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Gold nanorods (GNRs) are versatile asymmetric nanoparticles with unique optical properties. These
properties make GNRs ideal agents for applications such as photothermal cancer therapy, biosensing,
and in vivo imaging. However, as-synthesised GNRs need to be modified with a biocompatible stabilising
coating in order to be employed in these fields as the ligands used to stabilise GNRs during synthesis are
toxic. An issue is that GNR performance in the aforementioned techniques can be affected by these
modified coatings. For example if coatings are too thick then GNR entry into cells, or their sensitivity in
sensing applications, can be compromised. Here we show that thiolated peptide amphiphiles (PAs) can
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act as GNR stabilisers and provide a thin and highly-stable coating under physiologically relevant
conditions. Additionally, all tested PAs formed highly ordered (51.8-58.8% B-content), and dense (2.62—
3.87 peptides per nm?) monolayers on the GNR surface. Moreover, the PA-coated GNRs demonstrated
no cytotoxicity in vitro and, via injection in zebrafish embryos, the behavior and cellular interactions of
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Introduction

Gold nanorods (GNRs) are asymmetric nanoparticles whose
physical dimensions and optical properties are tunable.'™
The GNR aspect ratio (a.r.), which is the relationship between
its length and width, defines its optical properties as the a.r.
affects the position of the longitudinal surface plasmon resonance
(LSPR) band. The position of the LSPR can vary between 600 nm
and 1200 nm. Due to the fact that the LSPR position is in the near-
infrared (NIR) region of the electromagnetic spectrum, outside the
region where water and biological molecules absorb, GNRs are
considered to be suitable for a range of biomedical applications.
For example, the absorption coefficient of GNRs is increased by
several orders of magnitude upon irradiation with a laser whose
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such PA-coated GNRs were visualised in vivo, in real time, with two-photon (2P) microscopy.

wavelength matches their LSPR. This phenomenon has enabled
GNRs to be employed as extraordinarily bright substrates for
in vitro and in vivo two-photon (2P) luminescence imaging,®°
photothermal therapy,'® and biosensing."

An issue with as-synthesised GNRs is that they are unstable
under physiological conditions, which affects their optical
properties, causes significant cytotoxicity, and limits their use
in biomedical applications."” The reason for this instability is
the presence of cationic surfactants such as cetyltrimethylam-
monium bromide (CTAB)," cetyltrimethylammonium chloride
(CTAC),™ benzyldimethylhexadecylammonium chloride (BDAC),
or mixtures thereof,® on the surface of as-synthesized GNRs.
These molecules, together with silver nitrate (AgNO3), allow for
shape and size control during synthesis, and also act as GNR
stabilisers. Several methods have been developed to displace
these surfactants from the GNR surface, e.g. by using thiolated
polyethylene glycol (PEG) molecules,">'® polyelectrolytes,'”*®
silica condensation,® or replacement of CTAB with its thiolated
analogues.””*' These methods create a steric barrier between
individual GNRs, minimising aggregation, whilst thiolated PEGs
form a shell on the gold surface through the formation of Au-S
bonds. These coatings have facilitated the use of GNRs in a range
of biological applications.®%*?

When coating GNRs to improve their stability, coating
thickness should also be considered as this is important for
many applications. For example, for ligand-receptor interactions

This journal is © The Royal Society of Chemistry 2022
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the studied interaction should take place as close to the gold
surface as possible because the LSPR is defined by the local
refractive index close to the particle surface.>® The shift of
the LSPR band is therefore a direct measure of the studied
interactions and is affected by the coating thickness.**>*
in vivo applications, GNRs have to be delivered to their intended
target and larger particles are not transported as effectively.”>>’
In such cases PEGylation, which is the most widely-used GNR
stabiliser, might not be optimal. Whilst thiolated PEGs of 5-10
kDa are widely employed for GNR stabilisation,'® this PEG size
corresponds to a contour length of >30 nm for a fully
“stretched” molecule.”®*® Silica coatings are also typically
>10 nm thick.*® Such coatings therefore significantly enhance
the dimensions of the GNRs. In addition, these molecules do not
provide a facile route to further functionalisation with targeting
ligands or therapeutic agents.

An ideal GNR coating would therefore be one that is thin,
effective at stabilising the particle, and amenable to functionalisa-
tion. We have previously demonstrated that spherical gold nano-
particles (GNPs) can be stabilised by peptide amphiphiles (PAs).**
These amphiphilic molecules are small (~5 nm contour length)
and consist of one or two thiolated alkyl chains and a peptide
domain. The alkyl chains bind the gold surface via Au-S bonds
and create a hydrophobic environment around the GNP core,
while the charged peptide domains provide electrostatic repulsion
between individual particles. The peptide portion also promotes
self-assembly at the GNP surface which contributes to the overall
stability. Additionally, the peptide is amenable to further deriva-
tisation. Moreover, PAs are not recognised by the immune
system,*” while it has been reported that repeated administration
of PEG induces specific immune responses.’® Therefore, we
propose that PAs could serve as stabilising coatings for GNRs.

