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ABSTRACT: Gold nanostars (AuNSs) are anisotropic nanoparticles that
display morphology-tunable optical properties. Most AuNS synthetic methods
require a two-step procedure and the use of cytotoxic and/or strongly bound

AuNSs overcomes those limitations by using biocompatible Good’s buffers,
such as HEPES, as reducing and stabilizing agents. However, the simplicity of
this one-pot protocol (i.e., two reagents and one solution) can result in high
batch-to-batch variability, as several factors are thought to affect the growth of
the nanostars. In this paper, we used a fractional factorial design of experiments
to identify five factors (i.e, HEPES concentration, Au’* concentration,
temperature, pH, and stirring) that control the growth, morphology, and
optical properties of AuNSs. Notably, we identified several secondary
interactions, most prominently, temperature—Au3+ concentration and pH-—

pH
Stirring
HEPES

Au

HEPES concentration, for which simultaneous changes of both factors induced larger effects than the sum of effects of each factor
alone. These results provide new insights into the growth of AuNSs, explaining some of the discrepancies in the literature regarding
the impact of certain factors and highlighting the importance of characterizing secondary interaction effects to improve the synthesis

of gold nanoparticles with desired properties.

Bl INTRODUCTION

Anisotropic gold nanoparticles display unique optical proper-
ties, which depend on their size, shape, and dielectric
environment.”” Among the different morphologies, gold
nanoparticles with sharp branches (known as gold nanostars,
AuNSs) are of particular interest because they sustain localized
surface plasmon (LSP) resonances and strong near-field
enhancement at their branch tips.” These properties result in
AuNSs displaying the highest surface-enhanced Raman spec-
troscopy enhancement factors among the different gold
nanoparticle shapes and very sensitive optical responses upon
refractive index changes in their surroundings.*™® Because their
LSP bands can be shifted (by manipulating the nanoparticle
morphology) toward the near-infrared region of the spectrum,
where light has deeper tissue penetration, AuNSs have been
used as nanoconstructs for photothermal therapy and photo-
acoustic imaging.”~"' Moreover, the ability to obtain a set of
AuNSs with varied morphologies and LSP bands centered at
different wavelengths has the potential to be used for
multiplexed molecular imaging.

AuNSs are usually synthesized through a seed-mediated
process, where spherical gold nanoparticles are used as seeds
by adding them into a growing solution that contains a shape-
directing agent.n_14 In the last few years, however, seedless
methodologies have become more common as they allow the
nucleation (and formation of the seeds) and the subsequent
anisotropic growth of the nanoparticles in a single solution."*'

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

Good’s buffers, such as HEPES, can be used as both shape-
directing and reducing agents during the seedless synthesis of
AuNSs." Because Good’s buffers are biocompatible (i.e., they
are used as buffers in many biological settings), they are
advantageous for biomedical applications'’ over many
common shape-directing agents, which are cytotoxic and
need to be carefully removed from the particle surface before
further use.'®™"

synthesis of AuNSs (i.e., two precursors and one-pot solution),

Despite the simplicity of the seedless

many factors are thought to affect the growth of the
nanoparticles (e.g, chemical ratios, temperature, pH, and
stirring), which can result in high batch-to-batch variabil-
ity.">'® Moreover, a previous work with gold nanorods
(another anisotropic gold nanoparticle) indicated that
simultaneous changes of multiple factors have additive effects,
which are stronger than the sum of single factor changes.”'
Although identifying these multilevel factorial effects is
necessary to understand the growth of AuNSs, which allows
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us to consistently synthesize particles with desired properties,
they are rarely (if ever) studied.

The number of experiments necessary to identify multilevel
factorial effects increases exponentially with the number of
studied factors.”> Thus, performing all the necessary experi-
ments to identify these multilevel effects can be very intensive
in time and resources. Alternatively, fractional factorial designs
are experimental designs, where a subset of all experiments is
carefully chosen in order to identify the key effects.””™>
Factorial designs rely on the sparsity-of-effects principle, which
states that single- and two-factor interactions tend to be the
most significant ones ruling a system response.z‘%’26 For
example, in the past, a fractional factorial design of experiments
revealed the most important (one- and two-factor) interactions
during the seed-mediated growth of gold nanorods.”' Hence, a
study based on a fractional factorial design could allow us to
understand what the key factors of the AuNS seedless synthesis
are and to what extent those factors interact with each other, as
well as to provide further insight into the growth mechanism of
AuNSs.

Here, we studied the primary and secondary interaction
effects that rule the seedless growth of AuNSs by using a
fractional factorial design. The LSP band was redshifted
(blueshifted), and the aspect ratio of AuNS branches increased
(decreased) by changes of HEPES concentration and pH
(Au3+ concentration). Moreover, several secondary interac-
tions induced larger effects than the sum of each factor effect
alone. These results provide new insights into the growth of
AuNSs, which may explain the discrepancies in the literature
regarding the effects of certain factors.

B RESULTS AND DISCUSSION

The seedless synthesis of AuNSs with HEPES is commonly
performed as follows (Figure 1a): at 25 °C, 0.2 mL of HAuCl,
(10 mM) solution is added to the HEPES solution (9.8 mL,
pH 7.4) followed by 30 s of vigorous stirring and 2 h of
growing time. The final HEPES and Au®" concentrations are
150 and 0.2 mM, respectively. The morphology and optical

a

HAuCI, 4
+ 0P 25°C b <
—_— >
S< - 8
N~ " 0H Stirring \‘/ S
H=7.4
Ho/\/N\) P |
b HEPES
1.0 R, =83 ®
c Rya= 750
<1 HA
E—j 0.5 50 nm
X R 750‘
. R,,= 83 ,:i i
400 600 800 1000

Wavelength (nm)

Figure 1. Seedless synthesis of AuNSs with HEPES buffer. (a)
Schematic representation of seedless growth of AuNSs. (b) Visible—
near infrared (vis—NIR) spectra and transmission electron micros-
copy (TEM) images of AuNSs with short and long branches obtained
with HEPES/Au’* ratios (Ry,) of 83 and 750, respectively.

properties of AuNSs are frequently tuned by adjusting the
concentration of HEPES and Au®" in the growing solution. For
instance, by increasing the ratio between HEPES and Au**
(Rys) from 83 to 750, the AuNS LSP band redshifts from 552
to 765 nm, as the aspect ratio of their branches increases from
0.74 up to 1.78 (Figure 1b).

Table 1 shows the five experimental factors that have been
characterized in the current study. These factors were selected

Table 1. Experimental Conditions Used for each Factor and
Their Comparison to the Standard Protocol

factors standard protocol low (—1) high (+1)
A temperature 25 °C 25 °C 50 °C
B pH 7.4 6.8 7.4
C HEPES 150 mM 50 mM 150 mM
D Au* 0.2 mM 0.2 mM 0.6 mM
E stirring 30s 0s 30s

based on previous reports, which identified them as parameters
affecting (to certain extent) the seedless growth of AuNSs.'*'°
For each factor, we defined two levels to be evaluated by the
fractional factorial design of experiments. Hence, the
experimental design used is a 2" fractional factorial design
(Table S1), which includes 5 factors with 2 levels each,
determined by 16 number of observations (experiments),
resulting in a resolution of 5. The 2,°~" fractional factorial
design allows us to discern both primary and secondary
interaction effects. Further details on the fractional factorial
design can be found in the Materials and Methods section
(Supporting Information). For each experiment, the resulting
AuNSs were characterized by vis—NIR spectroscopy and TEM,
and their LSP band wavelength maximum and morphological
parameters (i.e., aspect ratio and length of branches, and Feret
diameter) were determined.

