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Portfolio of colloidally stable gold—gold sulfide
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There is an increasing interest in non-invasive photoacoustic imaging and hence demand for non-toxic,
stable, optical solid absorbers, particularly in the visible and near-infrared regions enabling deep tissue
penetration. The most popular gold nanorods (GNR) suffer from cumbersome synthesis with poor repro-
ducibility and stability under moderate laser exposure. Recently, a new class of nanoparticle, gold—gold
sulfide (GGS), was recognized to have strong NIR absorption but lack colloidal stability. Here, we success-
fully synthesized a portfolio of aqueous GGS nanoparticles (NP) with excellent stability through a one-
step, reproducible synthesis: Anionic, cationic, and protein-coated GGS NPs were obtained by using
3-mercaptopropionic acid (3MPA), branched poly(ethyleneimine) (bPEI) and bovine serum albumin (BSA)
as a coating. All GGS NPs comprise small (<10 nm) and large anisotropic (>30 nm) morphologies and
display two absorption bands centered at 530-540 nm and 800-900 nm. The photoacoustic activity (PA)
of GGS NPs in solution at the visible (532 nm) and NIR (800 nm) region is similar and independent of the
coating. Remarkably, they outperformed the spherical gold NPs and performed comparable to GNRs. In
vitro PA microscopy images recorded with visible and NIR lasers revealed that GGS NPs are successfully
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internalized by triple-negative MDA-MB-231 breast cancer cells, used for the proof of principle. A
coating-dependent intracellular PA signal in favor of GGS-3MPA was observed. The weakest signal was
obtained with the GGS-BSA, indicating a low cellular uptake. These stable, aqueous GGS NPs emerge as
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Introduction

Photoacoustic imaging (PAI) is quite an exciting emerging
technique in medicine, combining the advantages of optical
and ultrasound imaging in a single modality, offering both
high contrast and high resolution.” Tomographic, microscopic,
and endoscopic approaches are proposed depending on the
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TElectronic supplementary information (ESI) available: Time-dependent absor-
bance spectra of the reaction mixture following the progress of GGS formation
and growth in the absence of a coating material; thermogravimetric analysis of
GGS-3MPA, GGS-bPEI, and GGS-BSA; TEM images of GGS-bPEI, its magnified
section, and lattice spacing; TEM images of GGS-BSA, magnified section, and
lattice spacing; size analysis of GGS-3MPA, GGS-bPEI, and GGS-BSA NPs from
TEM images; XRD of GGS-3MPA, GGS-bPEI, and GGS-BSA; the absorbance of
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promising candidates for broad-band PAl and further biomedical applications.

field of view, depth, and resolution demands, which highly
vary depending on the sample of interest. The contrast in PAI
originates from several cascaded physical events: it starts with
the absorption of a nanosecond laser pulse, creating a rapid
thermoelastic expansion that finally generates pressure waves.
Pixel-wise scanning of the sample while recording the pressure
waves with a conventional ultrasonic transducer forms the

GGS-3MPA, GGS-bPEI, GGS-BSA, and their hydrodynamic size and zeta potential
after the first day of synthesis and one year later in the dark and +4 °C con-
ditions; absorbance of GGS-3MPA, GGS-bPEI, GGS-BSA, and their hydrodynamic
size and zeta potential followed for four weeks in the dark and +37 °C con-
ditions; pictures of GGS-3MPA, GGS-bPEI, and GGS-BSA solutions in PBS and
DMEM; hydrodynamic size and zeta potential of GGS solutions in PBS; raw PA
Signal of GGS-3MPA, GGS-bPEI, GGS-BSA at 532 nm laser exposure; raw PA
Signal GGS-3MPA, GGS-bPEI, GGS-BSA at 800 nm laser exposure; dose-depen-
dent cell viability of L929 and MDA-MB-231 cells treated with GGS-3MPA, GGS-
bPEI, and GGS-BSA after 48 h incubation; absorbance of GNP; absorbance of
GNR, TEM image of GNR; photoacoustic signal efficiencies of GGS, GNP, and
GNR; experimentally measured edge and line spread functions at 800 and
532 nm wavelengths; absorbance spectrum of small and large GGS-3MPA NPs
separated via centrifugation. See DOI: https://doi.org/10.1039/d4nr03509g
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photoacoustic image. The amplitude of the emitted pressure
waves is a function of the absorption coefficient (cm™), laser
fluence (J cm™>), and physical properties of the contrast agents
(the Griineisen parameter). Unlike fluorescent imaging or
MRI, which requires luminescent or magnetizable nano-
particles, photoacoustic microscopy (PAM) emerged as the
best-suited, versatile imaging modality for visualizing nano-
particles since it provides contrast based on their optical
absorption.”™