In this study, PAs were evaluated together with thiolated PEG
molecules to investigate whether PAs can provide a comparable,
or improved, level of stabilisation. To facilitate PA coating, a
ligand exchange procedure was developed to replace the original
CTAB bilayer on the GNR surface with PA molecules varying
in hydrophobicity and charge. These GNR conjugates were
investigated using UV-Vis spectroscopy, transmission electron
microscopy (TEM) imaging, and Fourier-transform infrared
spectroscopy (FT-IR) to determine their aggregation tendency,
coating thickness and peptide secondary structure. The stability
of the PA-coated GNRs at high salt concentrations and in the
presence of competing thiols was also tested. Finally, we demon-
strate the in vivo potential of these particles by combining
intravenous administration in zebrafish embryos with 2P micro-
scopy. This strategy allows visualisation of GNRs in circulation
and the identification of cellular interactions, indicating their
suitability for use in biomedical applications.

For

Experimental
General

All chemicals were purchased from Sigma-Aldrich unless stated
otherwise. Silver nitrate and Oxyma Pure were purchased from
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Carl Roth GmbH. TFA, piperidine, DMF, DCM, methanol, and
acetonitrile were purchased from Biosolve. Fmoc- amino acids
were purchased from Novabiochem. Thiolated PEG molecules
(HS-PEG-OCHj; with average MWs of 750 Da and 5000 Da) were
supplied by Rapp Polymere GmBH. TEM grids (Formvar/
carbon, 200 mesh, on copper support) were purchased
from Electron Microscopy Sciences. The LDH assay kit was
purchased from BioLegend.

Gold nanorod synthesis

GNRs were synthesised in a two-step process commonly
described as a seed-mediated approach.? 2-3 nm seeds were
prepared by mixing CTAB (5 mL, 0.20 M), and HAuCl, (5 mL,
0.50 mM) with ice-cold NaBH, (0.60 mL, 10 mM) whilst
intensely stirring at room temperature.*® After 2 min, the
solution was left undisturbed at room temperature for 2 hours.
For the overgrowth, solutions of HAuCl, (50 mL, 1.0 mM) and
AgNO; (200 pL, 100 mM) were gently mixed with CTAB (50 mL,
0.20 M) at room temperature. After 2 min of stirring, ascorbic
acid (550 pL, 100 mM) was added. Next, 120 pL of the seed
solution was added under vigorous stirring. After 6 hours the
rods were washed with MilliQ water (2 x 100 mL) and centri-
fuged to remove the excess CTAB. Average GNR dimensions
were found to be 46.4 x 14.0 nm.

PA and peptide synthesis

All PAs and the peptide were synthesised by solid-phase peptide
synthesis using standard Fmoc-chemistry protocols. The synthesis
was performed on an automated Liberty Blue microwave peptide
synthesizer (CEM). 20% piperidine in dimethylformamide (DMF)
was used as the deprotection agent and N,N’-diisopropylcarbo-
diimide (DIC)/Oxyma Pure were employed as the activator/activa-
tor base. All sequences were synthesised on a Wang resin
preloaded with either a glutamate or glycine residue (1, 2, 3, 4,
1-W, 2-W, 3-W) or a Rink Amide resin (1-K and 2-K). The alkyl
chain was coupled on resin to the terminal amine of the corres-
ponding peptide using the same protocol as for amino acid
coupling. The terminal thiol of the alkyl chains was subsequently
manually blocked with 2,2’-dithiobis(5-nitropyridine) (DTNP, 1
eq. in DMF, RT, 3 hours). All molecules were cleaved from the
resin using trifluoroacetic acid (TFA) with 1.5% deionized water,
2.5% triisopropylsilane (TIS), and in the case of 4, 2.5% 3,4-
ethylenedioxythiophene (EDOT). The crude molecules were
precipitated into cold diethyl ether, pelleted by centrifugation,
redissolved in water, and lyophilised prior to purification.

PA and peptide purification

A Shimadzu HPLC system equipped with two LC-20AR pumps,
an SPD-20A UV-Vis detector, and a Phenomenex Kinetex EVO
C18 column (21.2 by 150 mm) was used for purification. The
mobile phases were water and acetonitrile (MeCN), containing
either 0.1% ammonia (for 1-3 and 1-W, 2-W, 3-W) or 0.1% TFA
(for 4, 1-K, and 2-K). Prior to purification of 1-3, the protecting
TNP group was removed by incubation with tris(2-carboxyethyl)
phosphine hydrochloride (TCEP, added in excess, 30 min). The purity
of the compounds was assessed using LC-MS (Fig. S1-S9, ESIt).

J. Mater. Chem. B, 2022,10, 1612-1622 | 1613
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All purified molecules were lyophilised and stored at —20 °C
until needed.

Coating GNRs with thiolated PAs

GNRs were coated using a ligand exchange approach. The
ligand (i.e. the PA) was dissolved in DMSO and GNRs were
added. The ligand excess was at least 100 000-fold (mol) relative
to the GNR concentration.*® The two components were mixed
in such a ratio to ensure that the final concentration of DMSO
in the mixture was 50% (v/v) for GNR@1, GNR@2, and GNR@3,
or 10% (v/v) for GNR@4, GNR@1-K, and GNR@2-K. After
incubation (1 hour for 1-4; 16 hours for 1-K and 2-K) the
samples were centrifuged, the supernatant was replaced with
25% DMSO (aq.) (GNR@1, GNR@2, and GNR@3) or 5% DMSO
(aq.) (GNR@4, GNR@1-K, and GNR@2-K). GNR@1-K and
GNR@2-K were directly loaded onto a size exclusion chromato-
graphy column (SEC, NAP-25 columns, GE Healthcare) to
remove any remaining free ligand and to exchange the solvent
for MilliQ water. The GNR@1, GNR@2, and GNR@3 samples
were incubated in 25% DMSO overnight to solubilise unbound
PAs. After centrifugation, the GNRs were resuspended in 5%
DMSO (v/v) and SEC purification was performed in phosphate
buffered saline (PBS, pH 7.2).