LSP Band Wavelength. The fractional factorial design
(Figure 2) showed that the primary and secondary interaction
effects of three factors determine the position of the LSP band
(p-value < 0.05). The statistical analysis of secondary
interaction effects is displayed in Figure S1. Those three key
factors are the concentration of HEPES, Au**, and pH. It is
worth noting that when displaying the data as a function of
primary interactions (Figure 2b—f), a wide dispersion of data
points is observed. This is because the data are grouped and
displayed based on one factor (e.g, low or high HEPES
concentration), independently of the values of the other factors
(e.g., temperature, pH, stirring, and Au** concentration) set
during the experiment. Despite this, 2,°~" fractional factorial
designs allow us to disentangle primary and secondary
interaction effects.”®

HEPES concentration is the most dominant factor when
tuning the LSP band position via both primary and secondary
interaction effects. Hence, when increasing the HEPES
concentration from low (50 mM) to high (150 mM) factor
level, the LSP band redshifted 105.0 + 15.3 nm. All the
secondary interaction effects of HEPES also redshifted the LSP
position between 59.5 + 25.4 and 167.2 + 8.3 nm. Because
HEPES is both the reducing and shape-directing agent, higher
HEPES concentration results in larger anisotropic growth,
which yields a longer aspect ratio AuNSs with the LSP band
centered at longer wavelengths. The effects of HEPES (and the
other factors) on AuNS morphology are characterized in the
following sections.

https://doi.org/10.1021/acs.jpcc.2c06396
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Figure 2. Primary and secondary interaction effects on the LSP band position. (a) Summary of the interaction effects, and primary interaction
results of (b) temperature, (c) pH, (d) stirring, (¢) HEPES concentration, and (f) Au** concentration on the LSP band position. (**) and (*%#%¥)

indicate groups that are significantly different with p < 0.01, and p < 0.0001, respectively (independent two-sample t-test).
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Figure 3. Primary and secondary interaction effects on the branch aspect ratio. (a) Summary of the interaction effects, and primary interaction
results of (b) temperature, (c) pH, (d) stirring, (e) HEPES concentration, and (f) Au** concentration on the aspect ratio. (*) and (**) indicate

groups with medium (Cohen’s d > 0.3) and large (Cohen’s d > 0.6) effect sizes, respectively.

Increases in pH also redshifted the LSP band (between 62.2
+ 19.7 and 822 + 28.5 nm) via primary and secondary
interaction effects. At higher pH, the amines from the HEPES

piperazine ring get deprotonated, increasing their binding

affinity for Au’”” which results in larger anisotropic growth

and LSP bands centered at longer wavelengths.15
Regarding Au®, it was the only factor that blueshifted the

LSP band (between 45.5 + 20.7 and 65.8 + 30.1 nm). As the
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Figure 4. Primary and secondary interaction effects on the branch length. (a) Summary of the interaction effects, and primary interaction results of
(b) temperature, (c) pH, (d) stirring, (¢) HEPES concentration, and (f) Au® concentration on the branch length. (*) and (**) indicate groups
with medium (Cohen’s d > 0.3) and large (Cohen’s d > 0.6) effect sizes, respectively.

ratio between HEPES and Au®" decreases, so does the
proportion of the shape-directing agent per ion of gold to
drive the anisotropic growth of AuNSs. As a result, more
isotropic nanoparticles are synthesized, which display LSP
bands centered at shorter wavelengths.

Our quantitative results on the primary effects of HEPES
concentration, Au?t concentration, and pH are consistent with
qualitative observations previously reported.”” Interestingly,
despite variations on HEPES and Au** promoted opposing
effects, simultaneous changes of both factors redshifted the
LSP band, confirming that HEPES concentration was the most
dominant factor.

It is noteworthy that the strongest blue shift of the LSP band
(65.8 = 30.1 nm) was caused by a secondary interaction
between temperature and Au®* concentration, despite variation
of temperature alone having no statistical effect, and the
variation of Au®* content alone only induced a moderate LSP
blueshift. Hence, the resulting secondary interaction effect was
stronger than the sum of either effect alone. Higher
temperatures promote faster Au** reduction by HEPES,
which can hamper the shape-directed growth. Based on our
results, the temperature effects are stronger when combined
with another factor that also promotes the growth of AuNSs
with LSP bands centered at shorter wavelengths.

Aspect Ratio and Length of the Branches. The position
of the main LSP band of AuNSs is primarily defined by the
morphology of the branches. Therefore, we characterized the
AuNS branches (aspect ratio and length) by TEM (Figure S2).
The fractional factorial design (Figures S3 and S4) indicated
that all primary and secondary interactions influenced the
aspect ratio of the AuNSs (p-value < 0.05), even in cases where
the changes of aspect ratio were rather small. This observation
was partially a statistical artifact, since f-tests tend to
overestimate statistical significances when comparing large

18583

populations (in our case, between hundreds and thousands of
branches per experimental group). Therefore, we further
calculated the effect size (Cohen’s d), which determines the
strength of an effect when comparing two populations.*®
Further details on the statistical analysis can be found in the
Materials and Methods section.

Consistently with our observations on LSP band variations,
the primary and secondary interaction effects of HEPES
concentration, Au®* concentration, and pH determine the
aspect ratio of the branches (Cohen’s d > 0.3, Figure 3). On
the one hand, changing the HEPES concentration and pH
from a low to high factor level increased the aspect ratio of the
branches by 0.40 + 0.02 and 0.30 + 0.02, respectively. On the
other hand, changes in Au’* concentration decreased the
aspect ratio by 0.22 + 0.02.

Beyond the primary effects, eight secondary effects involving
one of the three factors (i.e, HEPES concentration, Au**
concentration, and pH) were observed (Cohen’s d > 0.3).
Interestingly, the strongest effects were observed in secondary
interactions, particularly on simultaneous variations of pH and
HEPES concentration and pH and stirring. The latter is the
most puzzling, as stirring itself has barely any effect on the
aspect ratio of the branches, and the primary pH effect is
significantly lower in magnitude than the one observed for
pH—stirring.

Similar observations were identified when characterizing the
primary and secondary effects on AuNS branch length (Figures
4, SS and S6). The strongest effects were caused by secondary
interactions (i.e., pH—stirring, stirring—HEPES, and pH-—
HEPES), despite changes of stirring alone having no effect on
the branch length. These differences between primary and
secondary interactions of stirring may explain the discrepancies
in the literature regarding the effect (and the need) of stirring
during the growth of AuNSs with Good’s buffers.'>"®
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Figure 5. Primary and secondary interaction effects on AuNS size. (a) Summary of the interaction effects, and primary interaction results of (b)
temperature, (c) pH, (d) stirring, (¢) HEPES concentration, and (f) Au*" concentration on the AuNS size. (**) indicates groups with large

(Cohen’s d > 0.6) effect sizes.