Nanoparticles (NP) with absorption in the near-infrared
(NIR) region are especially valuable for PAI since scattering is
less and penetration depth is high in the NIR region, favoring
the visualization of deeply seated features, which is limited in
optical imaging.””” Plasmonic nanoparticles (nanocages, nano-
stars, nanorods),® semiconducting polymer nanoparticles,’
and carbon-based nanomaterials'® are known examples of NPs
for PAI. Among these, plasmonic NPs are the most popular
since the position of the surface plasmon resonance (SPR)
peak may be tailored by controlling the particle size and mor-
phology."” Rod-shaped gold nanoparticles have SPR peaks
shifted from the visible to the near-infrared range.'> However,
the large aspect ratio causes enhanced scattering and collapse
into spheres under moderate laser fluences (10 mJ cm™2).**

Gold-gold sulfide (GGS) nanoparticles are not well-known
in the literature but offer the characteristic SPR band of col-
loidal spherical gold NPs around 530 nm and a second,
broader band between 650-1100 nm region.'®> Although a few
successful synthesis approaches exist in the literature, the pro-
ducts had low colloidal stability and reproducibility in most
cases.'®!” Two potential causes could be the absence of a sta-
bilizing coating during particle growth and the choice of the
sulfur source. Sodium sulfide (Na,S) is the most studied
S-source. Still, although some reports use it fresh, it is usually
aged before use, an ill-defined process, and a source of irrepro-
ducibility. Sodium thiosulfate is one of the products of the
aging process, and it can potentially reduce the gold ions.'®
Zhang et al reported GGS synthesis using HAuCl, and
Na,S,0, (sodium thiosulfate), which produced small spherical
and larger non-spherical particles with tunable NIR absorption
via HAuCl,/Na,S,0, ratio."” However, GGS NPs without a stabi-
lizing coating lacked stability and aggregated at extended reac-
tion times.

Aggregation of NPs may be prevented, and colloidal stability
may be achieved by an in situ coating of the GGS, providing
surface passivation and steric and/or electrostatic repulsion.
Poly(ethylene glycol) derivatives are usually preferred for steric
stabilization and biocompatibility.’® Small molecules with
charged functional groups, such as carboxylic acid or amine,
provide electrostatic stabilization.>® Polyelectrolytes are com-
monly used for electro-steric stabilization.”® With multiple
functional groups on their surface, proteins also serve as
coating materials, providing high stability and biocompatibil-
ity of the NPs.**** Coating materials also significantly influ-
ence NP properties such as optical properties, cytotoxicity, and
cellular uptake, which are critical for medical
applications.>*™’
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In this work, we first undertook the challenge of synthesiz-
ing colloidally stable GGS NPs. Then, we explored their poten-
tial as an exogenous contrast agent for PAM within the visible
and near-infrared regions. The first challenge was achieved via
in situ passivation of growing NP surfaces with various coating
materials, producing a GGS portfolio with different surface
chemistries. Anionic, cationic, and protein-coated GGS NPs
were synthesized by using 3-mercaptopropionic acid (3-MPA),
branched poly(ethyleneimine) (bPEI), and bovine serum
albumin (BSA), respectively. Except for BSA, other coatings
were combined with PEG-SH to ensure long-term stability. The
influence of such coatings on colloidal stability, optical pro-
perties, cytotoxicity, and cellular uptake were studied. Over a
year, no significant changes were observed in the hydrodyn-
amic size or optical properties of the GGS NPs, confirming
excellent colloidal and optical stability.

PAI potential of these GGS NPs was first evaluated in solu-
tion at both 532 nm and 800 nm, then in vitro. PAM provided
valuable insight into the comparative cellular uptake of GGS
NPs by triple-negative MDA-MB-231 breast cancer cells, used
as a representative model, and pointed out the great potential
of GGS NPs as a versatile broad-band PAI contrast agent.

In summary, this study represents a pioneering achieve-
ment by demonstrating a simple synthesis of a portfolio of
aqueous, colloidally stable GGS NPs with a variety of surface
chemistries exploitable in different biomedical applications
and, to the best of our knowledge, the first demonstration of
GGS NPs as attractive broad-band PAI contrast agents.

Results and discussion
Synthesis and characterization of GGS NPs

In the synthesis of typical gold NPs, borohydrides, carboxylic
acids, alcohols, and sulfates can be listed as common agents
used to reduce Au®** or Au™* to Au®.*° In the synthesis of GGS
NPs, sodium thiosulfate was used as a reducing agent and
sulfur source at a HAuCl,/Na,S,0; molar ratio of 1.4."® During
the reaction, after mixing HAuCl, and Na,S,0;, the color
changed from yellow to dark purple within the first few
minutes. The absorbance spectrum of the growing NPs fol-
lowed the progress of the reaction. The absorption peak inten-
sities reached a maximum value at the 10™ minute (Fig. S1t).
At this point, the coating materials were added to prevent
further growth and stabilize the NPs against aggregation.

