioconjugation to give targeted SPNs (Fig. 1A). To enable
thiol-maleimide Michael addition”? between the targeting peptide and
the maleimide displayed at the SPN surface, we synthesised the AR, GE-
11 and D4 peptide sequences with Cys residues at the N-terminus, giving
peptides Cys-AR, Cys-GE-11 and Cys-D4, respectively. For the n-con-
jugated organic semiconducting polymer component, we used the
commercially available PCPDTBT. This SP has a broad absorption
spectrum in the NIR-I window, a high molar extinction coefficient and
low fluorescence conversion. SPN formulated from PCPDTBT have
excellent properties for in vivo PAI, with significantly better PA signal
and photostability than high performing gold nanorods or
SWNT. 17-43:44_

In our previous work,'® we had used both nanoprecipitation and
mini-emulsion techniques to prepare the SPN, depending on the solu-
bility characteristics of the SP. The mini-emulsion approach is generally
used when a hydrophobic polymer does not dissolve in any water-
miscible solvents. The emulsion is formed by adding a semiconducting
polymer dissolved in organic solvent to a water solution containing
dispersed or dissolved surfactants: evaporation of the organic solvent
results in a stable solution of SPN.*° In contrast, nanoprecipitation
methods are primarily used when the conjugated polymer has good
solubility in a water-miscible, organic solvent. Once dissolved in such a
solvent, the resulting polymer solution is rapidly injected into a large
excess of water under sonication. The formation of nanoparticles is
driven by the change in polarity of the solvent mixture, which results in
aggregation of the conjugated polymers in solution. Removal of the
organic phase yields spherical SPN, whose size depends on the con-
centration of polymer during the formation process.*®*” As PCPDTBT
has good solubility in THF, we elected to use nanoprecipitation in water
and THF for the preparation of the SPNs. An overview of the nano-
precipitation method used is shown in Fig. 1C. Four SPN formulations
(SPN I, SPN II, SPN III, SPN 1V) with a total lipid concentration of either
0.25 or 2.50 mg/mL and two different molar ratios of DSPE-PEGy(go-
maleimide, either 95:5 or 90:10 mol % were investigated (Table 1).

The average hydrodynamic diameter (Dy) and the zeta potential (¢)
of the SPNs were measured by dynamic light scattering and electro-
phoretic mobility respectively. The values are reported in Table 2 below.
The intensity distribution showed a fairly monodisperse population for
all SPNs (Fig. SI 1 a). The Dy and {-potential were not significantly
affected by the different lipid concentrations and/or molar ratios
investigated (Table 2’ Fig. S1a and S1b). The formulations were stored at
4 °C and were stable over a 6-week period in Milli-Q H20 (Fig. 52).

The normalised UV-visible spectra of the SPNs in Milli-Q HO and of
PCPDTBT in THF are shown in Fig. 2a below. A slight hypsochromic shift
of the absorption maximum at 705 nm was observed for all SPNs
compared to that of PCPDTBT, with SPNI and SPN II showing the largest
shift respect to SPN III and SPN IV. Overall, all formulations retained
PCPDTBT optical properties in the NIR region of the spectrum. None of
the SPN formulations showed any detectable fluorescence, indicating
that radiative decays are not the main energy loss mechanisms, as
already observed in our previous work.'?

The PA properties of the aqueous solutions of all SPNs were
measured by a custom-made PA spectroscope and the resulting extinc-
tion spectra are reported in Fig. 2b. SPN IIl showed the highest PA signal
and was chosen as the SPN formulation used for the subsequent conju-
gation with the EGFR-targeting peptides.