Taken together, HEPES concentration and pH were the two
main factors (both via the primary and secondary interactions)
that promoted the growth of AuNSs with longer branches (and
higher aspect ratio), which displayed LSP bands centered at
longer wavelengths. Contrarily, increases in Au®* concentration
promoted the growth of AuNSs with shorter branches and LSP
centered at shorter wavelengths. Some of the strongest changes
in the LSP position and branch morphology were caused by
secondary interaction effects, which were larger than the sum
of each factor effect alone.

Size of AuNSs. Lastly, the effects of the five factors on the
overall AuNS size (Feret diameter) were characterized. Size
does not define the LSP position of the AuNSs; however, it
determines the absorption and scattering of the nano-
particles.'* Smaller AuNSs display a larger proportion of
absorption, which is preferred for photothermal applications,
while larger particles show a stronger scattering component
that is preferred for certain types of microscopies. The
fractional factorial design (Figures S, S7 and S8) identified
that the AuNS size was mainly affected by temperature through
both the primary and secondary interactions (Cohen’s d >
0.3). Increasing the temperature from the low (25 °C) to the
high (50 °C) factor level decreased the nanoparticle size by 9.8
+ 0.6 nm. The secondary interaction effects of temperature
were even stronger, shrinking the AuNS size to between 9.9 +
1.0 and 11.8 + 1.0 nm. These results are consistent with
observations reported for other anisotropic gold nano-
particles,29 since increases in temperature tend to promote
the growth of more isotropic (and smaller) nanoparticles due
to the faster growing kinetics. However, our results also
highlight that the Feret diameter and branch length are not
necessarily always correlated, since a AuNS can have shorter
branches but an overall larger size, due to a larger core (Figure
S9).

B CONCLUSIONS

In summary, we performed a fractional factorial design of
experiments to identify the factors that determine the seedless
growth of AuNSs. HEPES concentration, Au** concentration,
and pH (either alone or in combination with other factors)
affected the LSP band position and aspect ratio of the
branches, while temperature (and its secondary interactions)
tuned the AuNS size. It is worth noting that changes in stirring
time alone had no major effects, but strongly affected the LSP
band position, branch morphology, and AuNS size when
combined with other factors. These results highlight the
complexity of the factors that rule the seedless growth of
AuNSs and the importance of characterizing secondary
interaction effects in order to synthesize nanoparticles with
desired properties.
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Materials and methods

Materials

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and sodium hydroxide (NaOH)
were purchased from Carl Roth (Karlsruhe, Germany). Gold (III) chloride trihydrate
(HAuCl4-3H20) was purchased from Sigma-Aldrich (St. Louis, USA). Deionized (DI) water
was produced by a PURELAB flex 2 device from ELGA LabWater (Celle, Germany) and used

for all experiments. All reagents were of appropriate analytical grade.
AuNS synthesis and fractional factorial design of experiments

AuNSs were synthesized following a previously reported method.! Briefly, at 25 °C, 0.2 mL
of HAuCls (10 mM) solution was added to the HEPES solution (9.8 mL, pH 7.4) followed by
30 s of vigorous stirring and 2 h of growing time. The fractional factorial design table is
displayed as Table S1. The pH of the HEPES solution was adjusted by NaOH (12 M) solution

and the high temperature experiments were carried out in a water bath.

Table S1. Fractional factorial design of experiments.

Experiment Stirring HEPES pH Temperature Au
FFD 1 -1 -1 -1 -1 +1
FFD 2 +1 -1 -1 -1 -1
FFD 3 -1 +1 -1 -1 -1
FFD 4 +1 +1 -1 -1 +1
FFD 5 -1 -1 +1 -1 -1
FFD 6 +1 -1 +1 -1 +1
FFD 7 -1 +1 +1 -1 +1
FFD 8 +1 +1 +1 -1 -1
FFD 9 -1 -1 -1 +1 -1
FFD 10 +1 -1 -1 +1 +1
FFD 11 -1 +1 -1 +1 +1
FFD 12 +1 +1 -1 +1 -1
FFD 13 -1 -1 +1 +1 +1
FFD 14 +1 -1 +1 +1 -1
FFD 15 -1 +1 +1 +1 -1
FFD 16 +1 +1 +1 +1 +1

S2



Visable-near infrared extinction spectropy

The AuNS visable-near infrared (Vis-NIR) spectra (from 400 nm to 1000 nm) were measured
using a TECAN Infinite M200 Pro microplate readers (Tecan Group Ltd., Ménnedorf,

Switzerland). The reader was set in absorbance scan mode with a scan interval of 2 nm.
Transmission electron microscopy

Transmission electron microscopy (TEM) was employed to determine the size, branch length
and aspect ratio of AuNSs. Each AuNS solution was washed by centrifugation (9000 rpm for
10 min) and re-suspended in DI water before dropcasting on a 200-mesh carbon filmed copper
grid (Plano GmbH, Wetzlar, Germany). Grids were dried at room temperature overnight before

being imaged with a Hitachi TEM system at 100kV.
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Figure S1. Secondary interaction effects on LSP band position. Secondary interaction
effects of (a) temperature—pH, (b) temperature—HEPES concentration, (c)
temperature—Au’" concentration, (d) temperature—stirring, (¢) pH—Au>" concentration,
(f) pH-stirring, (g) pH-HEPES concentration, (h) Au®" concentration—HEPES
concentration, (i) Au*" concentration—stirring, (j) stirring—HEPES concentration on LSP
band position. (*), (**), (***) and (****) indicate groups that are significantly different
with p <0.05, p <0.01, p <0.001and p < 0.0001, respectively (independent two-sample
t-test).
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Figure S2. TEM images of synthesized AuNSs. TEM images of AuNSs from fractional
factorial desigen in Table S1: (a) FFD 1, (b) FFD 2, (¢) FFD 3, (d) FFD 4, (e) FFD 5, (f) FFD
6, (g) FFD 7, (h) FFD 8, (i) FFD 9, (j) FFD 10, (k) FFD 11, (1) FFD 12, (m) FFD 13, (n) FFD
14, (o) FFD 15, (p) FFD 16.
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large (Cohen’s d > 0.9) effect sizes, respectively.
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Figure S9. TEM images of synthesized AuNSs. (a) AuNSs of FFD1, with larger
size (63.8 £ 15.2 nm) but smaller aspect ratio branches (0.79 = 0.22); (b) AuNSs of
FFD8, with smaller size (42.5 = 14.5 nm) but larger aspect ratio branches (1.78 +
0.72 nm).
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Nanoscale engineering of gold nanostars
for enhanced photoacoustic imaging
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Roger M. Pallares'

Abstract

Photoacoustic (PA) imaging is a diagnostic modality that combines the high contrast resolution of optical imaging
with the high tissue penetration of ultrasound. While certain endogenous chromophores can be visualized via PA
imaging, many diagnostic assessments require the administration of external probes. Anisotropic gold nanoparticles
are particularly valued as contrast agents, since they produce strong PA signals and do not photobleach. However,
the synthesis of anisotropic nanoparticles typically requires cytotoxic reagents, which can hinder their biological
application. In this work, we developed new PA probes based on nanostar cores and polymeric shells. These

AUNS were obtained through one-pot synthesis with biocompatible Good's buffers, and were subsequently
functionalized with polyethylene glycol, chitosan or melanin, three coatings widely used in (pre)clinical research.
Notably, the structural features of the nanostar cores strongly affected the PA signal. For instance, despite displaying
similar sizes (i.e. 45 nm), AuNS obtained with MOPS buffer generated between 2 and 3-fold greater signal
intensities in the region between 700 and 800 nm than nanostars obtained with HEPES and EPPS buffers, and up
to 25-fold stronger signals than spherical gold nanoparticles. A point source analytical model demonstrated that
AUNS synthesized with MOPS displayed greater absorption coefficients than the other particles, corroborating the
stronger PA responses. Furthermore, the AuNS shell not only improved the biocompatibility of the nanoconstructs
but also affected their performance, with melanin coating enhancing the signal more than 4-fold, due to its own
PA capacity, as demonstrated by both in vitro and ex vivo imaging. Taken together, these results highlight the
strengths of gold nanoconstructs as PA probes and offer insights into the design rules for the nanoengineering of
new nanodiagnostic agents.

