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Gold nanoparticles (GNPs) can be manufactured in various shapes, and their size is programmable, which
permits the study of the effects imposed by these parameters on biological processes. However, there is
currently no clear evidence that a certain shape or size is beneficial. To address this issue, we have
utilised GNPs and gold nanorods (GNRs) functionalised with model epitopes derived from chicken
ovalbumin (OVAzs7 264 and OVAszpz_330). By using two distinct epitopes, it was possible to draw
conclusions regarding the impact of nanoparticle shape and size on different aspects of the immune
response. Our findings indicate that the peptide amphiphile-coated GNPs and GNRs are a safe and
versatile epitope-presenting system. Smaller GNPs (~15 nm in diameter) induce significantly less intense
T-cell responses. Furthermore, effective antigen presentation via MHC-1 was observed for larger
spherical particles (~40 nm in diameter), and to a lesser extent for rod-like particles (40 by 15 nm). At
the same time, antigen presentation via MHC-II strongly correlated with the cellular uptake, with smaller
GNPs being the least efficient. We believe these findings will have implications for vaccine development,
and lead to a better understanding of cellular uptake and antigen egress from lysosomes into the cytosol.

Introduction

The field of nanomedicine focuses on the use of nanoparticles
to diagnose, monitor and treat diseases. Within this field, there
is a particular focus on using nanoparticles as drug delivery
vehicles or as vaccine platforms.”” One reason that nano-
particles are suited to this purpose is that their nanometre size
range imposes certain interactions between the particles and
biological systems, for instance cellular uptake pathways,
recognition by immunocompetent cells and clearance from
circulation.®® However, researchers have reported contradictory
data on the effects of nanoparticle size and shape on immune
response,>>'® or effects of nanoparticle charge on cellular
uptake, clearance, immune response,"* and cytotoxicity.**¢
Often, these reports do not provide sufficient information on
the antigen loading or particle concentration. Also, they often
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lack normalisation of the obtained results to a common
parameter to aid comparison. Moreover, it is not always
possible to find only one determinant parameter attributed to
the biological effect of the studied nanoparticles. Parameters
including size,"” shape,>'® surface charge,"" rigidity,® drug or
antigen loading,“* particle concentration,**" total mass of
nanoparticles,”** and mean surface area available for
contact>** have all been proposed to affect the biological fate of
studied particles.

Studying the effect of all these parameters on vaccine efficacy
is an enormous undertaking. In order to make a new system
suitable for screening the effects of the abovementioned
parameters, a new approach is needed. This approach has to
allow for thorough control over one parameter while other
parameters, such as size, shape, surface charge, and/or surface
chemistry are fixed. Gold nanoparticles (GNPs) can be syn-
thesised in a range of sizes and shapes, therefore they are ideal
for studying the shape and size dependency of a biological
response. Through the use of different sizes and shapes of
GNPs, the dependence of cellular uptake,'®*"* cytotoxicity,">*®
and immune response® on physico-chemical properties can be
studied. In addition, the surface chemistry of GNPs can be
easily modified, and as a result, minimised toxicity and
modulation of chronic inflammation risk induced by the
antigen delivery particles are expected. Another advantage is
that antigens are displayed on the GNP surface and cannot be
compromised by non-specific interactions with the delivery
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vehicle itself. For example, peptide-decorated liposomes can
show partial encapsulation of the displayed peptides via
engulfment into the lipid membrane.*

Here, we studied the effect of nanoparticle shape and size on
antigen processing and presentation. For this, gold nanorods
(GNRs) of 40 by 15 nm in size and spherical GNPs of 15 and
40 nm in diameter were synthesised. The choice of these sizes
was dictated by multiple lines of evidence showing that nano-
particles of 40-50 nm in diameter exhibit more efficient cellular
uptake”® and immune response compared to other sizes.>®
GNPs with a diameter of 15 nm are often used in literature and
were chosen to serve as a reference for GNRs' width.>'792*
GNRs were introduced to elucidate the effect of shape and their
length matched the diameter of the larger GNPs. Incorporation
of two spherical particle sizes matching the GNRs dimensions
was intended to decouple the effects of shape and size.

A protective coating on the gold surface is required to
maintain particle stability in biological media, to prevent
aggregation, and to eliminate potential cytotoxicity.'>'*>2% It
was previously shown that, depending on the aggregation state,
endocytosis pathways may vary for the same nanoparticle
formulation.” In addition to stabilizing molecules, antigens
can be attached to the GNP surface to modulate antigen pro-
cessing in dendritic cells (DCs)." Using a common stabilizing
molecule for the three selected nanoparticle types results in an
identical surface chemistry allowing for a fair comparison of the
elicited cellular responses. Previously, we reported the use of
thiolated peptide amphiphiles as stabilisers for both GNPs and
GNRs.**** These coatings insulate the gold surface, prevent
particle aggregation under harsh conditions (up to 3 M NacCl, or
1 M competing thiols), and provide GNPs with surface chem-
istry described as “protein-like”.** Published data suggest that
biologically active moieties displayed on the surface of peptide-
capped GNPs preserve their biological function and their
availability,** and that GNPs do not impair immune functions
of DCs or B cells."?** Unlike most other metallic nano-
particles, GNPs do not give rise to reactive oxygen species (ROS)
in vitro, hence oxidative stress and ROS-related cytotoxicity are
less common.*

In this study, 15 nm and 40 nm GNPs and 40 by 15 nm GNRs
were coated with a stabilizing peptide amphiphile,* referred to
as the base molecule. Two more peptide amphiphiles were
extended with model epitopes derived from the chicken oval-
bumin (OVA) protein (OVA,s; 564 Or OVAg,3 330). The bioactive
peptide amphiphile coupled to OVA,s; 564, the major histo-
compatibility complex class I (MHC-I) restricting epitope, was
abbreviated as 1, and the peptide amphiphile coupled to
OVA;3,3-339, the major histocompatibility complex class II (MHC-
II) restricting epitope, was denoted as 2.

Immunogenicity of the epitope-decorated GNPs and GNRs
was studied using cells derived from the ovalbumin transgenic
OT-I and OT-II mice. T cells of these mice express T-cell recep-
tors (TCRs) that are specific for either OVA,5; 564 (OT-I) or
OVA3;3339 (OT-II) epitopes and pair with either CD8 or CD4
coreceptors.*® ‘Splitting’ the immune response into two
components (OVA,s, 64 modulates the cytotoxic T-cell
response, while OVAjz,3 330 - the helper T-cell response)
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should provide more clarity as to how the immune system reacts
to more complex antigens, depending on their size and shape.

The proposed system can be used as a screening system for
evaluation of parameters like epitope sequence, epitope display
density, size and shape of the carrier nanoparticle, as well as the
charge. With a single mixture of the base and epitope-bearing
amphiphiles it is possible to decorate a wide range of GNPs
(spheres in the 15-100 nm range and GNRs, according to our
previous studies). The procedure takes <2 hours and yields
highly stable conjugates in physiological conditions. These
GNPs are easily detected, quantified, and accurately dosed
based on their optical properties. This system allowed us to
thoroughly investigate cytotoxic and T-helper immune
responses. Our findings suggest that antigen egress from lyso-
somes is related to the carrier nanoparticle size or volume. We
believe these findings will have implications for vaccine devel-
opment, and lead to a better understanding of cellular uptake
and antigen egress from lysosomes into the cytosol.