Anionic GGS-3MPA NPs

In the case of anionic GGS-3MPA NPs, a small amount of
mPEG-SH was added along with 3MPA to improve the colloidal
stability of the NPs. GGS-3MPA were synthesized with 3MPA/
mPEG-SH/Au mol ratios of 9/1/1. The hydrodynamic size of the
GGS-3MPA was measured at around 3/64 nm (number/inten-
sity-based average) by DLS, and the zeta potential was
—34.1 mV (Table 1). GGS-3MPA showed a typical gold nano-
particle SPR band at around 530 nm and a broad NIR absorp-
tion at 880 nm (Fig. 1a).

This journal is © The Royal Society of Chemistry 2025
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Table 1 Hydrodynamic size and zeta potential of GGS NPs in water

Dh-number” (nm) Dh-intensity” ~ Zeta potential

Sample intensity (nm) (mv)

GGS-3MPA 3.3 64.4 -34.1
GGS-bPEI 4.4 101.5 +8.9
GGS-BSA 40.9 107.7 +25.1

“Hydrodinamic size measured by DLS and reported as the number
average. ~ Hydrodynamic sized measured by DLS and reported as the
intensity average.

XPS analysis of the three different GGS NPs was also per-
formed to elucidate the oxidation states of the Au and S atoms
(Fig. 1b and c). Au 4f;,, peak of GGS-3MPA appeared at the
binding energy of 84.24 eV corresponding to metallic gold
(Au®). No other Au peak, such as Au®, was detected. Such
results agree with the literature and are attributed to the domi-
nance of Au’ over others and minimal peak separation
between different oxidation states of Au.'®*®*° The S 2p;,
peak was at 162.85 eV, confirming the Au-S bond’s existence.

The organic content of these NPs was determined to be
30% of the TGA thermogram (Fig. S21). The lack of the S-H
stretching band at around 2590-2560 cm ™" in the FTIR spectra
confirmed the binding of the thiol group of 3-MPA and
mPEG-SH on the GGS surface (Fig. 1d). The peak at 2856 cm ™"
belongs to sp® hybridized C-H bonds. The stretching bands at
1721 cm™" and 1142 cm™" were assigned to the C=O0 stretch-
ing of carboxylic acid groups and the C-O stretching of PEG,
respectively.?*

TEM images show that the particle solution consists of
small spherical and large non-spherical particles ranging in
size and shape (Fig. 2a). Non-spherical particles were mostly
triangles, truncated triangles, pentagons, and cuboctahedrons.
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Fig. 2 TEM images of GGS-3MPA (a), magnified section (b), and lattice
spacing (c).

D-Spacing of about 2.31 A measured from the high-resolution
TEM image of the GGS structures corresponds to (111)-type
planes shown in Fig. 2c. Sizes measured from TEM images
were consistent with the hydrodynamic sizes. Spherical par-
ticle diameters were around 2-3 nm, whereas the pseudo-
spherical cuboctahedrons were around 20 nm. The edges of
triangular and hexagonal plates were about 40 nm long
(Fig. S471). The diffraction pattern of GGS-3MPA corresponds to
the (111), (200), (220), and (311) reflections of the face-cen-
tered-cubic (fec) structure of gold (Fig. S57).

Cationic GGS NPs

Cationic PEI is an attractive coating material for metal NP but
has potential toxicity, which can be controlled by molecular
weight and branching.*®> 10 kDa bPEI was used to synthesize
cationic GGS NPs, which were sufficiently long to provide
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(a) The UV-VIS spectra, (b) Au 4f and (c) S 2p XPS spectra, (d) FTIR spectra of the GGS-3MPA, GGS-bPEI, and GGS-BSA.
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effective coating and stabilization and short enough to have
cytocompatibility. It was also mixed with mPEG-SH to improve
biocompatibility and aid stability. For GGS-bPEI, bPEI/
mPEG-SH/Au mol ratios of 0.01/0.09/1 was used. GGS-bPEI
had a hydrodynamic size of 4/102 nm (number/intensity-based
average) and zeta potential of +8.9 mV (Table 1). The absor-
bance peaks of the particles were at 540 nm and 810 nm. NIR
absorbance peak was narrower compared to GGS-3MPA.

XPS revealed a single Au 4f;,, peak at the binding energy of
84.06 eV and two S 2p;3, peaks at 162.43 eV and 168.02 eV,
which can be assigned as metal-bound sulfur and sulfate arose
from the oxidation on the outer surface (Fig. 1b and c).*?