Introduction

Photoacoustic (PA) imaging, also known as optoacoustic
imaging, is a biomedical imaging modality where acoustic
signal is generated by irradiating a target with light [1, 2].
It is a non-invasive imaging tool that is commonly used
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differentiated without the administration of a probe [10,
11]. Still, most PA imaging applications require a probe
to generate the signal [6, 12]. To date, most probes are
based on organic dyes, which suffer from photobleaching
and limited absorbance and PA signal generation [10, 13].
Consequently, new probes with enhanced PA capabilities
and resistance to photobleaching are necessary to further
enhance the diagnostic capacities of PA imaging.

Gold nanoparticles are currently being explored as
highly performing PA probes because of their strong
extinction coefficients and morphology-dependent opti-
cal properties [3]. By modifying size and shape of the
nanoparticles, their localized surface plasmon (LSP) res-
onances can be tuned [14—16]. Notably, upon light exci-
tation, the nanoparticles partially release the absorbed
energy through non-radiative decay pathways, in which
large amounts of heat are locally generated [17, 18]. This
release of heat has been exploited for diagnostics via PA
imaging and therapeutics via photothermal therapy [19,
20]. For instance, gold nanoparticle-based photothermal
therapy is currently being investigated in clinical studies
for prostate cancer treatment and atherosclerotic plaque
removal [21].

Among the different morphologies synthetically avail-
able, those with anisotropic features, such as rods and
stars, are of particular interest, since their LSP bands
can be centered within the near-infrared window (NIR,
650-1100 nm), i.e. a region of the spectrum where tis-
sue displays lower absorption and scattering [22-26].
Gold nanorods have been historically preferred for pho-
toacoustic imaging, since they were the first anisotropic
nanoparticles obtained [27-29]. However, gold nanorods
are primarily synthesized with cetyltrimethylammonium
bromide as shape-directing agent [30], which is cytotoxic
and hard to remove from the nanoparticle surface, poten-
tially hampering the use of gold nanorods for biomedi-
cal applications [31, 32]. Alternatively, gold nanostars
(AuNS) with LSP resonances that depend on nanoparti-
cle morphology [33], such as aspect ratio of the branches,
can been obtained with biocompatible reagents [34—
36]. For example, the seedless synthesis of AuNS with
Good’s buffers is a commonly used synthetic method,
since it relies on biocompatible Good’s buffers, such
as 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES),  4-(2-hydroxyethyl)-1-piperazinepropanesul-
fonic acid (EPPS), and 3-(N-morpholino)propanesulfonic
acid (MOPS), which are commonly used in cell and tis-
sue cultures. The Good’s buffers act as both reducing and
shape-directing agents, tailoring the morphology of the
AuNS cores and branches, and stabilizing the particles
in aqueous solution without the need for further addi-
tion of surfactants [16, 35, 36]. The key features of AuNS,
such as LSP resonance position, size and the morphology
of branches can be easily modulated by the selection of
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Good’s buffer and the ratio of buffer to gold during the
synthesis [16, 36]. Despite all these advantages, AuNS
synthesized with Good’s buffers have been rarely (if ever)
used for PA imaging.

Therapeutic and imageable gold nanoconstructs are
regularly functionalized with polymers to improve their
biocompatibility and stability [37, 38]. The polymer shell
not only prevents gold nanostructures from aggregating
in biological fluids but also enhances their circulation
times in blood, improving their passive accumulation in
pathological tissues via the enhanced permeability and
retention effect [39, 40]. Notably, pioneering work by
Repenko et al. demonstrated that the polymer coating
could enhance the PA signal generated by gold nano-
constructs, as it changes the dielectric environment of
the particles and some polymers display inherent PA
response [41]. Thus, the polymer coating may offer a new
avenue to further strengthen the PA intensity of AuNS
synthesized with Good’s buffers. However, to that end, a
systemic study of the effect of gold nanoparticle-ligand
interactions on PA imaging performance is necessary.

Here, we show that the structural features of the gold
core and the ligand shell play instrumental roles in the PA
response of the probes. Although all synthesized nano-
constructs had similar sizes, the AuNS obtained with
MOPS displayed between 2 and 3-fold greater PA sig-
nal than the stars obtained with HEPES and EPPS, and
between 19 and 25-fold greater PA signal than the control
spherical gold nanoparticles (AuNPs), which were chosen
because they do not display anisotropic features and are
the most commonly used gold nanocrystals for biomedi-
cal applications. Furthermore, while most ligands did not
affect the imaging performance of the probes and only
improved their biocompatibility, melanin enhanced the
imaging response of the nanoconstructs up to 4.5-fold,
because of its inherent optical characteristics. The PA
generation of the melanin functionalized AuNS was pre-
served in biological environment as demonstrated by in
vitro and ex vivo experiments. Our results provide novel
insights into the design of highly performing PA probes
for (pre)clinical research.

Results and discussion

AuNS were synthesized via one-pot synthesis with
three different Good’s buffers, namely HEPES, EPPS,
and MOPS (Fig. 1). To better compare the three differ-
ent types of AuNS, the chemical conditions were tuned
to produce AuNS with similar sizes (Feret diameters
around 45 nm). The morphologies and branch dimen-
sions of the AuNS were characterized by transmission
electron microscopy (TEM). AuNS HEPES and AuNS
EPPS showed similar morphological features, including
core size, branch length and branch aspect ratio (Fig. 2
and S1, and Tables S1 to S4). Meanwhile, AuNS MOPS
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displayed larger cores and less homogeneous morpholo-
gies, as demonstrated by their wider distributions in size
and branch characteristics. This observation was consis-
tent with previous findings, which identified that AuNS
obtained with MOPS were more heterogeneous com-
pared to the particles obtained with HEPES or EPPS [36].
The AuNS obtained with HEPES and EPPS displayed LSP
bands centered at 750 nm, while the LSP band of AuNS
MOPS was centered at 720 nm. As a control, 45-nm
spherical AuNPs were synthesized via seed-mediated
growth with citrate.