Results and discussion
Characterisation of peptide-gold conjugates

In order to maintain identical surface chemistry, GNPs of
different shape and sizes were coated with a mixture comprising
9 molar parts of the base peptide amphiphile and 1 molar part
of the active peptide amphiphile 1 or 2 (Scheme 1). The base
composition was inspired by our previous work and comprised
a double thiolated C,; chain conjugated to a KVVVAAAEEEE
peptide domain via the N-terminus and the lysine side-chain.*
The thiol group enabled coordination of the ligands to the gold
surface via an Au-S bond. The active peptide amphiphiles
comprised a single thiolated C;; chain conjugated, via the N-
terminus, to a peptide with the sequence V;A3E;, while the
epitopes were coupled to the C-terminus of this peptide
sequence via a PEG-spacer. Epitope sequences corresponded to
OVA-derived T-cell epitopes (SIINFEKL, OVA,s5;_564, is an MHC-I
binding epitope, and ISQAVHAAHAEINEAGR, OVA3;,;3_339, is an
MHC-II binding epitope). The active peptides 1 and 2 were
conjugated to a single alkyl chain instead of a double chain to
aid solubility of the resulting compounds.

As-synthesised citrate-stabilised GNPs and CTAB-protected
GNRs were characterised with dynamic light scattering (DLS,
for GNPs only), ultraviolet-visible spectroscopy (UV-vis), and
transmission electron microscopy (TEM) to confirm their size
and dispersity (Table 1, Fig. 1 and S1t). Due to their rod-like
shape, GNRs were not analysed by DLS, instead only UV-vis
spectroscopy and TEM data were collected.

Upon modification with the peptide amphiphiles, a slight
increase in the hydrodynamic size for all peptide-gold conju-
gates was observed with DLS. The incorporation of the extended
sequences 1 or 2 (10 mol%) into the base peptide shell did not
lead to agglomeration of GNPs (Fig. 1; for intensity size distri-
butions see Fig. S1t). The UV-vis spectroscopy supported these
findings, since the absence of plasmon band broadening for 15-
base, 15-1, and 15-2 relative to 15-citrate indicated that no
aggregation occurred after the peptide coatings were applied
(Fig. 1A). The same was true for 40 nm GNPs and GNRs. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the shell composition (base and epitope-bound peptide amphiphiles 1 and 2) used to stabilise GNPs and
GNRs. Base was mixed with either 1 or 2 at a 9 : 1 molar ratio to form shells around different GNPs and to provide near-identical surface

chemistries.

Table 1 GNPs size characteristics before/after modification based on
TEM imaging and DLS data

Sample 15 nm GNPs 40 nm GNPs
Av. size of the core (TEM) 15.0 £ 1.4“ 43.5 £ 3.3
Citrate 15.5 £ 0.2 40.4 £ 0.5
Base 26.8 £0.3 50.8 £0.1
1 25.9 £ 0.3 50.8 = 0.8
2 26.6 £ 0.6 54.3 £ 0.2

“ Standard deviation. To determine the core size, citrate-stabilised GNPs
were imaged using TEM. The size of peptide amphiphile-coated GNPs
was determined using DLS. Both average size and mean
hydrodynamic diameter are given in nm. Peptide amphiphile-coated
samples were prepared in PBS (pH 7.2).

small (1-7 nm) red-shift of the plasmon band is related to
substitution of citrate or CTAB on the gold surface with other
molecules, which leads to a change in the dielectric constant.’”
Since neither DLS (Fig. S1A and Bt) nor TEM imaging (Fig. 1B)
indicated aggregation, the peptide-coated GNPs and GNRs were
presumed to be monodisperse. TEM imaging revealed particle
clustering, which can be explained by so-called drying effects
during sample deposition on a TEM grid. This clustering was
also facilitated by the presence of salts, since all tested samples
were prepared in PBS (pH 7.2), which meant that upon drying
the local concentration of salt increased significantly to cause
the observed clustering.®® Zeta potential values of as-
synthesised citrate-capped GNPs and amphiphile-coated GNPs
showed that particles had a negative surface charge (up to
—30 mV, Fig. S1C-Et). A slight deviation of surface charge for
GNPs coated with 1 and 2 from the samples coated with the base
sequence was explained by a slight change in the surface
chemistry when the active peptides were incorporated. The
GNRs showed a zeta potential change from positive to negative,
indicative of CTAB displacement from the GNR surface by the
peptide amphiphiles (Fig. S1Ef). A negative net charge for
peptide amphiphile-coated GNPs and GNRs is advantageous:
negatively charged particles cause less cytotoxicity compared to

© 2022 The Author(s). Published by the Royal Society of Chemistry

positively charged counterparts, and better cellular uptake than
neutral nanoparticles.”

TEM analysis revealed the presence of well-defined peptide
shells surrounding the gold core (Fig. 1B). The shell around the
GNPs and GNRs ensured that particles were separated from
each other with the interparticle distance corresponding to the
shell thickness. The thickness of the shells (<5 nm) is in
agreement with a peptide-amphiphile monolayer around the
particles.*® Notably, in the TEM images there was no obvious
difference in the shell thickness for samples with the functional
peptides 1 or 2 incorporated, possibly due to a low epitope
display density.

According to our previous work, GNPs coated with these
amphiphilic molecules are highly stable at elevated salt
concentrations and are resistant towards thiols,** thus the GNPs
and GNRs presented in this work were expected to be stable
under biologically relevant conditions.

Number concentration and epitope dosage

To study biological effects elicited by nanoparticles of different
size and shape, a defined set of shared parameters should be
adopted to enable comparison. It can be particle number,
particle surface area available for interaction,>** or drug/active
molecule loading/dosage.*"*® Unfortunately, reports with a nor-
malisation used to truly define the effect of a particle parameter
(e.g. of an antigen loading rather than particle mass) on a bio-
logical response are scarce.>**** In order to calculate the above-
mentioned parameters, inductively coupled plasma mass
spectrometry (ICP-MS) was used. This technique has been
previously used to determine the thiol-containing ligand
coverage on GNPs,* as well as metal content in cells and
tiSsueS.2,13,17,19,20,25,40

Peptide amphiphile-coated GNPs and GNRs were digested in
aqua regia and analysed with ICP-MS to determine gold mass
concentration, which was later translated to particle number
concentration (Fig. S2t). The measured concentrations were
linked to the optical density (OD) of the GNP or GNR suspension
(Table 2). This enables accurate dosing of the GNP and GNR

RSC Adv, 2022, 12,19703-19716 | 19705
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Fig.1 Sample characterisation of the GNPs used in this study: (panel A) UV-vis spectra for coated 15 nm GNPs, 40 nm GNPs, and GNRs; (panel B)
TEM images of the corresponding peptide—gold conjugates. Modified samples were prepared in PBS (pH 7.2). Scale bars: 50 nm for 15-base, 15-
1, and 15-2; 100 nm for others. Staining — 1% uranyl acetate. The visible shells are the peptide coatings.

samples according to their OD, acquired with UV-Vis spectros-
copy. We determined that a GNP suspension with an OD = 1.0
corresponded to number concentrations within the 10''-10"
particle per mL range regardless of the applied coating, which is
in agreement with data for citrate-capped GNPs provided by
Sigma Aldrich (https://www.sigmaaldrich.com/NL/en/technical-
documents/technical-article/materials-science-and-
engineering/biosensors-and-imaging/gold-nanoparticles).
Moreover, GNPs with the same gold core but different peptide
amphiphile coatings showed similar normalised number
concentrations (Table 2), signifying that the employed coating
strategy did not result in different optical properties arising
from the applied stabiliser. Furthermore, incorporation of

10 mol% of the epitope-displaying functional peptides 1 or 2
did not affect the optical properties either.