The organic content of GGS-bPEI was 35% (Fig. S21). The
FTIR spectrum showed a broad band of around 3400 cm™" cov-
ering the N-H stretching of amine groups of bPEL The sp® C-
H stretching band was at 2877 cm™' (Fig. 1d). The small
shoulder peak at 1150 cm™' showed the C-N bending of
amines. Like GGS-3MPA, GGS-bPEI also consists of spherical
and anisotropic particles (Fig. S31), but the density of small
spherical particles was higher than the larger non-spherical
ones. D-Spacing of about 2.37 A measured from the high-
resolution TEM image of the GGS structures corresponds to
(111)-type planes (Fig. S3t). The diameter of the spherical par-
ticles was around 3 nm, and the edges of anisotropic struc-
tures were 20 to 30 nm, with a few larger ones (Fig. S41). The
diffraction pattern of GGS-bPEI corresponds to the (111), (200),
(220), and (311) reflections of the fcc gold (Fig. S57).

Protein coated GGS-NPs

GGS-BSA nanoparticles were synthesized with BSA/Au mol
ratios of 0.1/1. BSA was sufficient to stabilize the GGS alone
due to its large molecular weight and large number and type
of functional groups. Hence, the coating constitutes 70% of
the NPs (Fig. S21). GGS-BSA NPs had an overall cationic nature
(+25.1 mV) and 41/108 nm (number/intensity-based average)
hydrodynamic size (Table 1). These nanoparticles also showed
two SPR bands at 540 nm and 820 nm.

XPS analysis showed that the Au 4f;, peak of GGS-BSA was
at the binding energy of 84.04 eV, and the S 2p;/, peak was at
163.3 eV and 167.6 eV (Fig. 1b and c). FTIR confirmed protein
coating with 1648 cm ™" and 1534 cm™" peaks characteristic of
amide I and amide II vibrations of the BSA (Fig. 1d).>*** The
band at 3290 cm™" covers the peak of N-H stretching and
broad -OH stretching of BSA.*® Fig. S31 shows the TEM images
of the GGS-BSA nanoparticles. The distribution of larger par-
ticles was higher compared to the other two coatings.
D-Spacing of about 2.21 A measured from the high-resolution
TEM image of the GGS structures corresponds to (111)-type
planes (Fig. S31). The diameter of cuboctahedrons and edges
of truncated triangles ranged from 20 to 70 nm (Fig. S47). The
diffraction pattern shows the (111), (200), and (220) reflections
of the fce gold (Fig. S57).

Stability of GGS

In this study, we monitored the chemical and optical stability
of synthesized GGS nanoparticles over a year. The nano-
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particles were kept at 4 °C in the dark. Fig. S61 shows the
absorbance, hydrodynamic size, and zeta potential of the GGS
NPs. There was no appreciable change in the absorbance, peak
positions, or hydrodynamic size of the GGS-3MPA, but the
surface charge dropped to —6 mV. In the case of GGS-bPEI, the
hydrodynamic size and the surface charge remained
unchanged, but the NIR absorption slightly decreased with a
15 nm blue shift. GGS coated with BSA also sustained the
hydrodynamic size, but both VIS and NIR absorption
decreased, and the surface charge reduced from +25 mV to
+15 mV. Their fundamental optical and structural properties
remained unchanged despite minor changes within a year.

Further, GGS NPs were tracked for four weeks at physiologi-
cal temperature in aqueous solutions (Fig. S7t). No significant
changes in absorbance, hydrodynamic size, or surface charge
were observed for GGS-3MPA or GGS-bPEI. However, storage of
GGS-BSA at 37 °C for a long period of time is difficult, as
expected. A minor decrease in absorbance was observed after
one week, and hydrodynamic size increased in 3 weeks due to
denaturation of the protein. The test was aborted at this point
due to the gelation of BSA. GGS NPs were also kept in PBS and
DMEM at 37 °C for 48 hours, and neither precipitation nor a
significant color change was observed (Fig. S8at). Additionally,
no significant change was observed in the hydrodynamic size
and zeta potential of GGS NPs in PBS (Fig. S8b¥).

To demonstrate the stability of GGS nanoparticles under
laser exposure, the PA signals were recorded at consecutive
scans of the same sample. The signals scale nicely within the
range of applied pulse energies, and no decrease in the raw PA
signal was observed (Fig. S971). This indicates excellent stability
under laser exposure.