For the functionalization of the nanoparticles, four
stabilization ligands commonly used in nanomedicine,
namely 2 and 6 kDa thiol-terminated polyethylene gly-
col (PEG), chitosan and melanin, were chosen. The thiol
functional group of thiol-terminated PEG strongly binds
to gold surfaces, while the polymeric part of the ligand
provides high stability and biocompatibility to the nano-
constructs. As a result, gold nanoconstructs used in
clinical settings are commonly functionalized with thiol-
terminated PEG [21]. As a naturally existing polymer,
chitosan has also been widely explored for drug delivery
[42, 43]. The cationic polymer can encapsulate negatively
charged gold nanostructures, providing a hydrophilic,
biocompatible and functional layer [44, 45]. Regard-
ing melanin, it can be obtained by the auto-oxidation of
dopamine, forming a polymeric layer on the surface of
gold nanostructures. Melanin displays a broad absorp-
tion that can be exploited in photothermal applications,
such as PA imaging and photothermal therapy [46, 47].
Hence, the biomimetic melanin coating not only may
improve the colloidal stability of the nanoconstructs, but
it has the potential to enhance their PA signal.

Next, we optimized the functionalization of the gold
nanoparticles with the different ligands. To that end,
spherical AuNPs and AuNS synthesized with HEPES
(as representatives of the star-shaped nanoparticles)
were conjugated with the four ligands under different
molar ratios (Figures S2 and S3). The functionalization of
AuNPs with the different ligands slightly red-shifted their
LSP band (from 534 to 536 nm), because of the change in
the dielectric constant of the nanoparticle surroundings,
and increased their hydrodynamic diameter (Fig. 3 and
Figure S2). As expected, the 6 kDa PEG caused the larg-
est increase in hydrodynamic size, as it was the largest
polymer tested. Regarding zeta potential, the PEGylation
coating shielded the negatively charged surface of the
spherical AuNPs, causing charge neutralization (Figure
S2). Meanwhile, surface functionalization with chitosan
yielded positively charged nanoparticles due to the strong
positive charge of the polymer. In all cases, the AuNP
core was not altered after functionalization, as observed
in the TEM micrographs (Figure S4). Interestingly,
although carbon-based polymers display low contrast in
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TEM compared to gold (and other heavy elements), the
melanin coating around the AuNP surface was visible
in the micrographs. Similar optimization experiments
were carried out for the functionalization of AuNS. In
all cases, the LSP band was red-shifted and the hydrody-
namic diameter of the particles increased after function-
alization (Figure S3). Consistent with the AuNP results,
6 kDa PEG caused the greatest increases in hydrody-
namic diameter. The melanin coating caused significant
variations in the extinction spectra of AuNS HEPES
and red-shifted the LSP band from 752 to 788 nm. The
changes in zeta potentials after the functionalization
of AuNS HEPES were consistent with the ones identi-
fied for AuNPs. Furthermore, no morphological changes
were observed in the AuNS cores after functionalization
(Figure S5). Considering the LSP band shifts, hydrody-
namic size increases and zeta potential changes, the opti-
mal functionalization conditions for AuNPs and AuNS
HEPES were selected, as displayed in Table S5 and S6.

The functionalization conditions identified for AuNS
HEPES were further applied to the nanostars obtained
with EPPS and MOPS, yielding similar changes in hydro-
dynamic diameter, zeta potential and LSP bands (Fig. 3).
Moreover, the successful functionalization of the nano-
constructs was further corroborated by FTIR spectros-
copy (Figure S6). For example, the conjugation with PEG
was confirmed by the presence of two characteristic
bands between 2850 and 3000 cm™! (stretching vibra-
tion of -CH,) and at 1100 cm™! (stretching vibration of
C-0O-C) [48, 49]. The chitosan capping was evidenced by
the presence of multiple characteristic bands, including
a band observed between 3200 and 3500 cm™! (sym-
metric vibration of amine N-H and stretching vibration
of O-H), another one located at 2895 c¢cm™! (stretch-
ing vibration of C-H), and three bands positioned at
1656 cm™!, 1591 cm™?, and 1373 cm™! (amide groups)
[50, 51]. The nanoparticle functionalization with mela-
nin was verified by the existence of characteristic bands
at 3410 cm™! (stretching vibration of phenolic O-H and
N-H), at 1605 cm™! (stretching vibration of aromatic C-C
and bending vibration of N-H), at 1510 cm™! (shearing
vibration of N-H), and at 1295 cm™" (stretching vibration
of phenolic C-O) [52, 53].

Next, we evaluated the PA imaging characteristics of
the four (uncoated) gold nanoparticles. Different concen-
trations of AuNPs and AuNS (HEPES, EPPS and MOPS)
ranging from 0 to 200 pM were firstly imaged with a
preclinical system that provides both bright-mode ultra-
sound (US) and PA, from 680 to 970 nm, responses in
gelatin phantoms (Fig. 4, Figure S7a, and Figure S8). The
AuNPs displayed weak PA responses, as a consequence
of their low extinction in the NIR region of the spectrum.
Both AuNS HEPES and EPPS exhibited considerable PA
responses, which increased as a function of nanoparticle
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concentration (up to 4.0+0.1 and 4.7+0.1 at 200 pM
gold, respectively). Notably, AuNS grown with MOPS
buffer yielded the strongest PA response (9.0£0.0 at 200
uM gold) among the tested nanoconstructs. Although all
nanoparticles had similar average Feret diameters, AuNS
MOPS were more heterogeneous and displayed wider
size and branch distributions, presenting a greater pro-
portion of nanoparticles with larger core sizes and longer
branches (Tables S1 to S4). Larger particles are known
to display greater overall absorption compared to their

smaller counterparts [54], which may have contributed to
the stronger PA responses of AuNS MOPS.

To further understand the different PA responses of the
AuNS, we applied a photoacoustic point source model
previously developed by us, that describes the PA inten-
sity generated by a single plasmonic particle [41, 55]. The
PA response depends on the nanoparticle absorption
(0,), extinction cross-sections and the laser intensity at
the nanoparticle location (Fig. 5a). At the concentration
regime in which our experiments were carried out, the
total PA intensity is linearly dependent on concentration
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[55]. The model enables to reconstruct the wavelength
dependence of o, per nanoparticle volume (Vp) (Fig. 5b).
AuNS MOPS displayed the highest absorption cross-
section per nanoparticle volume in the tested wave-
length range and, as a result, the PA signal generated by
AuNS MOPS was higher than those of AuNS HEPES and
EPPS (Fig. 5c). These predictions by the analytical model
agreed with our experimental results, and identified the
higher absorption cross-section per nanoparticle volume
of AuNS MOPS as responsible for the stronger PA signals
generated by the particles.

Regarding the impact of functionalization, surface
modification with 2 kDa PEG, 6 kDa PEG, or chitosan
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had little effect on the PA response of the gold nano-
constructs, as their PA spectra remained fairly unaltered
(Fig. 6, Figure S9). Conjugation with melanin, however,
improved their PA responses between 1.2 and 4.5-fold.
These enhancements were ascribed to the inherent pho-
tothermal characteristics of the melanin shell, which
provided additional light-heat conversion. Notably, all
gold nanoconstructs could be continually irradiated over
10 min without losing PA signal generation capacity
(Fig. 7, Table S7), which demonstrated the photostability
and durability of the nanoprobes.