To quantify the epitope dosage, another peptide amphiphile
was synthesised. Mercapto-undecanoyl-V;A;E;GsWG (denoted
as W, see Scheme S171) was composed of a single C;, alkyl chain,
the same peptide domain as 1 or 2, and a single Trp (trypto-
phan, W), conjugated via a Glys spacer (glycine, G). GNPs and
GNRs were coated with 9 molar parts of the base amphiphile
and 1 molar part of W. From the amount of the bound W
together with the known relationship between OD and number
concentration, the epitope loading was calculated (Table 2).

Due to the high relative surface area and high number
concentration, 15 nm GNPs carry a significant epitope load,

Table 2 Normalised number concentrations and epitope dosage of GNPs and GNRs

Normalised number concentration,” particles per mL

Epitope concentration, pM

15 nm 40 nm

GNPs 40 nm GNPs GNRs 15 nm GNPs GNPs GNRs
Base 4.03 x 10" 1.49 x 10™ 3.54 x 10" n/a n/a n/a
1 3.83 x 10'? 1.25 x 10" 4.06 x 10" 2.6 0.4 0.6
2 3.46 x 10" 1.46 x 10™ 3.93 x 10" 2.4 0.5 0.6

“ The obtained mass concentrations were divided by the mass of one particle and normalised to ODyspr = 1.0. Samples were prepared in PBS (pH
7.2). For normalised mass concentrations and areas available for contact, see Fig. S2B,C. n/a - not applicable.
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while carrying a low number of epitopes per particle. Conse-
quently, 40 nm GNPs had a lower number concentration but
higher antigen load per particle. Due to their shape, GNRs have
a higher relative surface area and number concentration than
40 nm GNPs. In order to study a dose - response effect arising
from GNP shape and size for both epitopes, the =5-500 nM
concentration range in the cell exposure medium equivalent to
the epitope content displayed on the gold surface was used for
further studies.

Cytotoxicity of coated GNPs and GNRs

An in vitro cytotoxicity test was performed prior to studying
immune response, to ensure that the peptide amphiphile-
coated GNPs and GNRs were not harmful to cells. BMDCs
were used in this assay for two reasons. BMDCs, like other types
of dendritic cells (DCs), are antigen-presenting cells most likely
to first encounter pathogens. Moreover, the ex vivo assay using
transgenic ovalbumin mice (OT-I and OT-II) to probe the
immunogenicity requires DCs treatment as the first step.
According to an Lactate dehydrogenase (LDH) assay, the
observed peptide-gold nanoconjugate cytotoxicity was found to
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Fig. 2 Cytotoxicity profiles for the peptide-coated GNPs and GNRs at
different time points (A) 4- and (B) 24 hour exposure times. Cytotox-
icity was evaluated in BMDCs (20 x 10° cells per well) with the LDH
release assay (N = 2, n = 3) at the highest concentration used for each
experimental group (15 nm GNPs — ~2.0 x 10 particles per mL;
40 nm GNPs — ~1.0 x 10 particles per mL; GNRs — ~5.0 x 10%°
particles per mL in the cell exposure medium). PBS was used as the
negative control (0% cytotoxicity) and assay lysis buffer was used as the
positive control (100% cytotoxicity). Error bars indicate standard
deviations calculated using GraphPad Prism software. ANOWA (one-
way) showed there was no significant difference inside the test groups
(p = 0.05). For the cytotoxicity profiles for more nanoparticle
concentrations see Fig. S3.1
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be <10% after 4 hours of exposure and <20% after 24 hours for
all tested GNPs and GNRs (negative control = PBS, 0% cyto-
toxicity; positive control = assay lysis buffer, 100% cytotoxicity,
Fig. 2 and S3f). This was true for all particle concentrations
tested. Notably, 15-base showed the highest toxicity, most likely
attributed to their high number concentration.”*** On average,
cytotoxicity increased after 24 hours compared to the 4 hour
exposure for all tested particles. However, there was no statis-
tically significant difference between the cytotoxicity demon-
strated by GNPs compared to GNRs after 24 hours.

This data is consistent with published results of different
GNP samples in different cell types. PEGylated GNPs and GNRs
were shown to have a limited effect on LDH release (<20% after
24 hour exposure)** and cell death (<15% after 24 hour
exposure)."”'%* According to Fytianos et al. polymer-coated
GNPs (15 nm in diameter) did not induce cell death indepen-
dent of the surface charge,' while Bhamidipati et al. reported
that the surface chemistry contributes towards cytotoxicity, but
not the shape when spherical (20 nm in diameter), rod-like (53
by 23 nm), and star-like (63 nm) GNPs were compared.?® Kang
et al. reported that neither of 10, 22, or 33 nm OVA protein-
coated GNPs induced cytotoxicity.”” It has also been reported
that PEGylation of GNRs abolishes cytotoxicity typical for CTAB-
stabilised GNRs.>*?* Additionally, changing the surface chem-
istry by addition of a bioactive peptide did not induce acute
cytotoxicity in BMDCs.

Cellular uptake of OVA-decorated GNPs and GNRs by BMDCs

Cellular uptake defines the antigen fate inside the cell and is
crucial for establishing a link between the evoked immune
reaction and the nanoparticle type. Cellular uptake of peptide-
gold nanoconjugates by BMDCs was quantified using ICP-MS
and the subcellular localisation of endocytosed GNPs and
GNRs was visualised with TEM. For this study, BMDCs were
differentiated from bone marrow progenitor cells and exposed
to epitope-bearing GNPs and GNRs for 4 hours.

GNPs and GNRs were found inside subcellular vesicles but
not dispersed in the cytosol or other organelles apart from
lysosomes (Fig. 3 and S47). There was no apparent difference in
nanoparticle distribution as a function of peptide amphiphile
composition. However, the appearance of these vesicles and
number of entrapped particles depended on the nanoparticle
core shape and size. For example, 40-1 and 40-2 showed fewer
particles per vesicle (<10) than 15-1, 15-2, Rods-1, or Rods-2. The
appearance of vesicles entrapping 40-1 and 40-2 may suggest
a different endocytosis pathway than in the case of GNRs and
15 nm GNPs. The volume of most of these vesicles was very low
and particles appeared to be “encased” in the endosomal
membrane. For 15 nm GNPs and GNRs, the vesicles looked
similar: larger vesicles with high particle numbers (>10) domi-
nated, although small vesicles (<100 nm) containing fewer
particles were also observed.