3.2. Conjugation of EGFR targeting peptides to SPN III and
characterisation of SPN III-Cys-AR

In order to determine the level of modification by EGFR targeting
peptides, the presence of maleimide moieties incorporated in the SPN III
formulation was first confirmed by 'H NMR. In the SPN III spectrum the
two maleimide protons appear as a singlet at 6.91 ppm (Fig. 3) away
from the upfield region of the spectrum (<6 ppm) crowded by the
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Fig. 1. (A) General schematic of the SPN, (B) sequences of EGFR targeting peptides used in this study. (C) Schematic representation of the nanoprecipitation method

used to prepare the SPN.

presence of PEG and other lipid components (See Fig. S3 for the full
spectrum). The signal for the maleimide protons in isolated DSPE-
PEGygp0-malemide has been previously reported to occur at 6.92 ppm.48
The amount of maleimide functional groups in the SPN III suspension
was quantified by 'H NMR in D,0 using maleic acid as the internal
standard at a concentration of 0.1 mM (signal at 6.33 ppm in Fig. 3).
Maleic acid was chosen for its solubility in water as well as the conve-
nient location of its proton shifts in a region where there is no overlap
with other signals from SPN III (>6 ppm). The concentration of mal-
eimides in the suspension was calculated according to Equation (1) (see
Methods) by comparing the integral intensity values of the signal at
6.91 ppm (Ipalemide group ) T€lative to the maleimide groups present on
the nanoparticle surface to the integral intensity value of the internal
standard (I;s) at 6.33 ppm which was normalised to one. The I aemide

group values and the respective calculated concentrations for three
measurements are reported in Table 3. The calculated yield percentage
of maleimide groups in the SPN III formulation was ca. 69 %. This in turn
indicates that each nanoparticle has around 6000 maleimide groups that
can be detected, although not all of these will be at the surface of the
SPN.

Having successfully characterised the level of maleimide modifica-
tion of the SPN III formulations by 'H NMR, EGFR targeting peptides
(Fig. 1b) were then conjugated to the surface of SPN III via thiol-
maleimide Michael addition in phosphate buffer (Scheme 1).

The presence of the Tyr residue in the A-R sequence offered a good
opportunity to monitor and characterize the conjugation of Cys-AR to
the surface of SPN III, by following the appearance of the aromatic
proton signals of the Tyr side chain. In the 'H NMR spectrum of
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Fig. 3. 'H NMR spectra in D,O of SPN III, showing the maleimide protons at
6.91 ppm and maleic acid used as the internal standard protons at 6.33 ppm.
The full spectrum is shown in Fig. S3 in the Supporting Information.

unconjugated Cys-AR in D20, these signals appear as two doublets found
at 6 = 7.08 ppm and § = 6.77 ppm (Fig. 4a). Upon conjugation, the
appearance of the aromatic proton signals of the tyrosine residue and
complete disappearance of maleimide H proton shifts were observed
(Fig. 4b) indicating complete conjugation. The formation of the
succinimide-thiol adduct could not be directly observed, since upon
thiol addition, the resulting succinimide protons are shifted upfield
(2.5-4.5 ppm), in a region dense with proton signals from the peptide
and lipid-PEG conjugates also present in the 'H NMR spectra of SPN III.
A change of the chemical shift was observed for maleic acid. This change
from 6.33 ppm (Fig. 3) to 6.01 ppm (Fig. 4b) is attributed to maleic acid
being a protolyte. It has previously been demonstrated that when mixed
with other protolytes, the chemical shift of the signal may change to
some extent.“” On increasing the concentration of maleic acid, the signal
at 6.01 ppm shifts back to the usual value of 6.33 ppm (Fig. S5, Sup-
porting Information) suggesting that no chemical transformation of
maleic acid has occurred and the low frequency shift in Fig. 4b is caused
by non-covalent interactions of maleic acid with Cys-AR SPN III, most
likely with the Cys-AR fragment, as no chemical shift change was
observed for the mixture of maleic acid with SPN III (Fig. 3). Using
Equation (1), the concentrations of the Tyr group and the yield per-
centage of Tyr groups in Cys-AR SPN III were calculated (Table 4),

indicating that each SPN has about 7,800 targeting peptides.

The size and {-potential of Cys-AR SPN III was confirmed by DLS and
electrophoretic mobility. The peptide conjugated SPN III showed larger
sized nanoparticles (129.90 + 0.85 nm) and a more negative charge
(-51.09 + 0.85) compared to the unconjugated SPN III (Fig. 5a and b).
The Cys-AR SPN III formulation showed a fairly monodisperse distri-
bution and proved to be stable over time (Fig. S6). SEM analysis showed
the presence of spherical nanoparticles for both SPN III and Cys-AR SPN
III (Fig. 5 c and d). Statistical analysis of the SEM images confirmed the
results obtained from DLS in terms of size (Fig. e and f) with a mean
diameter centred around 60 nm for SPN III and 78 nm for Cys-AR SPN
III. The optical properties of PCPDTBT were not affected by the peptide
conjugation as confirmed by UV-visible spectroscopy (Fig. S7).