Because the gold nanoconstructs are intended to be
used as imaging probes, we studied their safety in vitro.
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The cytotoxicity of AuNPs and AuNS was studied with
human embryonic kidney (HEK) 293 cells, a cell line
widely used in toxicological studies [56—59]. We tested
the cell inhibition under a wide range of nanoconstruct
concentrations (from 0 to 200 pM). As shown in Figure
S$10, AuNPs, AuNS HEPES and AuNS MOPS (and their
different nanoconstructs) did not induce statistically
significant cytotoxicity after 24 h. Bare AuNS EPPS did
induce cell death, but only at high gold concentrations
(at 100 uM and above). Nevertheless, the cytotoxicity
of AuNS EPPS was minimized by functionalizing the
nanoparticles with the different ligands. The biocompati-
bility of the functionalized gold nanoconstructs observed
in our in vitro experiments was consistent with previ-
ous studies. For example, it is worth noting that Auro-
shell, a gold nanocolloid functionalized with PEG and
used as photothermal agent, has been successfully tested
in three clinical studies [21]. Moreover, the other two
ligands investigated in our study, chitosan and melanin,
have been extensively explored for (pre)clinical pharma-
ceutics development and are widely regarded as safe [42,
46, 60]. To further understand the behavior of the mel-
anin-coated AuNS in biological media, we studied their
stability in 10% fetal bovine serum (FBS). Upon mixing
the nanoparticles with the biological medium, the hydro-
dynamic radii of the particles increased (Figure S11)
because of the absorption of proteins on the nanopar-
ticle surface (a very well-known phenomenon known
as opsonization). Nevertheless, after this initial protein

absorption, the hydrodynamic diameter of the nanocon-
structs remained stable for over 48 h, corroborating their
colloidal stability in complex biological media.

Lastly, encouraged by the remarkable PA responses of
the AuNS in gelatin phantoms, we carried out ex vivo
PA imaging with the nanoparticles in mouse cadavers.
The deceased mice were repurposed from a previous
experiment, and therefore, no additional animals were
sacrificed. The imaging was performed with the melanin-
coated AuNPs and AuNS because of their low cytotox-
icity and strong PA responses (Fig. 8, Figure S12). The
nanoconstructs (200 uM, 50 pL) were intramuscularly
injected into the legs and imaged with the PA system in
the range from 680 to 970 nm. Compared to the control
leg, low but visible PA signals appeared after the injection
of melanin-coated AuNPs. Notably, strong signals were
recorded in the legs after injecting the melanin-coated
AuNS. Consistent with our previous results in gelatin
phantoms, the nanoconstructs made of AuNS MOPS
provided the strongest PA signals, as a result of their het-
erogenous morphologies, which displayed higher light
absorption efficiencies. In this study, we have focused on
the direct effects of the ligand shell and core on the pho-
toacoustic imaging capabilities of the nanoparticles. It is
worth noting, however, that shell and core features may
also influence the pharmacokinetics and biodistribution
of the nanoconstructs, hence, potentially affecting (indi-
rectly) their imaging performance.
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Overall, these results highlight the importance of the
core structure and the surface functionalization on the
performance of gold nanoconstructs for PA imaging.
Among the different nanoconstructs tested, the melanin-
coated AuNS MOPS performed better both in vitro and
ex vivo. These nanoconstructs benefited from the strong
PA imaging characteristics of the gold core (obtained
with MOPS) and the melanin shell, which were preserved
in biological environment. These results pave the way for

future in vivo studies, where gold nanoprobes may be
used for different diagnostic applications, including sen-
tinel lymph node mapping, intraoperative imaging and
tumor-associated macrophage imaging.

Conclusions

In summary, we identified key structural features that
determine the PA imaging performance of gold nano-
probes. Through an extensive study, in which the
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nanoparticle core morphology and ligand shell compo-
sition were systematically varied, we determined that
AuNS cores - particularly those synthesized with MOPS
buffer - present exceptionally high PA responses. AuNS
MOPS benefited from their wider size and branch dis-
tributions, and greater light absorption efficiency, which
contributed to greater PA signal. Furthermore, while
most ligands only improved the nanoconstructs’ bio-
compatibility, melanin coating also enhanced PA signal
generation, by a factor of 1.2 to 4.5, because of its unique
photothermal characteristics. Notably, the strong signal
generation of the gold nanoconstructs was preserved
in biological environments, as demonstrated by ex vivo
experiments in deceased mice. Together, these results
highlight the benefits of the rational design of nanocon-
structs composed of gold cores and polymer shells for
high-performance PA probe development.

Materials and methods
Materials

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 3-(N-morpholino)propanesulf-onic  acid
(MOPS), Tris-(hydroxymethyl)aminomethane (TRIS)

and sodium hydroxide (NaOH) were purchased from Carl
Roth (Germany). 4-(2-hydroxyethyl)-1-piperazinepropa-
nesulfonic acid (EPPS), sodium citrate dihydrate, 2 kDa
and 6 kDa poly(ethylene glycol) methyl ether thiol (SH-
PEG), chitosan (50—-190 kDa), dopamine hydrochloride,
and gold (III) chloride trihydrate (HAuCl4 3H,0) were
purchased from Sigma-Aldrich (USA). XTT-based cell
proliferation kit was purchased from Biological Indus-
tries (Israel). Deionized (DI) water was produced by a
PURELAB flex 2 device (ELGA LabWater, Germany) and
used for all experiments. All reagents were of appropriate
analytical grade.

Synthesis of AuNPs and AuNS
AuNPs were synthesized following a classic seed-medi-
ated method. Briefly, the gold seeds were synthesized by
adding 1 mL of HAuCl, (25 mM) solution to 150 mL of
sodium citrate (2.2 mM) solution under vigorous stir-
ring at 100 °C. After 30 min, the seed solution was cooled
down to 90 °C. 1 mL of HAuCl, (25 mM) was added
to the seed solution and stirred for 30 min to grow the
nanoparticles. After repeating this process twice, 55 mL
of the gold nanoparticle solution was diluted by adding
53 mL of water and 2 mL of sodium citrate (60 mM) solu-
tion. The resulting solution was heated up to 90 °C, and
then 1 mL of HAuCl, (25 mM) was added. This process
was repeated four more times. The AuNPs were washed
with DI water by centrifugation (7000 rpm for 10 min).
AuNS were synthesized following a seedless method.
Briefly, 0.75 mL of HEPES (1 M, pH 7.4), 1.5 mL of EPPS
(I M, pH 7.3) or 2 mL of MOPS (1 M, pH 7.0) were
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diluted in DI water for a final volume of 9.8 mL, and then
0.2 mL of HAuCl, (10 mM) was added. The solutions
were vigorously stirred for 30 s and left without disturb-
ing for 2 h. The AuNS were washed with DI water by cen-
trifugation (7000 rpm for 10 min).

PEG functionalization (PEGylation of AuUNPs and AuNS)

1 mL of AuNPs or AuNS (1 mM gold) was added to
3 mL of SH-PEG (2 kDa or 6 kDa) solution with a final
SH-PEG: gold molar ratio of 1, 2 or 4. The solution was
stirred at room temperature for 4 h and washed with DI
water by centrifugation (7000 rpm for 10 min).

Chitosan functionalization

0.5 mL of AuNPs or AuNS (0.2 mg/mL gold) was added
to 9.5 mL of chitosan solution with a final chitosan : gold
mass ratio of 20, 30 or 50. The solution was stirred at
room temperature for 4 h and washed with DI water by
centrifugation (7000 rpm for 10 min).