The type and function of these vesicles could not be deter-
mined from TEM analysis, but these vesicles could be divided
into several groups based on their size and appearance. Small
vesicles with a low number of particles inside are most likely to

RSC Adv, 2022, 12, 19703-19716 | 19707
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Fig.3 GNPs uptake by BMDCs (A—F) studied using TEM imaging and (G—I) quantified with ICP-MS. Localisation of GNPs and GNRs inside BMDCs
sections after a 4 hour incubation was studied using TEM: (A) 15-1; (B) 40-1; (C) Rods-1; (D) 15-2; (E) 40-2; and (F) Rods-2. Scale bars: 500 nm
(A,C,D and F) or 1 um (B and E). A representative image of a DC treated with PBS, low magnification images and their analysis can be found in
Fig. S4 and S5.1 Error bars in (G-1) indicate standard deviations and were calculated in GraphPad Prism software, as well as the results significance

(unpaired t-test; ns = not significant, p = 0.05; * = p within 0.01-0.05).

be endocytic vesicles that are to be fused with endosomes to
start the endo-lysosomal pathway.”® Reformed endosomes
undergo a maturation process and subsequently fuse with
lysosomes. Lysosomes can be distinguished by their darker

contents in the TEM images.** Reformed lysosomes perform
antigen digestion, which is crucial for antigen presentation
through MHC-epitope interactions. Analysis of the TEM images
for the vesicles’ dimensions and number of entrapped particles

Table 3 Quantitative analysis of TEM images for number of entrapped GNPs and GNRs

Total vesicle =10 >10 NPs per
Sample count One NP per vesicle, % NPs per vesicle, % vesicle, %
15-1 137 15.3 48.9 35.8
40-1 177 65.5 34.5 0
Rods-1 200 13.0 74.0 13.0

“ NP - nanoparticle.
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showed differences between the different GNPs (Table 3 and
Fig. S51 shows analysis for particles decorated with 1, OVA,5,_
264)- It should be noted that this analysis was based on a vesicle
part restricted to a thin section (70 nm thickness), but not on
a vesicle's full volume. There were no vesicles with more than
eight 40-1 particles inside and 65.5% of the vesicles contained
only one particle (n = 177). Small vesicles (40-120 nm) with low
particle numbers (<6) are likely to be endocytic vesicles. On the
other hand, 15-1 and R-1 showed a different behaviour. Only
15.3% of vesicles (n = 137) contained one 15-1 particle, while for
R-1 this value was 13.0% (n = 200). At the same time, vesicles
with =10 entrapped particles were moderately present in
BMDCs exposed to 15-1 (48.9%), but formed the majority in the
case of R-1-exposed cells (74.0%). 15-1 showed a variety of
endocytic vesicles: vesicles with one particle inside or ones
formed by interactions between the plasma membrane and
multiple particles. This suggests that multiple endocytosis
pathways are involved for 15-1 uptake. Also, nanoparticles were
seen in the cytosol, but these events were rare (<0.5% for all
samples).

These findings indicate that different endocytosis pathways
might be involved in GNP/GNR uptake. Published data suggests
the following pathways for coated GNPs and GNRs: receptor-
mediated and macropinocytosis for GNPs within the 15-
40 nm size range;*"*® and receptor-independent® and a combi-
nation of clathrin-/caveolae- and lipid raft-mediated pathways
for GNRs." Ding et al. also reported that endocytosis pathways
for GNPs can be influenced through their surface chemistry.
Solely based on the TEM images it was not possible to distin-
guish what specific endocytosis pathways peptide amphiphile-
coated GNPs and GNRs employ. To address this, more uptake
studies focusing on the use of endocytosis inhibitors should be
conducted.'®*>*

In order to study the immunological impact of nanoparticles
of different size and shape, it was important to determine the
gold content per cell. Since quantification of cellular uptake
based on the TEM images would not be reflective of the entire
cell population, ICP-MS was used to calculate gold content per
cell. To make a fair comparison, the number of added nano-
particles was fixed to the gold core size, meaning the same
number of 15-1 or 15-2 was added.

After the 4 hour exposure time 15-1 and 15-2 were taken up
by BMDCs to the same extent (123 x 10° versus 121 x 10°
particle per cell), and 40 nm GNPs and GNRs showed the same
trend (Fig. 3G). This suggests that altering the active peptide in
the shell composition did not have an effect on GNPs or GNRs
uptake by BMDCs. It should be noted that 15 nm and 40 nm
GNPs, although taken up in the same mass (in the range of 3.6
4.0 pg per cell), significantly differed in number (~25x times
more for 15 nm GNPs) and delivered total surface area (~3x
times more for 15 nm GNPs, Fig. 3H and I). The surface area
available for contact that was delivered into the cells could be
correlated to the number of delivered antigens and it decreased
in the following order: 15 nm GNPs > GNRs > 40 nm GNPs. In
our study epitope-decorated 15 nm GNPs could deliver ~3x
times more antigens than 40 nm GNPs and ~2Xx times more
than GNRs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Effect of size and shape on CD4" and CD8" T cell proliferation

OT-1 and OT-II transgenic mouse lines express T-cell receptors
(TCR) specific to OVA-derived epitopes, respectively OVA,s57_364
and OVAj,3.330.°° BMDCs obtained from these mice were
exposed to the epitope-decorated GNPs and GNRs. BMDCs
endocytosed the nanoparticles and antigens were to be cleaved
from the gold surface and presented back to the surface of the
BMDCs. After 4 hours of exposure, required for antigen pro-
cessing and presentation to take place, the GNPs were removed,
isolated CD8" (OT-I, samples coated with 1) or CD4" (OT-II,
samples coated with 2) T cells stained with 5(6)-carboxy-
fluorescein diacetate N-succinimidyl ester (CFSE) were added to
the activated BMDCs, and the cells proliferated for 72 hours.
The degree of T-cell activation was determined with flow
cytometry using CD25 gated versus CFSE stain signals
(CD25"CFSE™" T-cell subset, for gating strategy see Fig. S61).
The assays revealed striking effects of size and shape on the
ability of GNPs to induce T-cell mediated responses (Fig. 4).
Based on the dose response curves for 40 nm GNP and GNRs,
the particle shape seems to significantly affect CD4" T-cell
expansion, with GNRs requiring a substantially lower antigen
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Fig.4 Dose-response curves reflecting proliferation rates for (A) OT-II
mice derived CD4* cells and (B) OT-I mice derived CD8" cells in
response to OVA epitope-decorated GNPs (15 and 40 nm in diameter)
and GNRs. % of proliferating cells was calculated from the
CD25*CFSE'™" T-cell subset (for gating strategy, see Fig. S61). Epitope
concentration (nM) presented here is the final epitope concentration
in the cell exposure medium. The gray line shows the positive controls,
free epitopes. Three independent experiments were conducted for
each GNP preparation (N = 3, n = 3), and a representative example is
shown here. Error bars indicate standard deviations. Data sets were
fitted into a dose—response curve using GraphPad Prism software.
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dose to induce OT-II proliferation. Particle size also exhibited
a significant impact as 15 nm GNPs were the least effective
carrier system. The difference between the behaviour of R-2 and
40-2 can be explained by the MHC-II pathway employed to
present processed antigens back to the plasma membrane.
MHC-II loads antigens directly inside lysosomes.** Following
this idea, Rods-2 were expected to outperform 40-2, since the
former delivers more antigens into cells (Fig. 3I).