PEGylation of GNRs

Thiolated PEGs were dissolved in DMSO (10 mg mL™"). The
PEG excess was at least 100000-fold relative to GNR molar
concentration. The PEG solution and GNR suspension were
mixed, resulting in a final concentration of 10% (v/v) DMSO.
The mixture was left overnight before excess PEG was removed
via centrifugation (14000 rpm, 15 min). GNRs were resus-
pended in MilliQ water and directly purified by SEC with PBS
as the eluent.

UV-Vis spectroscopy

Spectra were recorded using a Cary 300 UV-Vis spectrophot-
ometer. Samples were placed in 10 mm quartz cuvettes and
spectra were recorded between 900-350 nm unless otherwise
stated. Samples were diluted with either water or PBS as
appropriate to provide a maximum absorbance in the range
of 0.6-1.0. All spectra were normalised to a maximum
absorbance of 1.0, except for the induced aggregation experi-
ments where spectra were not normalised and aggregation
factors were calculated as described below.

For GNRs with an a.r. of 3.3, & spr(GNR) = 4.6 X 10°M 'em™!
was used.*® For tryptophan absorbance ¢,5y(W) = 5600 M~ " cm ™"
was used.

Transmission electron microscopy

A 10 pL GNR sample droplet was placed on a continuous carbon
grid and left undisturbed for 10 min. The excess sample was
removed by manually blotting with a fibreless paper tissue.
A water droplet (10 puL) was put on the grid to wash off the
unbound sample and blotted immediately. Uranyl acetate stain
(0.5% w/v, 10 pL) was applied, followed and blotted after 10 s.
Images were acquired on a JEM1400 Plus (JEOL) transmission
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electron microscope operated at 80 kV, equipped with a CCD
camera.

Zeta potential measurements

A Zetasizer Nano-7 S (Malvern Instruments) equipped with a
633 nm wavelength laser and a 173°-fixed scattering angle was
used to perform zeta potential measurements. Samples in PBS
were diluted 10 times with deionized water to obtain a salt
concentration below 20 mM. Sample aliquots of 1 mL were
placed in a universal dip cuvette and the zeta potential was
calculated from an average of three measurements.

Coverage density measurements

Coverage densities were determined through measuring the
unbound ligand concentration.>'**> Three PAs were extended
with a Trp coupled via a glycine spacer to yield 1-W, 2-W, 3-W
(Fig. S10, ESIY). Tryptophan-tagged molecules 1-W, 2-W, and
3-W were dissolved in HFIP and mixed with CTAB-protected
GNRs yielding a final HFIP concentration of 33% (v/v). After a
1 hour incubation, the samples were centrifuged and the
supernatant collected. The GNR pellets were resuspended in
water and lyophilised. Next, GNRs were resuspended in HFIP
and pelleted again. The PA concentration in both supernatants
was determined by measuring the absorbance at 280 nm using
UV-Vis (g,50(W) = 5600 M~' em ™). Since the concentration of
1-W, 2-W, and 3-W added to the GNR suspension was known,
the concentration of the unbound ligands in the combined
supernatants was calculated, and from this the number of
bound ligands was determined. The number of ligands per
particle was subsequently calculated by dividing the concen-
tration of bound ligands by the molar concentration of the
GNRs.** The coverage density expressed in peptide per nm? was
derived from the average surface area of a rod (2041 nm?).

Infra-red spectroscopy measurements

Attenuated total reflection-infrared (ATR-IR) spectra were
recorded on an Excalibur FTS 4000 setup equipped with a
“golden gate” accessory. For each measurement, a background
(air) was taken from the Golden Gate diamond after careful
cleaning. Coated GNRs were desalted using a SEC column,
lyophilised, and then resuspended in a drop of D,0. A sample
was placed on top of the crystal and left to dry. Spectra were
recorded using the following settings: 512 scans at 2 cm ™'
aperture. Deconvolution and fitting of the Amide I peaks to the
Lorenz function were performed using Origin Pro. Surface areas
under the individual peaks were measured to determine the
distribution of different peptide secondary structure types.
Amide I spectra for non GNR-bound PAs 1-3 and their secondary
structure profiles (>85% P-content) can be found in our pre-
vious work.*"

Evaluation of GNR stability at different ionic strengths

GNRs coated with 1-3, thio-PEG5000, and thio-PEG750 were
mixed with a 4.5 M NacCl solution to yield samples with the
following final concentrations of salt: 150 mM, 500 mM, 1.5 M
and 3.0 M. For GNRs coated with 1-K and 2-K the following

This journal is © The Royal Society of Chemistry 2022
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concentration range was used: 10, 50, 100, 150, and 500 mM
NaCl. The GNR concentration remained constant (the peak
maximum of the LSPR, OD;gpr = 0.2-0.4) while only the salt
concentration was varied. A spectrum from 500-800 nm was
recorded using an Infinite M1000 plate-reader (Tecan). The
OD;spr Of each sample was compared to that of a GNR
suspension with no salt added (0 mM NaCl). When GNRs
aggregate, they exhibit a red-shift and often a broadening of
the plasmon band. The OD of the samples with increasing
amounts of NaCl was monitored and a decrease in the OD;gpr
value indicated aggregation.