Cytotoxicity of GGS NPs

Cytotoxicity of the GGS NPs was tested between 20-500 pg GGS
per mL concentrations on L929 healthy fibroblast and
MDA-MB-231 breast cancer cells using the standard MTT assay
after 24 h incubation (Fig. 3). GGS-3MPA and GGS-BSA were
considered as safe to the cells in the studied concentration
range. For GGS-BSA, a slight decrease in viability was observed
above 300 pg GGS per mL. However, GGS-bPEI NPs signifi-
cantly reduced cell viability above 100 pg GGS per mL for both

o
=~

o
~

150

= GGS-3UPA  mmm GGSDPEI wem GGS-BSA m— GGS3MPA mmm GGSLPEl === GGS-BSA

Cell Viability (%)
Cell Viability (%)

Control20 50 75 100 200 300 500
GGS concentration (ug/mL)

Control20 50 75 100 200 300 500
GGS concentration (ug/mL)

Fig. 3 Dose-dependent cell viability of (a) L929 and (b) MDA-MB-231
cells treated with GGS-3MPA, GGS-bPEIl, and GGS-BSA after 24 h incu-
bation. Control: untreated cells. Data were shown as mean + SD (n = 5).
Significance levels are indicated as follows: p = 0.0332 (*), p = 0.0021
(**), p = 0.002 (***), and p < 0.001 (****),
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cell lines. The viability of L929 and MDA-MB-231 cells was also
checked after 48 h incubation with GGS NPs using MTT assay
(Fig. S107). All studied GGS nanoparticles reduced the viability
of L929 at and above 75 pg GGS per mL concentration. In the
case of the MDA-MB-231 cells, only the cationic GGS-bPEI NPs
showed dose-dependent cytotoxicity starting at 75 ug GGS-bPEI
per mL after 49 h incubation.

Photoacoustic characterization of GGS NPs in solution

The photoacoustic wave generation potential of GGS nano-
particles was tested in their aqueous colloidal solutions at
room temperature and compared with the performance of
spherical gold nanoparticles (GNP) and gold nanorods (GNR).
Glass tubes filled with NPs were laser scanned with the photo-
acoustic microscope shown in Fig. 4.

From the literature, the most simplified relation that relates
the amplitude of the generated PA waves (p,) to extinction
coefficient (u.), laser fluence (J] cm™>) and Griineisen para-
meter (I) is

Po o< I'Fue (1)

for molecular contrast agents. So, the amplitude of the
emitted pressure waves in an individual imaging session
scales with the extinction coefficient. However, the physical
origin of the PA wave generation for nanometer-sized particles
deviates from this simple thermoelastic expansion approach.
It becomes sensitive to nanoparticle size, geometry, solvent, or
coating. For example, the silica shell thickness on a GNP can
significantly influence the generated PA waves. In one study,
silica shell improved the PA signal 2.5 times at room tempera-
ture,>” while in another study, decreasing PA amplitude with
silica shell thickness was claimed.*® These conflicting results
led us to conduct a rigorous investigation of the generated PA
wave intensities from the differently coated GGS NPs. In line
with the absorption characteristics of these NPs, photoacoustic
responses were measured at 532 nm and 800 nm with extinc-
tion coefficients of 0.25 mm™" and 0.5 mm™". The amplitude
of the generated PA signals with increasing incident pulse
energy of the lasers was determined (Fig. 5). Spherical GNPs
(15 nm, 4 = 530 nm, Fig. S11f) and CTAB-coated GNRs (30/
10 nm, A = 770 nm, Fig. S12}) were also studied at 532 nm and
800 nm excitation, respectively, for comparison. The PA wave

Pulse Receiver -| LNA S MHz Focused

Computer $
L Transducer

(MATLAB)

Controller

Computer Controlled
x-y Stage
Water

[ S—
% Samples
Ti:Sapphire | g00 nm SJ
laser y
S oM
S
DM

Fig. 4 Schematic illustration of the photoacoustic microscope (PAM)
working at 532 and 800 nm. HWP: half-wave plate, PBS: polarizing
beam splitter, DM: dichroic mirror, LNA: low-noise amplifier.
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generation performance of the NPs was assessed via analysis
of the slopes of the curves obtained for each NP (Table S1f).
The results suggest negligible influence (<4%) of the GGS
coating or the imaging wavelength on the generated PA ampli-
tude. The performance of GGS NPs was comparable to that of
GNRs at 800 nm. However, GGS NPs outperformed the GNPs
by a factor of two at 532 nm. As a side note, we independently
confirmed the literature that the GNRs are two times better PA
emitters than GNPs.*

In vitro photoacoustic microscopy (PAM)