Nonetheless, the CD8" T-cell response was not that trivial to
interpret. Similarly to CD4" T cells, 15 nm GNPs appeared to be
the inferior delivery system to induce CD8" T-cell response, with
the 15 nm GNPs showing a clear shift in dose response
compared to GNRs. 40-1 was the only formulation that did not
show a typical S-shaped dose - response curve: proliferation of
CD8" T cells was suppressed at higher 40-1 concentrations. This
suggests that the MHC-I processing pathway is inhibited at
a higher concentration of the 40 nm GNPs. MHC-I is supplied
with antigens present in the cytosol.*® Egress of antigens from
lysosomes into the cytosol is a complex process that is not yet
well understood.*

As we already eliminated the possibility of cytotoxicity at
higher 40-1 concentrations (Fig. 2), we next assessed whether
the effect of 40-1 on the MHC-I processing pathway was indeed
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dose-dependent. To test this, BMDCs were exposed for 4 h to the
various nanoparticle concentrations and the amount of OVA,s,_
264 presented on MHC-I (H2-Kb) was quantified with flow
cytometry. In contrast to 15-1 and R-1, with a decreasing
concentration of 40-1, an increase in antigen presentation was
detected (Fig. S7 and S8%). Moreover, the level of OVA,s5; 264
presentation achieved with 40-1 was higher than that induced
by an equivalent amount of whole OVA protein (Fig. S97).
However, the used antibody against the whole MHC-I complex
was clearly more sensitive to processing and presentation of free
peptide or amphiphile 1 rather than larger constructs, as they
showed clear dose-dependent profiles.

‘Splitting’ the T-cell immune response into two components
(cytotoxic and T-helper) highlighted several aspects. There is
potentially a size threshold below which BMDCs, and hence T
cells, only become activated when a very high antigen loading is
applied (Fig. 4). Furthermore, CD4" T-cell activation (T-helper
component) is sensitive to the size or shape of a carrier
particle and correlates to cellular uptake and the number of
delivered antigens. MHC-I processing, and therefore CD8" T-cell
activation (cytotoxic component), does not seem to be directly
linked to the amount of material that is taken up, but is influ-
enced by the size and/or shape of carrier nanoparticles. These
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Fig. 5 Activation of BMDCs 24 h post exposure to epitope-decorated GNPs and GNRs through cytokine release (A) IL-12 and (B) IL-1B or cellular
receptor upregulation of (C) CD80 and (D) CD86. The different nanoparticles were used in the following equivalent concentrations: 15 nm GNPs
— equivalent to ~500 nM epitope; 40 nm GNPs — equivalent to ~125 nM epitope; GNRs — equivalent to ~300 nM epitope. For comparison,
OVA;s7 264 Was added to study cellular receptor upregulation (200 nM in the cell exposure medium). Significance of the datasets mean values
was determined through comparison to the negative control (PBS or supplemented DMEM, * — p-value = 0.05, ** — p-value = 0.01, *** — p-
value = 0.001, **** — p-value = 0.0001). For more data points, see Fig. S10-S15.F
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aspects should be taken into account when a new vaccine
platform is being developed and one type of immune response
is preferred over the other.

Effect of size and shape on BMDCs activation

In order to obtain additional details on the performance of
GNPs and GNRs, activation of BMDCs was studied. Interleukin
12 (IL-12) and interleukin 1 beta (IL-1pB) provide information on
activation of DCs by particulate formulations.>*'**>* For this,
BMDCs were exposed to epitope-decorated GNPs and GNRs for
24 hours and the cytokine levels were determined with an
enzyme-linked immunosorbent assay (ELISA) (Fig. 5 and S10-
S12+).

IL-12 is a cytokine secreted by activated DCs in response to
Pathogen Recognition Receptor stimulation and promotes
differentiation of naive T cells into T helper1 cells and therefore
production of IFN-y.***” IL-12 also mediates enhancement of
CD8" cytotoxic T-cell activity. Compared to the PBS negative
control, only GNRs showed significant levels of IL-12 secretion
(Fig. 5A). All tested concentrations of 15-1 and 15-2 failed to
induce IL-12 secretion, which indicates that 15 nm GNPs indeed
do not activate BMDCs, although they showed potential in
delivering high antigen loads (Fig. 3). On the other hand, 40 nm
GNPs in high concentrations had almost no impact, while a low
number concentration of 40-2 was as effective as high number
concentrations of GNRs. GNRs showed a concentration-
dependent effect on IL-12 secretion. Additionally, neither of
the employed peptide amphiphiles induced IL-12 secretion
when administered without the nanoparticles (Fig. S11t).
Therefore, our peptide amphiphiles cannot be considered to
activate BMDCs, which is the case for other peptide amphi-
philes.** Previously, protein-coated GNPs (40 nm in diameter)
and gold nanocubes (40 by 40 nm) were reported to induce IL-12
secretion, but not smaller GNPs (20 nm in diameter) or GNRs.”
Our data therefore supports the assertion that small GNPs do
not induce IL-12 secretion, but contradicts the previous report
as GNRs are capable of inducing IL-12 secretion in this study.

Additionally, the capacity of epitope-decorated GNPs and
GNRs to induce inflammation was studied through IL-18
secretion. None of the tested particles induced significantly
elevated levels of IL-1B compared to the negative control (PBS),
indicating that the observed activation of BMDCs did not follow
an inflammasome-mediated pathway (Fig. 5B and S127). These
findings are in agreement with previous studies using spherical
GNPs: irrespective of the GNP size or coating, they did not
induce inflaimmasome formation.>* There is no consensus
between the results presented here and published data on
GNRs. Depending on the coating, GNRs were reported to cause
significant levels of IL-1B secretion. For example, this was
observed for GNRs coated with the West Nile virus envelope
protein, while spherical and cubic GNPs did not induce IL-1B
secretion.”> GNRs coated with recombinant Sm29 proteins
derived from Schistosoma mansoni also induced high levels of
IL-1B, however CTAB-stabilised or cysteamine-stabilised GNRs
did not.*® Furthermore, PEGylated GNRs also did not induce IL-
16‘28
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Next, upregulation in cellular markers of BMDCs under
treatment with OVA,5_,¢4-decorated particles was studied. Both
CD80 and CD86 are necessary for T-cell activation and survival
through co-stimulation with CD28 expressed on T cells.*** Both
receptors are already upregulated on BMDCs due to their
handling during the culture procedure, which is reflected in the
negative control, DMEM (Fig. S13-S151). With respect to the
negative control, only 40-1 showed an elevated CD80 level
(Fig. 5C and S147). CD86 was more readily activated by 40-1 and
less by Rods-1, but not by 15-1 or free OVA,5;.,64 (Fig. 5D and
S15t). Enhancement provided by 40-1 was almost double
compared to the effect of Rods-1, and showed a dose depen-
dence. This may be explained by the fact that for this assay we
used 50 x 10> cells versus previously used 20 x 10 cells. This
assay helped to clarify the effect of 40 nm GNPs on BMDCs
activation: most likely, suppressed secretion of IL-12 (Fig. 5A)
and CD8" T-cell proliferation (Fig. 4A) at higher particle
concentrations could be attributed to BMDCs overstimulation.
Moreover, when BMDCs were exposed to the whole OVA
protein, no upregulation in CD80 or CD86 was detected
(Fig. S17 and S18%). The same was true for peptide amphiphiles
1, 2, and base. This way, the observed effect of 40-1 can be
attributed to the presence of GNPs.