Stability to DTT-competition

A pr-dithiothreitol (DTT) competition assay was used to assess
permeability of the PA shells formed around the GNRs. The
protocol used in this study was a modification of that published
by the Mattoussi group.®® Briefly, 4 M DTT, deionized water and
the coated GNRs were mixed so that the final concentration of
DTT was 1 M. The OD;gpr value was monitored by UV-Vis for
90 min with a 5 min interval between the data points to assess
the aggregation state. The OD;gpg at the 0 min time point was
maintained within a range of 0.5-0.9 for all GNR samples. The
ratio between the OD at 610 nm and OD;gpr gave rise to
the aggregation factor (AF), which was normalized to the value
at t = 0 min.

LDH release assay

Murine bone-marrow dendritic cells were a kind gift of Dr. B.
Sliitter, LADCR division of Leiden University. The assay was
performed according to the manufacturer’s manual. Briefly,
20 x 10? cells were plated in 96-well plates and then coated GNRs
were added to the cells (50 pL per well, 200 pL total volume). PBS
was used as negative control, while the assay lysis buffer was used
as positive control. After 24 h, 30 pL of the cell culture medium
were taken for the analysis and mixed with the assay substrate
according to the manual. The percentage of observed cytotoxicity
reflects the difference between the studied samples, PBS (0%
cytotoxicity) and lysis buffer (100% cytotoxicity). Each GNR sample
was tested in triplicate as well as at three concentrations
(0.03, 0.11, 0.43 nM). Statistical analysis was performed using
GraphPad Prism 9.

Zebrafish husbandry and intravenous injections

Zebrafish (Danio rerio, strain AB/TL) were treated in accordance
with the European Convention guidelines on the protection of
vertebrate animals in experimental and other scientific
interests,®” as well as the directives developed by the animal
welfare committee of Leiden University. Fertilisation via
natural spawning was conducted at the beginning of the light
period, and eggs were maintained at 28.5 °C in egg water
(60 pg mL™' Instant Ocean sea salts). Prior injection, the
embryos were embedded in 0.4% agarose containing 0.01%
tricaine for anaesthesia. GNR@3 were injected into 2 day old
zebrafish embryos (54-56 hpf) using a modified microangraphy
protocol.>® A sample volume of 1 nL was calibrated and injected
into the embryo’s sinus venosus/duct of Cuvier. Further

This journal is © The Royal Society of Chemistry 2022
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information on the injection procedure, is reported in ref.
39 and 40.

Two-photon setup and zebrafish imaging

Two wt zebrafish embryos injected with GNR@3 were selected
for two-photon in vivo microscopy imaging. The embryos were
embedded in agarose gel and placed on a glass coverslip.
The imaging was performed starting from 1 hour post injection
using a custom-built two-photon multifocal microscope.*® The
excitation source, a femtosecond pulsed Ti:Sa laser was set at
800 nm during the imaging process (Coherent, Chameleon
Ultra). A diffractive optical element (DOE, custom made by
Holoeye) was used to achieve multifocal illumination of the
sample (splitting of the laser beam into an array of 25 x 25
foci). Spiral scanning the foci within the 50 ms exposure time of
the camera using a fast-scanning mirror (Newport, FSM-300-1)
was used to create a virtual light sheet. The emission photons
collected by a 25x, high-NA water-dipping objective (Nikon,
CFI75 Apochromat 25XC W), positioned onto a piezo stage
(P-726 PIFOC, PI) allowing for z-stack measurements. A
dichroic mirror (700 dcxr, Chroma) was used to separate the
emission light from the excitation path. To detect emission
photons, the setup was equipped with a 2048 x 2048 pixels
CMOS camera (Hamamatsu, Orca Flash 4.0 V2). Two-photon
microscopy data was processed using custom-built LabVIEW
software (version 2018 SP2, National Instruments). Images were
analysed using the Fiji distribution of Image].

Results and discussion
Coating of GNRs with PAs of different charges

PAs comprising a thiolated alkyl chain of either 16 or 11
carbons in length and a peptide domain with the sequence
V3A;X; were synthesised (X = E/K, molecules 1, 2, 1-K, and 2-K
in Scheme 1).*" This approach facilitated the study of the effect
of charge on the GNR stabilising capacity, as E (glutamic acid)
gave rise to negatively charged PAs, and K (lysine) - to positively
charged PAs. The construct with two C11 alkyl chains, molecule
3, was introduced to probe the effect of a bidentate binding
ligand. The sequence of 3 was extended with a fourth glutamic
acid residue for increased solubility. Peptide 4 contained a
cysteine (Cys, C) amino acid instead of a thiolated alkyl chain
and served as a reference molecule to study the impact of the
hydrophobic alkyl chain domain.

In addition to using molecule 4 as a reference, GNRs were
also coated with thiolated PEG-OMe with average molecular
weights of 750 and 5000 Da. Thiolated PEG5000 has been
reported to be of an optimal length for GNR stabilisation, while
thiolated PEG750 was chosen because its contour length in its
extended conformation, (4.8 nm based on 0.28 nm per
-CH,CH,0- repeat),”®* is comparable to the length of the
PAs used in this study.

GNRs with an a.r. of 3.3, giving rise to an LSPR band at
756 nm were synthesised according to the seed-mediated over-
growth method.’?* The average dimensions of the resulting
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Scheme 1 Sequences and structures of PAs and peptides used in this study.

rods were 46.4 (+8.3) by 14.0 (£2.9) nm. Rods with these
dimensions were selected as they are optimal for 2P
microscopy.”* As-synthesized GNRs were stabilised with cetyl-
trimethylammonium bromide (CTAB) which was displaced
from the GNR surface via ligand exchange with the thiol-
containing PAs/peptide and thiolated PEGs (750 and
5000 Da). Size-exclusion chromatography (SEC) was used to
remove excess ligand and to concomitantly replace the medium
with the buffer of choice.