Using the same methodology, thiol-maleimide conjugation of pep-
tides Cys-D4 and Cys-GE11 to the core maleimide-functionalised SPN
III was then carried out (Table 5) and their uptake to LIM1215 cells
assessed.

3.3. Invitro cell uptake

SPN cell uptake was assessed in the EGFR positive human colorectal
carcinoma cell line LIM1215. Incubation of SPNs over the 4-hour time
period did not show any differences to cell adhesion (cell rounding or
floating) indicative of cell cytotoxicity compared to control. As a posi-
tive control, uptake of the core maleimide-functionalised SPN III was
first investigated. Visual inspection of the cell pellet showed that this
formulation had a high uptake in LIM1215 cells (Fig. S8) at a level
suitable for PAI This apparently high level of uptake/cell adhesion most
likely arises from the presence of the reactive maleimide groups at the
surface of the SPN III, which will react with free thiol groups in cellular
proteins and glycoproteins.”® As a negative control, we prepared a non-
targeted SPN-amine formulation using DPPC/DSPE-PEGygo-Amine as
the lipid mixture, and this did not show any uptake to the LIM1215 cells.
Unfortunately, the Cys-AR SPN III and Cys-D4 SPN III also did not show
any green colouration, indicative of uptake in this colorectal cell line
compared to non-labelled controls (Fig. S9). As PAI is not sufficiently
sensitive to detect signal where there is no visible uptake in the cell
pellet, we did not scan these cells. The Cys-GE11 SPN III formulation
appeared to show some uptake to the LIM1215 cell line. However, these
nanoparticles were unstable at room temperature. Extensive precipita-
tion and aggregation were observed after washing but prior to trypsi-
nisation, which could not be distinguished from cell uptake by visual
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Fig. 4. (a)'H NMR of Cys-A-R peptide in D,O (inset showing aromatic proton signals of the Tyr side chain); (b) 'H NMR of Cys-AR SPN III in D,O with 0.1 mM of
maleic acid. Full spectra are shown in Fig. S4 in Supporting Information.

fo) AN Table 4
N Ity values and the respective concentrations of the Tyr group for three mea-
o surements calculated from Equation (1).
Measurement Ity (7.11 & 6.82 I;s (6.01 Concentration of Tyr groups
QqQQggQQp ppm) ppm) a0~ m'
M’Q 1 2.257 1.00 113
2 2.092 1.00 1.46
HN NH, 3 2.264 1.00 1.11
(1)529&’)?‘)(’)38‘3&6 buffer Yield ( %) 59.38 4 9.39
pH7.4,4h ! Concentration of DSPE-PEGygoo-malemide from qNMR is 2.074 x 104 M.
o inspection when cells were pelleted. The more hydrophobic GE11
HQN\)kN sequence is known to cause problems of aggregation when conjugated to
H H nanoparticles and fluorophores.':>? We therefore synthesised Cys-EEG-
_\S o GE11: the extra Glu residues in this sequence are known to improve the
hydrophilicity of this peptide without altering the receptor targeting
0 properties. This peptide was then conjugated to SPN III, however the
N resulting Cys-EEG GE11 SPN III formulation was still unstable and
; (¢} aggregated in media during cell uptake experiments.
Q QQ 4. Discussion and conclusions

SPN are very promising contrast agents for PAI of tumours, due to
their size, excellent optoelectronic properties and high photostability.
We have shown in this paper and in our previous work'® that these
formulations can be tuned, by adjusting the lipid composition and the
structure of the incorporated SP, to optimise the PA signal and desired

Scheme 1. Conjugation of Cys-A-R to SPN III via thiol-maleimide
Michael addition.
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wavelength. To achieve the goal of high-resolution accurate imaging of