The results of CD80 and CD86 activation of BMDCs are
consistent with previously reported data: 33 nm GNPs coated
with the whole OVA protein were shown to induce greater
upregulation in both CD80 and CD86 expression than 10 or
22 nm GNPs coated with OVA."” Additionally, antigen-coated
GNRs were able to induce simultaneous upregulation of
CD86, MHC-I, and MHC-IL.*

Thus, despite the potential of 15 nm GNPs to deliver higher
doses of antigens than 40 nm GNP and GNR counterparts, they
failed to activate BMDCs. GNRs were capable of delivering
significant antigen loads and caused concentration-dependent
activation of BMDCs. 40 nm GNPs were the only particles
capable of inducing significant upregulation in BMDCs activa-
tion markers. None of the tested particles caused inflammation.
These results are in agreement with previously published
studies for GNPs, however contradict published data for GNRs.

In summary, our study showed that peptide-gold nano-
conjugates comprising a gold core of differing shape and size
indeed have an impact on BMDC activation and subsequent T-
cell expansion. “Splitting” the two T-cell responses showed two
different outcomes for two different pathways: there was no
single common shape or size that would be unconditionally
beneficial for both T-cell responses.

Conclusions

Peptide-gold nanoconjugates comprising a gold core of
differing shape and size (15 and 40 nm in diameter, and rods of
40 by 15 nm) and a peptide shell did not cause cytotoxicity in
BMDCs. Cellular uptake of GNPs and GNRs by BMDCs was
governed by the gold core parameters, irrespective of the dis-
played antigen. Core particle parameters such as shape and size
indeed have an impact on BMDC activation and subsequent T-
cell expansion. Size seemed to play a major role, as the 40 nm

RSC Adv, 2022, 12,19703-19716 | 19711


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03027f

Open Access Article. Published on 07 July 2022. Downloaded on 4/10/2026 1:28:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

GNP showed superior performance in respect to the 15 nm
GNPs in every aspect. The shape of GNPs had an effect on the
CD8" T-cell response with the 40 nm GNPs being significantly
more effective than the GNRs, despite a lower epitope dose
delivered. However, these two samples showed very similar
CD4" T-cell responses. The differences in immune responses
were not governed by the total NP uptake but by the intracellular
routing of the particles (MHC-I or MHC-II pathway).

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich unless stated
otherwise. CTAB (=99%, H6269) and HAuCl, x 3H,0 (49% Au
basis, G4022) were purchased from Sigma-Aldrich. Silver nitrate
(99.999%) and Oxyma Pure were purchased from Carl Roth
GmbH. TFA, piperidine, DMF, DCM, methanol, and acetonitrile
were purchased from Biosolve. TEM grids (Formvar/Carbon,
200 mesh, on copper support) were purchased from Electron
Microscopy Sciences. FCS, penicillin/streptomycin mixture, r-
glutamate, DMEM and RPMI 1640 cell culture media were
purchased from Lonza. Mouse granulocyte-macrophage colony-
stimulating factor (GM-CSF) was purchased from PeproTech.
CD4" and CD8" isolation kits (via MACS magnetic separation)
were purchased from Miltenyi Biotech. LDH leakage assay
(LDH-Cytox™ Assay Kit) and the specific antibody against the
whole MHC-1/OVA,5,_564 complex (PE anti-mouse H-2Kb bound
to OVA,s7_364 antibody, Kb-OVA,s; 564) Were purchased from
Biolegend. ELISA standards (IL-12 and IL-1B) and antibodies,
TMB substrate, as well as immunostaining antibodies were
purchased from eBioscience.

Gold nanoparticles synthesis

Spherical particles (GNPs) of 15 and 40 nm in diameter were
synthesised via citrate reduction and overgrowth as described
elsewhere.*® The average size of the GNPs in suspension was
analysed using dynamic light scattering (DLS, Table 1). Size
parameters of the obtained GNPs were also determined by
transmission electron microscopy (TEM) using Image] software
(Fiji): mean diameters were 15.0 + 1.4 nm (n = 185) and 43.5 +
3.3 nm (n = 220). The mass of one nanoparticle was calculated
to be 34.1 and 832.2 ag, respectively; and the surface areas were
determined to be 707 and 5945 nm?.2%%°

Gold nanorods (GNRs) were synthesised via the two-step
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 of vigorous stirring, 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 puL of the seed solution was
added under vigorous stirring. After 6 hours the rods were
washed with MilliQ to remove the excess CTAB. The average
dimensions determined using TEM were 44.0 (£4.0) by 14.8
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(£1.9) nm (n = 168). The mass of one nanorod was calculated to
be 129.8 ag, and the surface area - 2046 nm®.

Peptide and peptide amphiphile synthesis

Peptides and peptide amphiphiles were synthesised by solid-
phase peptide synthesis using standard Fmoc-chemistry
protocols. The synthesis was performed on an automated
microwave peptide synthesiser, Liberty Blue (CEM), using
standard settings. All peptides and amphiphiles were syn-
thesised on a Wang resin preloaded with the corresponding C-
terminal residue. 20% piperidine in DMF was employed as the
deprotection solution, and N,N'-diisoprorylcarbodiimide (DIC)/
OxymaPure (activator/activator base) were used to activate
Fmoc-protected a-amino acids. 11-mercaptoundecanoic acid
was coupled to the peptide N-terminus using the same protocol
as for amino acid coupling but for a longer time (10 min
coupling instead of 4 min). The terminal thiol of the acyl chains
was blocked with 2,2’-Dithiobis(5-nitropyridine) (DTNP, 1 eq. in
DMF, 3 hours). The molecules were cleaved from the resin using
a cleavage cocktail comprising 2.5% triisopropylsilane (TIS),
1.5% deionized water, 2.5% phenol in trifluoroacetic acid (TFA,
RT, 2 hours). The crude peptide compounds were precipitated
into cold diethyl ether, pelleted by centrifugation, redissolved in
water, and lyophilised prior to purification. HPLC purification
was performed on a Shimadzu 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) with water and
acetonitrile as mobile phases. 0.1% TFA was added to the
mobile phases, except for purification of the base sequence
where 0.1% NH; was added. Purity of the compounds was
confirmed with LC-MS (Fig. S18-S237). The purified molecules
were lyophilised and stored at —20 °C.