The devised coating procedure resulted predominantly in
non-aggregated GNR samples, as determined by UV-Vis spectro-
scopy (Fig. 1) and TEM analysis (Fig. 2). For all molecules apart
from 4, no apparent broadening of the LSPR band occurred,

A) ,| —cCTAB

—1
—3
0.8 3
—4
P —PEG5000
2061 —PEG750
£
[*]
Z04 -
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and only a moderate red-shift (7-10 nm) was detected, indica-
tive of a change in the refractive index at the GNR surface upon
CTAB exchange.” However, a larger red-shift (+16 nm), as
well as some peak broadening was observed for GNR@2-K.
Nevertheless, TEM imaging revealed no aggregation for this
sample (Fig. 2H). Shells formed by the PAs around the GNRs
were observed with TEM due to accumulation of the uranyl
acetate stain. The thicknesses of these shells are likely to
represent a collapsed PA monolayer at the GNR surface, since
the shell was measured to be <2 nm thick in all cases.

Molecule 4 failed to prevent GNRs from aggregating. Due to
a high amount of aggregation occurring during the coating
procedure, this sample was not SEC-purified. TEM imaging
revealed limited shell formation around GNR@4, (Fig. 2D). The
evident loss of the plasmon band in the UV-Vis spectra and the
presence of large GNR@4 aggregates as visualised by TEM
suggested that unlike spherical GNPs, GNRs cannot be
stabilised by a simple peptide, likely due to its hydrophilicity.
Therefore, the presence of the N-terminal alkyl chain indeed
facilitated effective surface modification of GNRs, as has been
previously reported.'®

PEGylation of GNRs resulted in broadening of the LSPR band
for GNR@PEG750, indicative of aggregation, while
GNR@PEG5000 showed a red-shift (+11 nm) but no peak broad-
ening, consistent with previous reports (Fig. 1A)."> TEM imaging
showed that GNR@PEG5000 indeed consisted of well-dispersed
single GNRs, whilst GNR@PEG750 formed small, compact aggre-
gates (Fig. 2E and F). The PEG shells could not be visualised, most
likely due to their low density and poor electron contrast.

As additional evidence for the successful displacement of
CTAB from the GNR surface, the zeta-potential of GNRs before
and after modification was measured. In contrast to
GNR@CTAB (+36.6 mV), GNRs coated with the negatively
charged PAs yielded negative zeta-potential values (—27.3 mV
for GNR@1, —21.1 mV for GNR@2, and —20.7 mV for GNR@3,
Fig. S15, ESIt). PA-coated spherical GNPs have previously
shown zeta-potential values in the same range.*' PEGylation

B)

Norm. Abs.

350 450 550 650 750 850
Wavelength, nm

350 450 550 650 750 850
Wavelength, nm

Fig. 1 UV-Vis spectra of GNRs before (CTAB) and after surface stabilisation with: (A) negatively charged PAs 1-3 and peptide 4, and (B) positively charged
PAs 1-K and 2-K. Thiolated PEGs (750 and 5000 Da) were used as a reference stabiliser. Samples were prepared in (A) PBS (pH 7.2) or (B) in MilliQ water.
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Fig. 2 Representative TEM images of GNRs coated with: (A) 1; (B) 2; (C) 3; (D) 4; (E) PEG5000; (F) PEG750; (G) 1-K; (H) 2-K. Scale bars: 200 nm (A—-F) and
50 nm (G and H and the inserts). Samples were stained with 0.5% uranyl acetate. For low magnification images, see Fig. S11-S14 (ESI).

of GNRs also resulted in a negative value of —15.3 mV for
GNR®@PEG5000. These changes in surface charge revealed the
successful surface modification of the GNRs. However, as 1-K
and 2-K are positively charged, both showed positive zeta-
potential values (+23.6 mV for GNR@1-K, +18.7 mV for
GNR@2-K), although these were somewhat lower than for
GNR@CTAB. However, TEM imaging showed the presence of
shells around these GNRs, which indicated ligand exchange
had indeed occurred. Combined, these UV-Vis and TEM
data show that PAs can be used to stabilise GNRs, although
peptides, such as 4, cannot.

PA-coated GNR behaviour at different ionic strengths

For PA-stabilised GNRs to be employed successfully in vitro and
in vivo, they have to remain well dispersed at physiologically
relevant ionic strengths. To investigate whether PA-coated

This journal is © The Royal Society of Chemistry 2022

GNRs were capable of this, their aggregation tendency was
probed at varying sodium chloride (NaCl) concentrations. NaCl
induces GNR aggregation by screening surface charges, resulting
in the nanoparticles reaching their isoelectric point.*"*® As a
result, interparticle electrostatic repulsion is minimised, and the
nanoparticles aggregate and precipitate from suspension. In this
assay, aggregation behaviour was monitored with UV-Vis spectro-
scopy. A decrease in the optical density at the maximum LSPR
wavelength (OD;gpr) relative to the OD;gpg Of the sample in
0 mM NaCl indicated aggregation (Fig. S16, ESIf). Severe
aggregation was considered to occur if the value of this normal-
ized OD;gpg Was below 0.5.