Melanin functionalization

0.5 mL of AuNPs or AuNS (1 mM gold) was added to
9.49 mL of dopamine solution with a final dopamine :
gold molar ratio of 1, 5 or 10. The solution was stirred
at room temperature for 5 min and 0.01 mL of Tris solu-
tion (187 mg/mL) was added. The resulting solution was
stirred at room temperature for 4 h and washed with DI
water by centrifugation (7000 rpm for 10 min).

Characterizations

The extinction spectra of AuNPs and AuNS were mea-
sured with an Infinite M200 Pro microplate reader
(Tecan, Switzerland). The reader was set in absorbance
scan mode with a scanning interval of 2 nm. The hydro-
dynamic size and zeta potential were measured with a
Nanosizer ZS (Malvern, UK). The gold concentration
was determined by inductively coupled plasma mass
spectrometry (ICP-MS) with an Agilent 8900 (Agilent,
USA). Before ICP-MS analysis, the AuNPs and AuNS
were digested with a mixture of HCI and HNOs, which
has been previously used to digest noble metal nano-
constructs [61, 62]. The morphology was imaged with a
100-kV transmission electron microscope system (Hita-
chi, Japan). The Fourier-transform infrared (FTIR) spec-
tra were measured with a Spectrum 3 FTIR spectrometer
(PerkinElmer, USA). Before FTIR analysis, the AuNPs
and AuNS were lyophilized with an Alpha 2-4 LD PLUS
(Martin Chirist, Germany) [63].

Photoacoustic (PA) imaging

The PA imaging performances of AuNPs and AuNS
were evaluated in solidified 10% (w/v) gelatin phantoms
(Figure S7a). 0.3 mL of AuNPs or AuNS solutions (200
UM gold, 2% (w/v) gelatin) was added into the sample
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holes on the phantom and solidified at 4 °C for 5 h. The
VevoLAZR system (Visualsonics, Canada) was used to
image the sample-bearing phantoms with excitation
wavelengths from 680 to 970 nm. The PA stabilities of
AuNPs and AuNS were performed in low-density poly-
ethylene tubes (Figure S7b). Hence, 0.05 mL of AuNP or
AuNS solutions (200 pM gold) were introduced in the
polyethylene tubes and imaged with excitation wave-
lengths ranging from 680 to 970 nm. The PA intensities
at 710 nm displayed in Figs. 4, 6 and 8 were determined
from the spectral acquisition mode, which ranged from
680 to 970 nm. Only in the PA stability studies (Fig. 7),
the PA intensities at 710 nm were obtained from sin-
gle wavelength recordings, which were continuously
acquired for 10 min.

Cytotoxicity of AuNPs and AuNS

Human embryonic kidney (HEK) 293 cells were used for
the in vitro cytotoxicity test of AuNPs and AuNS. HEK
293 cells were cultured in a 96-well plate at a density of
10,000 cells/well for 12 h in minimum essential medium
(MEM) supplemented with 10% FBS and 1% penicillin/
streptomycin at 37 °C with 5% CO,. AuNPs or AuNS
with different concentrations (0, 3.13, 6.25, 12.5, 25, 50,
100 and 200 pM gold) were then cultured with HEK 293
for 24 h. The proliferation test was carried out under the
standard tetrazolium chloride (XTT) assay.

Analytical method

The photoacoustic intensity that is generated by a small
plasmonic nanoparticle as part of an ensemble can be
described in terms of a point source model [64]. In this
case, the total photoacoustic intensity can be approxi-
mated by the following Egs. [41, 55]:

Spa aWo? (I —exp(—oclc,)) = A(l —exp(—Bc)) (1)

€

Here, W} is the power of the laser at the sample entrance,
0, (0.) is the absorption (extinction) cross-section of the
nanoparticle, ¢, (¢) is the nanoparticle number (molar)
concentration, [ is the total sample length, A and B
are appropriate coefficients. In the limit of small con-
centrations, the total photoacoustic intensity is a linear
function of the concentration Sra —2 (AB)c, The
measured photoacoustic intensity was fitted using Eq. (1)
as a function of molar concentration for different exci-
tation wavelengths. The resulting spectra of the 4 and
B coefficients allow the absorption cross-section per
nanoparticle volume to be reconstructed as a function of
wavelength:
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Here MW and p are the molar mass and the mass den-
sity of the nanoparticle, respectively. In deriving Eq. (2),
we have assumed that the proportionality coefficient in
the first part of (1) is both wavelength and nanoparticle
type independent. The ratio of PA intensity between dif-
ferent types of nanoparticles is determined by the ratio of
their absorption cross-section per nanoparticle volume.

Ex vivo PA imaging

As controls, the legs of mouse cadavers were first imaged
under the VevoLAZR system with excitation wavelengths
ranging from 680 to 970 nm. Next, 50 pL of melanin-
coated AuNPs (200 uM gold) or AuNS (HEPES, EPPS or
MOPS, 200 uM gold) was intramuscularly injected into
the legs and imaged with the same settings.

Statistical analysis

Three different batches of gold nanoconstructs were
prepared for each core and shell type. All values are pre-
sented as meantstandard deviation. Statistical analyses
were performed using GraphPad Prism 8.
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PEG, (c) chitosan and (d) melanin. Figure S7. Phantoms used for PA imag-
ing characterization. (a) Homemade gelatin phantom, and (b) low density
polyethylene tubes used for the photoacoustic experiments before and
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of PA intensities at 710 nm of (a) AuNPs, (b) AuNS HEPES, (c) AuNS EPPS
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(c) AuNS EPPS and (d) AuNS MOPS (from 0 to 200 mM of gold). Figure
S11. Stability of melanin-coated AuNS in 10 % fetal bovine serum (FBS).
Hydrodynamic diameter (HD) of (a) melanin-coated AuNS HEPES, (b) EPPS
and (c) MOPS in 10 % FBS at different incubation times. Figure S12. SNRs
of PA intensities of melanin-coated AuNPs and AuNS in ex vivo imaging.
SNRs of PA intensities at 710 nm of melanin-coated (a) AuNPs, (b) AuNS
HEPES, (c) AuNS EPPS and (d) AuNS MOPS intramuscularly injected (50 mL,
0 or 200 mM gold) in the legs of deceased mice
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Figure S1. Distributions of root width of AuNS HEPES, EPPS and MOPS.
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Table S1. Morphological features of AuNS HEPES, EPPS and MOPS.