The potential application of the synthesized GGS NPs as a
photoacoustic contrast agent was explored in vitro using the
MDA-MB-231 breast cancer cell line as a model. Brightfield
and PAM images acquired at 532 nm and 800 nm are pre-
sented in Fig. 6. Yellow shades in the PAM images represent
the strength of the recorded PA signals on a logarithmic scale.
The resolution of the PAM system at 532 nm was measured as
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Fig. 6 PAM images of MDA-MB-231 cells treated with GGS NPs at 1 =
532 and 800 nm. Blue corresponds to the background, and yellow
shades represent the PA signal amplitude.
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4 pm and 6 um at 800 nm (Fig. S13t). Since all GGS NPs emit
similar PA waves under the same laser pulse energy exposure
(Fig. 5), a direct comparison of the measured contrast strength
across the samples and scanned wavelengths can be done con-
fidently. Breast cancer cells (MDA-MB-231) treated with the
GGS NP at the safe dose (100 mg mL™") were scanned with
532 nm (0.073 pJ) and 800 nm (0.45 pJ) lasers. Based on the
images obtained with 532 nm laser exposure, cancer cells
differentiated the GGS NPs. A strong intra-cellular signal was
observed in GGS-3MPA-treated cells, but no appreciable PA
signal was observed in GGS-BSA-treated cells. GGS-PEI pro-
vided significant contrast but not as strong as GGS-3MPA.
Despite having similar bulk PA activity, such a difference in
intracellular signal suggests a differential cellular uptake of
the NPs. Although BSA enhances biocompatibility and acts as
a nutrient for cells, in our case, such a low uptake may be
attributed to the large particle size of GGS-BSA particles.*>*!
Imaging in the NIR required almost six times higher laser
pulse energy (0.45 pJ) to generate an intracellular PA contrast
comparable to the one obtained at 532 nm.

GGS-3MPA with the strongest PAM contrast was centrifu-
gated to separate the large and small particles. Although a
complete separation was not possible, two populations, one
with stronger and the other with weaker NIR absorbance in
addition to the visible SPR band, were obtained (Fig. S147).
GNRs also exhibit two major SPR bands where short and long
dimensions are responsible for visible and NIR absorption.*

TEM images of the MDA-MB-231 cells treated with
GGS-3MPA showed both small spherical NPs (Fig. 7a) and
large anisotropic NPs (triangular, hexagonal, cuboctahedral)
(Fig. 7b) in the cells, supporting PA activity in a broad spec-
trum, ie., visible and NIR. Although a conclusion towards
differential uptake favoring small spherical GGS is not poss-
ible, especially since there are more spherical particles
observed in the TEM of the synthesized GGS, a lot of small par-
ticles, some of which aggregated in the cells, were noticed,
which may be increasing the local concentration, hence the
contrast at 532 nm (Fig. 7a).

Overall, GGS-3MPA and GGS-PEI NPs may be utilized as
contrast agents for photoacoustic microscopy/imaging appli-
cations in the visible and NIR wavelengths and may provide
information about NP internalization.

Fig. 7 TEM images of cross-sectioned MDA-MB-231 cells treated with
GGS-3MPA. Lines drawn around the cell are a guide to differentiate the
cells.
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Conclusions

We first successfully produced colloidally stable, biocompati-
ble, aqueous GGS NPs with strong visible and NIR absorbance
in the present study. Then, we demonstrated their potential as
exogenous contrast agents for photoacoustic imaging both in
the visible and NIR wavelengths.

Stable GGS NPs were produced in a one-step, aqueous syn-
thesis utilizing functional 3MPA, bPEI, BSA, and PEG-SH as
coating materials. All compositions were colloidally and opti-
cally stable over a year. TEM images suggest that synthesized
GGS nanoparticles comprise small spherical and large non-
spherical geometries, which agree well with strong absorption
at around 530 and 800 nm, suitable for PA imaging.

The PA activity of the GGS NPs measured in aqueous solu-
tions at 532 and 800 nm indicated no significant impact of the
coating or the scanning wavelength on the generated PA ampli-
tude. However, they were two times better than well-known PA
emitters spherical GNPs at 532 nm and slightly better than
GNRs at 800 nm.

All GGS NPs were safe up to 100 pg GGS per mL for
MDA-MB-231 cancer cells and healthy L949 cells, chosen as
examples for the proof of principle in this study. Only cationic
GGS-bPEI showed significant toxicity above 100 pg GGS per
mL, which aligns with the literature on the potential higher
toxicity of cationic nanoparticles.