GNRs coated with the single chain PAs 1 and 2 showed rapid
(i.e. within 15 min) aggregation when the NaCl concentration
was increased from 150 to 500 mM, while GNRs coated with the
double-chain PA 3 were insensitive to high (3 M) NaCl

J. Mater. Chem. B, 2022, 10, 1612-1622 | 1617


https://doi.org/10.1039/d2tb00073c

Published on 09 February 2022. Downloaded by Universiteit Leiden / LUMC on 3/29/2022 9:45:17 AM.

Journal of Materials Chemistry B

concentrations (Fig. 3A). PEGylated GNRs did not exhibit severe
aggregation, but a 10-15% decrease in absorbance relative to
0 M NacCl indicated that PEGylated GNRs are more sensitive to
charge screening than GNR@3. Interestingly, the zeta-potential
values were similar for all three PA-coated and therefore cannot
be used as a predictor of colloidal stability in this case.
A possible explanation for this behaviour may be attributed to
the charge distribution within the shell. This distribution, in
turn, depends on the peptide chain conformation (ie. its
secondary structure), which can be influenced by alkyl chain
parameters (i.e. number of chains and their length).*!

It should be noted, that upon removal of NaCl (by means of
centrifugation) the PA-stabilised GNRs regained their non-
aggregated state, which means that the observed aggregation
was reversible and should therefore be considered agglomeration.

Interestingly, aggregation was already observed at 50 mM
NaCl with positively charged GNRs (Fig. 3B). This finding
indicated these GNRs are much less stable in buffers than the
GNRs coated with negatively charged PAs. Furthermore, these
data imply that GNR@1-K and GNR@2-K would not be stable in
biological media, where the salt concentration is higher than
50 mM. This observation is in line with previous reports
regarding peptidic stabilisation of spherical GNPs: Levy et al.
reported that negatively charged amino acid residues should be
present at the opposing terminus to the GNR-binding Cys
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Fig. 3 Stability of PA-coated GNRs in the presence of NaCl was evaluated
through the change in OD of the suspension: with increasing NaCl
concentration, differing extents of GNR aggregation were observed for
(A) GNRs coated with negatively-charged PAs or PEG, and (B) GNRs coated
with positively-charged PAs.
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residue in order to provide enough electrostatic repulsion in
150 mM NaCl** Positively charged residues placed in this
position failed to stabilise the GNPs.

We can conclude that PAs 1-3 are effective coating ligands
resulting in well-dispersed single GNRs in PBS. Longer PEG
molecules, such as thio-PEG (5 kDa), can also be used to
effectively stabilise these GNRs, however its contour length
exceeds that of PAs by 25 nm (5 nm versus ~30 nm). Moreover,
the shorter PEG750 had a lower stabilising capacity, as demon-
strated by the small aggregates observed with TEM. 1-K and 2-K
failed to provide sufficient stability to GNRs at biologically
relevant NaCl concentrations and so were excluded from
further studies. Despite this, we believe that these positively
charged GNRs could be useful, for example, in biosensing
applications when immobilized on a flat surface to detect
analytes under continuous flow.

PAs form SAMs on the GNR surface exhibiting high coverage
densities and high levels of f-structure

Coverage density is an important parameter in defining a
ligand’s stabilising capacity.>® A difference in coverage density
provided by 1-3 could potentially explain the difference in the
behaviour of the corresponding GNRs at elevated salt concen-
trations. The coverage density of the bound PAs was therefore
determined by UV-Vis spectroscopy.>’ To facilitate this, all three
PA sequences were extended with a tryptophan (Trp, W) yield-
ing 1-W, 2-W, and 3-W (structures shown in Fig. S10, ESIt).
GNRs were subsequently coated with these PAs using the same
procedure as described above, except that 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) was used as the solvent instead
of DMSO. HFIP exhibits a strong tendency to disrupt hydrogen
bonds and was therefore deemed to provide better recovery of
unbound PAs by means of centrifugation.** The PA concen-
tration in the supernatants was determined and therefore the
number of bound ligands could be calculated. This analysis
resulted in the following coverage densities: 3.87 peptides per nm?*
for 1-W, 3.16 peptides per nm” for 2-W, and 2.62 peptides per nm*
for 3-W. These values are in agreement with previously reported
ligand coverage densities of GNRs coated with thiolated alkyl
chains analogous to the alkyl chains used in our PAs.>**'
Moreover, the maximum theoretical coverage densities dieor
for 1-3 were calculated to ensure the feasibility of the observed
values. Models of extended B-structured molecules 1-3 were
built using PyMol and the distances between key atoms were
determined (Scheme S1, ESIt). Each molecule was simplified
to a geometric shape and the volume of this shape was
calculated. The length of a fully-stretched molecule was taken
as the shell thickness, and using the diameter of a rod
(14.0 nm), the volume of the shell was calculated (Table S1,
ESIT). After dividing the volume of the shell by the volume
of a molecule, the following dicor values were determined:
4.89 peptide per nm?” for 1, 4.54 peptide per nm? for 2 and
3.84 peptide per nm? for 3. These values represent a situation
when the molecules are tightly packed on the gold surface with
almost no free volume within the shell. These values serve
as a reference, and provide a theoretical upper limit of what

This journal is © The Royal Society of Chemistry 2022
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coverage is achievable. The fact that the observed coverage
densities are close to these theoretical figures indicates that
densely-packed self-assembled monolayers (SAMs) are formed
by PAs on the GNR surface.