Feret . Numbers Middle Root
Diameter Co(r;s)l ze of L(iilgl;h Width Width é{sptei:ct
(nm) Branches (nm) (nm) ato
AuNS
HEPES 435+£12.8 | 19355 36+16 | 124+1.6| 86+24 | 11.5+3.1 | 1.5+0.6
AuNS
EPPS 482+142 | 18.0+4.6 36+13 | 133+64 | 81+20 | 108+23 | 1.5+£0.7
AuNS 19.5 +
MOPS 487+213 | 26.0+10.0 | 3.2+14 146 11.1+£34 | 158+£5.0 | 1.7£0.9
100+ particles 300+ branches
Table S2. Branch characteristics of AuNS HEPES.
Branch length distribution | Proportion Length Middle Width | Root Width Aspect Ratio
(nm) (nm) (nm)
<30 nm 98.5 % 12.0+4.7 8.6+24 11.4+3.0 1.4+0.5
30-60 nm 1.5 % 37.1+£58 10.8 +£2.7 16.1+£2.1 3.5+0.7
> 60 nm 0 / / / /
Table S3. Branch characteristics of AuNS EPPS.
Branch length distribution | Proportion Length Middle Width | Root Width Aspect Ratio
(nm) (nm) (nm)
<30 nm 98.2 % 11.9+5.7 8.0£2.0 10.7+2.3 1.5+0.7
30-60 nm 1.8% 345+42 10.2+2.3 13.6+1.9 35+0.8
> 60 nm 0 / / / /
Table S4. Branch characteristics of AuNS MOPS.
Branch length distribution | Proportion Length Middle Width | Root Width Aspect Ratio
(nm) (nm) (nm)
<30 nm 83.4 % 141+59 10.4+3.2 14.7+4.0 1.4+£0.5
30-60 nm 13.0 % 41.2+£9.2 142+2.6 20.8+4.5 3.0+0.7
> 60 nm 3.6 % 67.9+64 154+1.9 254+4.6 45+0.7
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Figure S2. Functionalization of AuNPs with the different ligands. (a, e, i, m) Hydrodynamic diameter

(HD), (b, f, j, n) polydispersity index (PDI), (c, g, k, 0) zeta potential and (d, h, 1, p) extinction spectra
of AuNPs functionalized with 2 kDa PEG, 6 kDa PEG, chitosan and melanin.
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Figure S3. Functionalization of AuNS HEPES with the different ligands. (a, e, i, m) Hydrodynamic
diameter (HD), (b, f, j, n) polydispersity index (PDI), (c, g, Kk, 0) zeta potential and (d, h, 1, p)
extinction spectra of AuNS HEPES functionalized with 2 kDa PEG, 6 kDa PEG, chitosan and melanin.
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Figure S4. TEM micrographs of AuNPs. TEM micrographs of AuNPs (a, f) before and after
functionalization with (b, g) 2 kDa PEG, (¢, h) 6 kDa PEG, (d, i) chitosan and (e, j) melanin.
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Figure S5. TEM micrographs of AuNS HEPES. TEM micrographs of AuNS (a, f) before and after
functionalization with (b, g) 2 kDa PEG, (¢, h) 6 kDa PEG, (d, i) chitosan and (e, j) melanin.
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Table S5. Optimal functionalization conditions and characterization of AuNPs.

Ligand : Au Hydrodynamic size (nm) | LSP band (nm) | Zeta potential (mV)
AuNPs / 50.8£0.6 534 -23.7+0.8
+ 2 kDa PEG 1(molar) 799+74 536 -132+1.3
+ 6 kDa PEG 2 (molar) 87.6 8.8 534 -93+24
+ Chitosan 50 (mass) 82.5+1.1 536 492 +2.1
+ Melanin 1 (molar) 57.9+0.6 536 -32.6+1.3

Table S6. Optimal functionalization conditions and characterization of AuNS HEPES.

Ligand : Au Hydrodynamic size (nm) | LSP band (nm) | Zeta potential (mV)
AuNS HEPES / 38.2+0.2 752 -295+1.4
+ 2 kDa PEG 1(molar) 63.3+4.7 762 -25.0+2.3
+ 6 kDa PEG 2 (molar) 71.1+1.8 788 -9.8+04
+ Chitosan 50 (mass) 83.0+8.3 762 485+ 1.7
+ Melanin 1 (molar) 52.7+49 786 -34.5+0.2
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Figure S6. FTIR spectra of functionalized AuNPs and AuNS. FTIR spectra of AuNPs and AuNS
functionalized with (a) 2 kDa PEG, (b) 6 kDA PEG, (¢) chitosan and (d) melanin.

S10



Without nanoparticles

With nanoparticles

Without nanoparticles With nanoparticles

Figure S7. Phantoms used for PA imaging characterization. (a) Homemade gelatin phantom, and (b)
low density polyethylene tubes used for the photoacoustic experiments before and after nanoparticle
loading.
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Figure S8. Signal-to-noise ratios (SNRs) of PA intensities of AuNPs and AuNS. SNRs of PA intensities
at 710 nm of (a) AuNPs, (b) AuNS HEPES, (c) AuNS EPPS, and (d) AuNS MOPS at different gold
concentrations (from 0 to 200 uM). Values in columns represent mean + standard deviation of three
different batches of nanoconstructs.
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Figure S9. SNRs of PA intensities of functionalized AuNPs and AuNS. SNRs of PA intensities at 710
nm of functionalized (a) AuNPs, (b) AuNS HEPES, (¢) AuNS EPPS, and (d) AuNS MOPS at gold
concentrations of 200 uM. Values in columns represent mean + standard deviation of three different

batches of nanoconstructs.
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Table S7. Variations of PA intensities. Variation coefficients of PA intensities at 710 nm of (a)
AuNPs, (b) AuNS HEPES, (c¢) AuNS EPPS and (d) AuNS MOPS at gold concentrations of 200 uM

gold in polyethylene tubes.

Variations (%)

AuNPs 47+93
AuNPs+2 kDa PEG 45+4.6
AuNPs+6 kDa PEG 6.9+04

AuNPs+Chitosan 47+£29

AuNPs+Melanin 1.8+6.3
Variations (%)

AuNS HEPES 1.0+£3.2

AuNS HEPES+2 kDa PEG 37+4.2

AuNS HEPES+6 kDa PEG 23+39

AuNS HEPES+Chitosan 1.6t£2.0

AuNS HEPES+Melanin 2.0+4.0
Variations (%)

AuNS EPPS 0.7+3.1

AuNS EPPS+2 kDa PEG 5.1+£5.1

AuNS EPPS+6 kDa PEG 2.8+6.7

AuNS EPPS+Chitosan 46+3.8

AuNS EPPS+Melanin 2.7+0.8
Variations (%)

AuNS MOPS 6.0+3.2

AuNS MOPS+2 kDa PEG 3.6+8.1

AuNS MOPS+6 kDa PEG 25422

AuNS MOPS+Chitosan 1.6+2.8

AuNS MOPS+Melanin 09+22
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Figure S10. Cytotoxicity of AuNPs and AuNS. Cell viability of HEK 293 cells after 24 hours of
incubation with (a) AuNPs, (b) AuNS HEPES, (¢) AuNS EPPS and (d) AuNS MOPS (from 0 to 200 uM
of gold). (**), (***), and (****) indicate groups that are significantly different with p <0.01, p <0.001,
and p <0.0001, respectively (two-way ANOVA).
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Figure S11. Stability of melanin-coated AuNS in 10 % fetal bovine serum (FBS). Hydrodynamic
diameter (HD) of (a) melanin-coated AuNS HEPES, (b) EPPS and (¢) MOPS in 10 % FBS at different
incubation times.
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Figure S12. SNRs of PA intensities of melanin-coated AuNPs and AulNS in ex vivo imaging. SNRs
of PA intensities at 710 nm of melanin-coated (a) AuNPs, (b) AuNS HEPES, (c¢) AuNS EPPS and (d)
AuNS MOPS intramuscularly injected (50 mL, 0 or 200 uM gold) in the legs of deceased mice. Values

Control AuNS

Control AuNS

in columns represent mean + standard deviation of three different batches of nanoconstructs.
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