Photoacoustic microscopy of the cells treated with GGS NPs
at the non-toxic dose confirmed signal generation at both
imaging wavelengths and provided insight into the relative cel-
lular uptake of differently coated/sized GGS NPs in
MDA-MB-231 cells. Unlike GGS-BSA NPs, GGS-3MPA and GGS-
bPEI produced notable contrast at both wavelengths, but
imaging at 800 nm required a stronger laser power. No con-
trast generation in the cells treated with GGS-BSA suggested no
cellular uptake, possibly due to the larger sizes of this NP.
Among all three GGS NPs, the strongest contrast was produced
by GGS-3MPA NPs at both imaging wavelengths, but the signal
amplitude was six times higher at 532 nm than at 800 nm.
TEM images of GGS-3MPA-treated cells confirmed endocytosis
of small spherical and large anisotropic nanoparticles.

These results suggested that cells internalize all different
morphologies of the prepared GGS NPs, rendering them as
broad-band PAI contrast agents. This is the first time we know
that GGS nanoparticles are shown as PAI contrast agents in
the near-infrared window.

Experimental section

Materials

Gold(m) chloride trihydrate (HAuCl,-3H,0) and sodium thio-
sulfate (Na,S,03;) were purchased from Sigma-Aldrich.
3-Mercaptopropionic acid (3-MPA) was provided by Merck.
Bovine serum albumin (BSA) was bought from GenDEPOT
(USA). Branched poly(ethyleneimine) (bPEI) with an average
molecular weight of 10 kDa was obtained from Polysciences

This journal is © The Royal Society of Chemistry 2025
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(USA). Methoxy poly(ethylene glycol) thiol (mPEG-SH) (2 kDa)
was from Laysan Bio, Inc. (USA). Ultracentrifuge tubes with
polysulfone filtration membranes (10, 30, and 100 kDa) were
from Sartorius (Germany). All chemicals were of the highest
purity or analytical grade, and only ultra-pure water was used
(18.2 MQ, Rephile Bioscience, and Technology, Shanghai,
China).

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine
serum, trypsin-EDTA, r-glutamine, and penicillin-streptomycin
were purchased from Diagnovum (Germany). Dimethyl sulfox-
ide Hybri-Max™ was from Sigma (USA). Phosphate-buffered
saline (PBS) tablets and thiazolyl blue tetrazolium bromide
(MTT) were obtained from Bio-matik Corp. (Canada).
Paraformaldehyde solution (4%) in PBS was bought from
Santa Cruz Biotechnology, Inc. (USA). 96-Well plates were
obtained from Nest Biotechnology Co. Ltd (China).
MDA-MB-231 human breast cancer cells were provided by
Gozuacik Lab (Koc¢ University Hospital, Istanbul, Ttiirkiye).

Synthesis of gold-gold sulfide nanoparticles

Stoichiometry and concentration of HAuCl, and Na,S,0; solu-
tions were adopted from the literature."”” 6.6 x 10~> mmol
Na,S,0; solution was rapidly added into 8.55 x 10™° mmol
HAuCl,. After 10 min of reaction, aqueous coatings solutions
were injected into the solution under vigorous stirring (500
rpm) at room temperature (RT). The cationic GGS (GGS-bPEI),
bPEI, and mPEG-SH mixture at bPEI/mPEG/Au mol ratios of
0.01/0.09/1 was used. For the anionic GGS (GGS-3MPA), 3MPA
and mPEG-SH mixture at 3MPA/mPEG/Au mol ratios of 9/1/1
was used. For the protein-coated GGS (GGS-BSA), only BSA was
used at 0.1/1 : BSA/Au mol ratios. At the end of the 30-minute
reaction, NP solutions were washed with DI water using cen-
trifugal filters (for GGS-3MPA 10 kDa, GGS-bPEI 30 kDa,
GGS-BSA 100 kDa cut-off) to remove excess chemicals and
stored in the dark at 4 °C.

Separation of small and large GGS NPs

Synthesized GGS NPs were centrifuged at 1000 rpm for
5 minutes in 3 cycles. The supernatant and the pellet were sep-
arated for investigation.

Synthesis of GNP and GNR

GNP and GNR were used for comparison and synthesized by
already published procedures. The synthesis of spherical, PEI-
coated cationic, spherical gold nanoparticles (GNP) was
adapted from Cavuslar et al*> GNR was synthesized by
Dr Canbek according to a published procedure by Ozdil et al.**

Characterization

Thermal gravimetric analysis (TGA) was performed using TA
Q500 to determine the organic content of GGS NPs. Dried
samples were heated from room temperature to 900 °C with a
ramping rate of 10 °C min~" in a nitrogen atmosphere. An iso-
thermal step at 100 °C was added to the procedure to remove
the adsorbed humidity from the sample. Once the organic
content of NPs is determined, it is subtracted from the overall
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nanoparticle amount to determine the inorganic content of
the NPs. In the in vitro experiments, the inorganic content of
GGS NPs was used for dose-dependent studies.