These calculated coverage densities increased in the order
GNR@3 < GNR@2 < GNR@!1. This order was explained on the
basis of the PA geometry. Shortening the alkyl chain from C16
to C11 results in the peptide domain being closer to the gold
surface. The steric bulk of the sidechains was therefore altered
in proportion to the alkyl chain length, causing increased steric
hindrance and resulting in a lower coverage density for GNR@2
in comparison to GNR@1. Due to the bidentate nature of 3, a
lower peptide coverage was also expected.

Next, the secondary structure of the bound PAs was investigated.
The PAs were designed to be B-structured, and it was previously
shown that B-structured peptides confer higher GNP stability, due
to their ability to form tight, well-packed coatings on the GNP
surface.*"*>** Therefore, we considered it important to probe the
amount of secondary structure present in the PAs that coated
the GNRs.

Attenuated total reflection IR (ATR-IR) spectra of the coated
GNRs were recorded to investigate the peptide secondary
structure of the PAs on the GNR surface (Fig. S17, ESIf). The
Amide I peak (1575-1725 cm ") reflects the conformation of the
peptide backbone and is a superposition of signals caused by
different secondary structure types.*>*® An absorption band
centred between 1613-1637 cm ™ is attributed to B-structures, a
band located between 1637-1645 cm ™' shows the presence of
unordered structures, while a band at 1645-1662 cm™ ' is
indicative of a-structures, and a band around 1662-1682 cm™*
reveals the presence of turns and other structures.*>™*” The
Amide I region of the recorded spectra were fitted to give a
sum of these four bands (Fig. 4A-C).

When the PAs were bound to the GNR surface, all three
coatings were dominantly B-structured: 58.8% for GNR@1,
51.8% for GNR@2, and 57.1% for GNR@3 (Table 1). The
tendency to adopt unordered structures was low (<7%),
although a significant percentage of o- and other structures
were observed. The small differences in observed secondary
structure types are likely to be caused by packing defects that
could be linked to PA composition. For instance, molecules 2
and 3 possess a shorter alkyl chain and show a higher o-content
in comparison to molecule 1, which has a longer alkyl chain.
The fact that a high proportion of B-content is observed
indicates the peptidic portions of these PAs were able to
effectively hydrogen bond and form well-ordered SAMs on the
surface of the GNRs. These SAMs help to stabilise the GNRs,
likely in a similar manner to that previously demonstrated for
spherical GNPs.*"

To further investigate the ligand organisation on the gold
surface a dithiothreitol (DTT) ligand displacement assay was
employed.®" This assay probes the accessibility of the gold
surface and the stability of the Au-S bond: if ligands are
displaced by DTT, GNRs aggregate. This potential for displacement
is important to investigate as there are molecules, such as
glutathione, which are found in cells and are capable of competing

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Self-assembly of PAs on the GNR surface was studied using (A-C)
ATR-IR for the evaluation of the peptide secondary structure and (D) a DTT
assay to determine accessibility of the gold surface for competing thiols. In
the ATR-IR spectra Amide | peaks were fitted as a sum of four peaks
corresponding to different secondary structure types (blue line — B-
structures, green line — unordered structures, red line — o-structures,
cyan line — turns) for the following coatings: (A) 1; (B) 2; and (C) 3. GNR
aggregation in the presence of a competing thiol DTT (1 M) indicates poor
self-assembly behaviour of the bound ligand or/and instability of the Au-S
bond. Aggregation state of coated GNRs was monitored with UV-Vis
spectroscopy and expressed by means of normalised AF (for a description
of this parameter, see Fig. S18A, ESI1).
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Table 1 Secondary structure distribution of PAs 1-3 bound to the GNR
surface

Sample S (%) Unordered (%) o (%) Others (%)
GNR@1 58.8 3.9 14.8 22.5
GNR@2 51.8 6.0 20.5 21.7
GNR@3 57.1 6.8 19.0 17.1

The distribution is based on fitting the amide I peak with four
individual peaks and is shown as a percentage. Fitting to the Lorenz
function was performed using Origin Pro.

with the PAs for binding to the GNR surface. For this assay, coated
GNRs were exposed to 1 M DTIT and a UV-Vis spectrum was
recorded every 5 min for a period of 90 min (Fig. 4D and
Fig. S18, ESIt). The aggregation factor (AF)*"*° was calculated as
the ratio between the optical density at 610 nm (ODg;,), a peak
indicative of aggregation, and the OD;gpg. This value is then
normalised to the initial value, AF,,.

From the normalised AF plot it was obvious that all three
thiolated PAs protected and insulated the GNR surface,
presumably by forming an impenetrable monolayer. This was
attributed to the high coverage densities provided by the alkyl
chains, as well as to the presence of the hydrophobic environ-
ment they created. Water and dissolved molecules, such
as DTT, cannot penetrate this hydrophobic barrier and are
therefore depleted at the gold surface. In contrast, the colloidal
stability of PEGylated GNRs was shown to be strongly correlated
to the molecular weight of the PEG. While GNR@PEG750
aggregated rapidly, GNR@PEG5000 did not exhibit signs of
aggregation. GNR stabilisation with PEG is based on a steric
stabilisation effect: the long polymer chain wraps around the
surface providing good coverage and shielding. As a result,
longer PEGs provide better coverage of the gold surface.™

Two-photon imaging of PA-coated GNRs in zebrafish embryos.