Preparation and characterisation of peptide amphiphile-
coated GNPs and GNRs

Coating of the GNPs was performed via the ligand exchange
procedure as described in detail elsewhere.** Briefly, the desired
coating molecules were dissolved in DMSO, mixed at a 9:1
molar ratio (base:1 or base:2), and added to a stirred GNP
suspension. The peptide amphiphile molar excess over the
GNPs was at least 200 000. The final concentration of DMSO in
the mixture was 50% (v/v). After a 1 hour incubation the samples
were centrifuged to pellet the modified GNPs and the super-
natants were discarded and replaced with 25% DMSO (v/v).
Samples were incubated overnight and after a final centrifuga-
tion cycle, the GNPs were dispersed in 5% DMSO. Size exclusion
chromatography (SEC, NAP-25 columns, GE Healthcare) was
performed with PBS as eluent to remove free ligands and DMSO.

Particle size distributions, determined by dynamic light
scattering (DLS), and zeta-potential before and after modifica-
tion were obtained using a Zetasizer Nano-7 S (Malvern
Instruments). The average of three separate measurements was
reported. Transmission electron microscopy (TEM) measure-
ments were performed on a JEM 1400 Plus (JEOL) microscope,
with an accelerating voltage of 80 kv and with a CDD camera.
Sample preparation was as follows: a 10 uL droplet of the
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sample was deposited on a carbon-coated copper grid for
20 min. The excess sample was removed by blotting with
a fibreless tissue. The grid was washed with MilliQ water once
and blotted again. 1% (w/v) uranyl acetate staining was applied,
followed by immediate blotting and air drying. UV-vis spectra
were recorded in the 900-350 nm range using a Cary 300 UV-vis
spectrometer (Agilent). Molar concentrations of GNPs and
GNRs were determined by UV-vis using extinction coefficients
published by Haiss et al®* for spherical particles, and by
Orendorff et al.* for rod-like particles.

Determination of number concentrations of GNPs and GNRs

Gold (Au) mass quantification was conducted using inductively
coupled plasma mass spectrometry (ICP-MS) on a PerkinElmer
NexION 2000 equipped with a quartz nebulizer and a glass
cyclonic spray chamber operating in standard mode (1600 W
radio frequency power; 18 mL min ' plasma gas flow; 1.2
L min~" nebulizer gas flow; and 1.12 L min~ " auxiliary flow).
The peptide amphiphile-coated GNPs or GNRs (in suspension,
optical density (OD) ~0.3-0.5) were mixed 1 : 1 (v/v) with aqua
regia (HNO; : HCI = 1 : 3) and were subjected to digestion at
70 °C for 1 hour. Mixtures were diluted 25x times with MilliQ
water and directly measured for '°’Au isotope content. Knowing
the optical densities of the suspensions before digestion with
aqua regia, the mass of digested gold, and the calculated mass
of one nanoparticle, it was possible to link the OD of GNP or
GNR suspensions with their number concentrations. Deviations
in the determined gold concentration between the samples with
the same core were not significant (Fig. S21), and could be
attributed to incomplete nanoparticle digestion and analysis
error, which can lead to deviations of up to 10%.>°

Determination of antigen loading displayed onto GNPs and
GNRs

Antigen loading was expressed as shown in eqn (1):
AL = dW X SNP X NNP (1)

where AL is the antigen loading that a GNP or GNR suspension
with an ODygpr = 1.0 contains; dy is coverage density of
a model molecule W (see Scheme S1t) displayed on the gold
surface; Syp is the square area of one nanoparticle; and Nyp is
the number concentration of nanoparticles in a suspension
with OD;gpr = 1.0 (determined using ICP-MS, see above).
Coverage density dy, was determined using UV-vis spectros-
copy. Briefly, base and W peptide amphiphiles were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 1.0 mg mL ') and
mixed at a molar ratio of 9 : 1. This mixture was diluted with
HFIP to obtain a final concentration of base of 0.50 mg mL ™.
Next, it was added to the GNPs and GNRs: for every 0.3 mL of the
peptide amphiphile mixture, 0.5 mL of a citrate- or CTAB-
protected nanoparticle suspension was taken (ODs;9 = 4.5 for
15 nm GNPs, ODs53, = 2.5 for 40 nm GNPs, and OD;5¢ = 3.2 for
GNRs). After a 1 hour incubation with stirring, the nano-
particles were pelleted via centrifugation. The pellets were
rehydrated with MilliQ water and lyophilised. The dry residue
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was redissolved in HFIP and nanoparticles were pelleted again.
Both supernatants were analysed to determine concentrations
(e230(W) = 5600 M~ 'em™"). Knowing the molar concentrations
of GNPs and GNRs and their surface areas, as well as added
concentrations of W, the following dy, values were calculated:
0.58 peptide per nm? for 15 nm GNPs; 0.35 peptide per nm? for
40 nm GNPs; and 0.46 peptide per nm> for GNRs. Using
a simple proportion based on the molecular weight of OVA,s-
264, and OVAgz,3 339, and particle number concentrations ob-
tained using ICP-MS, the coverage densities were recalculated
for epitope loading.

Animals

C57Bl/6, OT-1, and OT-II transgenic mice were purchased from
Jackson Laboratory (CA, USA). The animals were bred in-house
in agreement with standard laboratory conditions, and
provided with water and food ad libitum. The animals were
treated in compliance with the Dutch government guidelines
and the Directive 2010/63/EU of the European Parliament.
Experiments were approved by the Ethics Committee for Animal
Experiments of Leiden University.

Bone marrow-derived dendritic cells (BMDCs)

Bone marrow was extracted from tibias, femurs, and thigh
bones of C57BL/6 or OT-I/OT-II mice. A single-cell suspension of
bone marrow cells was prepared using a 70 pm cell trainer
(Greiner Bio-One B.V.). The cell culture medium used for the
maturation was DMEM supplemented with 2 mM r-glutamine,
5% (v/v) FCS, 100 U mL ™" penicillin/streptomycin. Bone marrow
cells were seeded in 95 mm Petri dishes at a density of 8-10 x
10° cells per dish (Greiner Bio-One B.V.) and incubated at 37 °C
and 5% CO, for 10 days. Medium was refreshed four times
during the 10 day period, 20 ng mL ™" GM-CSF was added to the
medium to induce and maintain the maturation of progenitor
cells into BMDCs.

LDH leakage assay

LDH leakage assay was performed to determine cytotoxicity of
the peptide-gold conjugates in BMDCs. For this assay, BMDCs
were cultured as described above. After 10 days of culturing,
BMDCs (20 x 10° per well) were plated in 96-well plates (Greiner
Bio-One B.V.) and were exposed to GNPs and GNRs (50 pL per
well, 200 pL total well volume) for 4 and 24 hours at 37 °C (5%
CO,). A negative control (50 pL of PBS) and a positive control (50
uL of the assay lysis buffer) were added to every plate. After the
exposure, the plates were centrifuged (1500 rpm, 5 min) and 30
uL of the supernatants were taken for analysis which was per-
formed according to the manufacturer's manual (non-
homogenous assay protocol). Cytotoxicity was expressed as the
difference between the samples and negative and positive
controls (eqn (2)):

(4-0)

T2 %100 2)

Cytotoxicity (%) = (B0

where A is the signal arising from the GNP- and GNR-treated
wells, B - the signal from the cell treated with assay lysis
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buffer, and C - is the signal coming from the negative control
wells (PBS-treated). Signals were derived from absorbance at
490 nm measured using a microplate reader (infinite 200 PRO
Tecan). Every sample was tested in three individual wells. The
data shown is an average of three independent experiments (N
=3,n=23).