Table 5 . . tumours, one of the remaining challenges is the selective delivery of SPN
EGFR-conjugated SPN formulations. . . . - . .
to tumour cells by bioconjugation of moieties such as peptides that will
Formulation Uptake to LIM1215 cells target receptors over-expressed at the surface of such tumour cells.
SPN III Yes Characterisation of the structural features of such peptide-targeted SPN
SPN-amine Not detected is key to understanding and optimising their properties, and a reliable,
Cys-AR SPN III Not detected rapid and non-perturbing method to quantitate the degree of peptide
Cys-D4 SPN III Not detected functi lisation i ired. H f thods for det ining th
Cys-GE11 SPN III Formulation unstable unctionalisation is required. However, few methods for determining the
Cys-EEG GE11 SPN III Formulation unstable efficiency of bioconjugation of peptides to the surfaces of nanoparticles

have been reported. Where a chromophore can be added to the peptide
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in question, fluorescence measurements or FRET assays can be used to
quantitate the level of bioconjugation. This was recently reported for
peptide-functionalised liposomal doxorubicin.”>.

Whilst quantitative NMR on nanoparticles has been previously re-
ported, surprisingly, very few NMR studies have been carried out to
characterise liposomes or other lipid-based nanoparticles.”*>° To the
best of our knowledge, this is the first time that quantitative NMR
measurements have been applied for characterising the surface coverage
of conjugated peptides. There are no reports of NMR methods for
determining the level of peptide conjugation at the surface of liposomes,
lipoplexes or SPN, although Epple and co-workers have recently suc-
cessfully determined the level of peptide functionalisation at the surface
of ultrasmall (2-5 nm) AuNP by 'H NMR,"”-°® suggesting that this might
be a powerful method for assessing the coupling of peptide ligands to
other types of nanoparticle.

In this paper, we have demonstrated that SPN can be formulated
from mixtures of DPPC, DSPE-PEGyggp-malemide and the semi-
conducting polymer PCPDTBT to give nanoparticles that are uniform in
size, have good PA properties and are stable over a two week period. We
have bioconjugated these to peptides that have been extensively vali-
dated to bind to the EGFR and to target tumor cells for in vitro and in vivo
cancer imaging and therapy. We have characterised these nanoparticles
by DLS, electrophoretic mobility, SEM, UV-vis and PA, and have also
developed a very powerful quantitative NMR (QNMR) method of anal-
ysis. This has enabled us to determine for the first time the concentration
of maleimide groups in the initial SPN, and the number of peptides that
are subsequently attached to each nanoparticle.

Disappointingly, these peptide-conjugated SPN showed little or no
binding and uptake to a colorectal cell line known to overexpress these
receptors. These three peptide sequences are known to vary in their
binding affinity towards EGFR, uptake characteristics and affinity for
different cancer cell types.*®**°° Indeed, in some cell lines the D4
peptide is completely ineffective for the selective delivery of small
molecule drugs into EGFR-overexpressing cancer cells.®” The more hy-
drophobic GE11 sequence is also not ideal, as it leads to tumor-targeted
imaging agents with low solubility and a tendency to aggregation.”'>>
The lack of success of the peptide-targeted SPN reported in this work
most likely reflects poor availability of the targeting ligands at the
nanoparticle surface, combined with the destabilisation of the SPN when
either Cys-GE11 or Cys-EEG-GE11 were attached.

In summary, this work demonstrates the importance of understand-
ing the biophysical properties of different types of ligand-functionalised
nanoparticles, particularly in view of the interest in lipid nanoparticles
(LNP) as carriers for mRNA for vaccines, which became crucial during
the COVID-19 pandemic.®! In particular, for SPN imaging agents for
targeted PAIL the effectiveness of the bioconjugation technique, the
availability of targeting peptides at the surface of the nanoparticle and
the stability of the resulting bioconjugate is crucial. This will require
optimising the level of PEG coating and length of linker between the
peptide and the nanoparticle,°” and adjusting the interplay between the
biophysical characteristics of the lipid, SP and peptide components. The
new simple, accurate and rapid qNMR approach reported here will be
vital for characterising the level of bioconjugation of ligands conjugated
to a range of nanoparticles, and for subsequently developing the next
generation of imaging agents.
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