As GNR@3 proved to be the most stable coating for the GNRs,
these particles were selected for a proof-of-principle in vivo
imaging experiment. Before testing these particles in vivo, their
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cytotoxicity was evaluated with an LDH release assay in murine
bone-marrow derived dendritic cells. These cells are known to
process foreign nanoparticles entering an organism and are
commonly used to study GNP behaviour.**™° It was found that
they did not induce acute cytotoxicity when administered in a
sub-nM concentration range (Fig. S19, ESIf). Similar results
were reported for PEGylated GNRs.>"

Two-photon (2P) luminescence microscopy allows for
effective GNR detection, as the excitation wavelength can be
matched to the LSPR of the rods. Since the LSPR of GNRs is
located in the near-infrared region, this excitation wavelength
means that damage to live tissue is minimized, and deep tissue
imaging is possible.>®

Here, the transparent zebrafish embryo (Danio rerio) was
used as an animal model to visualise and further study PA-
stabilised GNRs. The zebrafish embryo has demonstrated great
potential in the screening and optimisation of nanoparticles;*?
allowing for an understanding of their in vivo behaviour and
the identification of important nano-bio interactions of various
assembled delivery systems.’>** GNR@3 were intravenously
injected into the duct of Cuvier of zebrafish embryos and
subsequently imaged using 2P microscopy (Fig. 5 and Video
S1, ESIT). It was observed that, 1.5 hours post injection, GNR@3
remained partially in circulation (Video S1, ESIt), and some of
the GNR@3 accumulated in the caudal region of the zebrafish
embryo (Fig. 5). This region consists of scavenging endothelial
cells (SECs) delineating the blood vessels, that functionally
resemble liver sinusoidal endothelial cells, as they express
scavenger receptors such as Stabilin-1 and Stabilin-2. In addition,
these receptors are known to interact and endocytose anionic
nanoparticles from circulation.***®* Since GNR@3 have a
negatively charged surface, it is most likely that, mechanistically,
they are interacting with SECs via Stabilin receptors (green arrows
in Fig. 5B). Moreover, GNR@3 interacts with apparent blood-
resident macrophages, based on shape and size, (orange arrows in
Fig. 5B), as previously observed.*

GNR@3 exhibits in vivo behaviour expected of nanoparticles
of their size and surface chemistry: cellular uptake primarily by

wt B)
56 hpf

SECs

Fig. 5 Two-photon imaging of GNR@3 in vivo: (A) schematic showing the site of microinjection in a zebrafish embryo at 54-56 hours post fertilization
(hpf), imaged with 2P microscopy at 1.5 hours post injection (hpi). Volume of injection: 1 nL of coated GNRs (0.33 nM, PBS pH 7.2). The caudal region of
the zebrafish embryo where the dorsal aorta (DA), the caudal vein (CV), and the scavenging endothelial cells (SECs) are located as depicted in the boxed
region. (B) GNRs are accumulating in SECs expressing Stabilin receptors (delineating the blood vessels), indicated by green arrows, or by blood-resident
macrophages (apparent macrophages containing GNRs, based on shape) indicated by orange arrows. Scale bar: 25 pm. For the transmission image, see
Fig. S20 (ESI+).
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SECs, partial circulation after ~1 hpi, and clearance by blood-
resident macrophages as has been previously observed for
negatively charged nanoparticles of different chemistries.***°
This demonstrates that PA-coated GNRs have the potential to
act as a platform for a variety of biomedical applications
(i.e. plasmonic photothermal therapy of cancer, GNR-
mediated 2P imaging of biological targets or processes, as well
as labeling, or biosensing). In addition, they are highly stable,
exhibit no evidence of acute toxicity, and are easily detectable in
in vivo systems as this proof-of-principle experiment shows.
For further development of this concept, the peptide shell
offers a facile route for modification with ligands of interest.
This way, PA-stabilised GNRs can be endowed with targeting
ligands or bioactive moieties.

Conclusions

Thiolated PAs were evaluated for their ability to form a protective
coating on the surface of GNRs. Whilst both negatively charged
PAs 1-3 and positively charged 1-K and 2-K were capable of
stabilising GNRs, only the negatively charged PA-coated GNRs
were stable under physiologically relevant conditions. In addition,
these PAs provide greater stability compared to thiolated PEG
molecules of the same contour length.

The stabilising effect of the PAs was attributed to the
presence of the alkyl chain and to the formation of a self-
assembled monolayer (SAM) at the GNR surface. PAs with a
single alkyl chain (1 and 2) showed higher coverage densities
that 3, which comprised a double chain, whilst all three PAs
exhibited significant amounts of B-structure (>50% content).
All three PA coatings showed good stability to DTT. This was
attributed to the alkyl chains present at the interface, restrict-
ing access of this water-soluble thiol to the gold surface. PA 3
was considered to be the best stabiliser for GNRs as it remained
stable at extreme NaCl and DTT concentrations. Moreover,
it was observed that GNR@3 outperformed GNRs coated
with thio-PEG (5 kDa) as GNR@3 was completely insensitive
to surface charge screening, and did not dissociate from
the GNR surface upon addition of a competing thiol, whereas
the PEG coating did show some aggregation in both assays. The
superior stability of 3 is attributed to the two alkyl tails
providing increased hydrophobic bulk. This bidentate nature
is also beneficial because such coordination has previously
been proven to provide more stable nanoparticle coatings when
compared to monodentate counterparts.®®

Furthermore, we demonstrated that GNR@3 can be success-
fully visualised using 2P luminescence microscopy in vivo, in
real time, revealing its cellular interactions and opening up
opportunities for further in vivo studies.
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