GNPs and GNRs uptake by BMDCs

This step was duplicated for two independent experiments:
measuring cellular uptake of GNPs and GNRs via direct detec-
tion of the gold content per cell (ICP-MS assisted) and visual-
isation of subcellular localisation with TEM analysis. Samples
analysed included 15-1, 15-2, 40-1, 40-2, Rods-1, and Rods-2.
Mature DCs were seeded at a density of 1 x 10° cell per well in 6-
well plates (Greiner Bio-One B.V.). 250 pL of sample (15 nm
GNPs - equivalent to =500 nM epitope; 40 nm GNPs - equiv-
alent to =125 nM epitope; GNRs - equivalent to =300 nM
epitope in the cell exposure medium) were diluted 2x times
with DMEM and added to the wells (3 mL total volume). The
cells and the samples were incubated for 4 hours at 37 °C (5%
CO,). Next, the cells were washed with PBS (pH 7.2) to remove
the non-associated nanoparticles.

For the cell visualisation experiment, a coverslip (Therma-
nox, 24 mm in diameter, Nunc) was added to each well. The
cells were fixed with 2% (v/v) glutaraldehyde, 2% formaldehyde
in sodium cacodylate buffer (0.1 M, pH 7.2, 2 hours at room
temperature). After fixation, 1% (w/v) OsO, with addition of
potassium ferrocyanide (0.8%) was applied for 1 hour at room
temperature. Next, the cells were dehydrated through ethanol
graded series and embedded into Agar 100 resin (Agar Scien-
tific, AGR1043). Thin sections (70 nm) were cut from the resin
using a Leica Ultramicrotome equipped with a diamond knife.
The images were acquired on a JEM 1400 Plus microscope,
fitted with a CCD camera, at an accelerating voltage of 80 kv.
The vesicles dimensions were determined using Fiji Image]
software. Since vesicles are not completely spherical, each
vesicle was measured across its longest and shortest axes, and
a mean value was reported in Fig. S5.F

ICP-MS was also used to determine the average gold content
per cell. After 4 hours of incubation time, the BMDCs were
washed with PBS (pH 7.2, 3x times), detached with a cell
scraper (Sarstedt) and counted. The cells were lysed with aqua
regia (1 mL cell sample volume, 1 : 1 dilution, 1 hour at 70 °C).
Lysates were diluted 25x times with MilliQ water and directly
measured in triplicate using the method described above. Since
both the cell numbers and total gold content were known, the
average gold content per cell could be calculated (Fig. 3G-I).

OT-I and OT-II experiments

BMDCs were cultured as described above for 10 days, and
pulsed for 4 hours with GNPs, GNRs or controls (PBS or free
epitopes) followed by complete removal of the particles from the
cell culture. Spleens were removed from OT-I or OT-II mice and
strained through a 70 pm cell strainer to yield a single-cell
suspension. Red blood cells (erythrocytes) were lysed with
Ammonium-Chloride-Potassium (ACK) lysis buffer (0.15 M
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NH,Cl, 1 mM KHCOj3, 0.1 mM Na,EDTA; pH 7.3). CD8" or CD4"
cells were isolated via magnetic separation using a CD8" or
CD4" T cell isolation kit according to the supplier's protocol.
Enriched T-cell fractions were stained with CFSE-FITC and then
added to the plates with BMDCs in the ratio of 3 : 1 = specific T
cells:BMDCs in complete RPMI 1640 medium (supplemented
with 2 mM glutamine, 5% FCS, 100 U/mL penicillin/
streptomycin, and 50 uM B-mercaptoethanol). T cells were left
to proliferate for 72 hours in the same plates (37 °C, 5% CO,).
Cells were immunostained for Thy1.2, CD4 or CD8, CD25, as
well as for viability, and analysed by flow cytometry on a Cyto-
FLEX S (Beckman Coulter). Data analysis was done using the
FlowJo software (Treestar). Each experiment was repeated three
times (N = 3, n = 3), and a representative example is shown in
Fig. 4. The gating strategy can be found in Fig. S6.f The
proliferation rate was expressed through the CD25'CFSE-FIT-
C'*% cell subset. GraphPad Prism version 7.00 for Windows
(GraphPad Software) was used to analyse the data and to plot
the dose-response curves.

For the analysis of antigen processing and presentation by
BMDCs immunostaining for the full MHC-I/OVAjs5; 264
complex, Ky,-OVA,5-_564, was used. Mature BMDCs (50 x 10° cell
per well in 96-well plates) were exposed to GNPs and GNRs for 4
hours. Cell culture supernatants were removed and half of the
wells were analysed directly, and the other half was supplied
with fresh medium and analysed after 24 hours. DMEM was
used as a negative control, and free OVA,s,.,64 — s positive one.
Flow cytometry was performed on a CytoFLEX S. Data analysis
was done using FlowJo software. The gating strategy can be
found in Fig. S7.1 The data shown is a representative example of
two independent experiments (N = 2, n = 3).

Activation of BMDCs

Activation of BMDCs was monitored through cytokine release
and upregulation in expression of cellular receptors. Mature
BMDCs (20 x 10° cell per well in 96-well plates) were treated
with GNPs and GNRs for 24 hours in the same manner as
above for the LDH assay. The cell culture supernatants were
checked for IL-12 and IL-1B levels. A ‘sandwich’ ELISA was
performed according to a standard protocol at room temper-
ature and involved the following steps: (1) coating the 96-well
plates (half area, Costar) with capture antibodies (eBioscience,
overnight at 4 °C); (2) blocking the wells from non-specific
interactions by incubation with BSA (2.5% w/v in PBS, 1
hour); (3) incubation (2 hours) with the supernatant of GNP-
exposed cells, PBS-treated samples, IL-12 standard at
different concentrations, and blank wells (blocking buffer); (4)
addition of detection antibodies and complexation with SAv-
HRP (1 hour). The readout was based on the reaction of the
HRP conjugate with an TMB substrate (BD Bioscience). The
reaction was stopped with 1 N H,SO, when the blue color in
the well became intense. Absorbance at 570 nm was subtracted
from absorbance at 450 nm (recorded using a microplate
reader Infinite 200 PRO Tecan). Samples from three indepen-
dent experiments were analysed (N = 3, n = 3). For results see
Fig. 5A, B and S10-S12.t

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Next, mature BMDCs (50 x 10° cell per well in 96-well plates)
were exposed to GNPs and GNRs for 4 hours. Cell culture
supernatants were removed and half of the wells were analysed
directly, and the other half were supplied with fresh medium
and analysed after 24 hours. The procedure included immu-
nostaining for CD80, CD86, as well as viability. PBS was used for
negative control, and Lipopolysaccharides from Escherichia coli
(LPS, Sigma-Aldrich) were used for positive control. Flow
cytometry was performed on a CytoFLEX S. Data analysis was
done using FlowJo software. The gating strategy can be found in
Fig. S13.7 The data shown is a representative example out of two
independent experiments (N = 2, n = 3).
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