The absorption spectrum of the GGS variants was measured
by a Shimadzu UV-VIS-NIR spectrophotometer between 450
and 1300 nm. Malvern Zetasizer Nano ZS measured hydrodyn-
amic sizes and zeta potentials. Surface analysis of GGS NPs
was performed with a Thermo K-Alpha X-Ray Photoelectron
Spectrometer. Bruker D8 Advanced X-Ray Diffractometer ana-
lyzed the crystallographic structure of the NPs. Functional
group determination was done by Thermo Scientific iS10
FT-IR instrument in the wavenumber range between
650-4000 cm ™" with a resolution of 4 cm™. Particle sizes and
shapes were confirmed with Hitachi 7800 TEM analysis.

Photoacoustic evaluation in solutions

The photoacoustic wave generation potential of GGS was
studied with a homemade optically resolved photoacoustic
microscope (OR-PAM). The samples having two extinction
coefficients (m = 0.5 mm™" and 0.25 mm™') were filled into
glass tubes (1.1 mm inner diameter). They were placed side by
side in a water-filled Petri dish (Fig. 4). For the visible range, a
10 kHz, 532 nm laser (Spectra-Physics, Explorer One) having
pulse energies between 0.1 to 0.5 mJ (4-20 mJ cm™?) was
loosely focused with a 50 mm lens on the samples. Each
sample was scanned three times. A custom-made gain-
switched Ti: Sapphire laser operating at 800 nm was used for
the NIR range. Emitted acoustic waves were received through a
5 MHz single-element ultrasonic transducer and amplified (50
dB) with a two-stage amplification scheme in both experi-
ments. Recorded PA signals with respect to the incident laser
pulse energy were plotted, and the slope of respected curves
was used for comparison.

Cell culture

L929 healthy fibroblast and MDA-MB-231 triple-negative breast
cancer cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum, 2% r-glutamine (2 mM), and 1%
penicillin-streptomycin at a 37 °C incubator with 5% CO,
atmosphere. Cells were washed with PBS and trypsinized with
0.05% trypsin-EDTA before passage and seeding.

Cytotoxicity assay

MTT metabolic activity assay was used to determine the cyto-
toxicity of GGS NPs. NP solutions were sterilized by 0.2 pm
sterile filters before treatment. L929 and MDA-MB-231 cells
were seeded into 96-well plates with 1 x 10* cell per well
density. After overnight incubation, the medium was replaced
with a fresh medium, and NPs were added to cells at
20-500 ug ml™* concentration (based on the inorganic content
determined by TGA measurement). Cytotoxicity was measured
after short and long incubation times. After 6 h and 24 h incu-
bation, the medium of the cells was removed, and wells were
washed with PBS. 50 uL. MTT reagent (5 mg mL~" in PBS) and
150 pL medium were added to wells and incubated for 4 h.
After formazan crystals are formed by viable cells, they are dis-
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solved by adding 200 pL of ethanol: DMSO (1:1 v/v) solution.
The absorbance of the solution was measured by Synergy H1,
Biotech Instruments microplate reader at 570 nm, which has a
reference reading at 650 nm. The viability of the cells was cal-
culated using the following equation:

Absorbance (treated)
Absorbance (control)

Cell viability (% ) = x 100(n = 5)

(2)

TEM of the cells treated with GGS

MDA-MB-231 cells were seeded into 6-well plates with 2 x 10>
cell per well density. After overnight incubation, cells were
treated with 50 pg mL™" GGS-3MPA for 24 h. After treatment,
the medium of the cells was removed, and the cells were
washed with PBS three times and trypsinized. The cell suspen-
sion was transferred to an Eppendorf tube and centrifuged
(1500 rpm, 5 min). The solution was decanted, and the cell
pellet was redispersed in a phosphate buffer. Then, the sus-
pension was centrifuged, and the solution was decanted and
redispersed into 2.5% glutaraldehyde solution for fixation for
1 h. The cell pellet was washed with phosphate buffer and
fixed with post-fixative osmium tetroxide solution for 1 h. The
fixed pellet was washed and stained with uranyl acetate for 1 h
and washed with deionized water. The pellet was embedded
into filtered egg white, centrifuged, and the excess egg white
was removed. 70% alcohol solution was added to the sample
and kept at 4 °C for 2 days. The pellet was washed with 90%,
100%, and 100% ethanol for 10 min each. The sample was
treated with propylene-Epon (Canemco Inc., Quebec, Canada)
solution for 1 h. Then, the sample was embedded in pure
Epon for 1 h and thin-sectioned. These sections were collected
on copper grids and visualized with Hitachi HT7800 120 kV (S)
TEM.

In vitro photoacoustic microscopy (PAM)

MDA-MB-231 cells were seeded with 2 x 10° cell per well
density into glass bottom plates and incubated overnight. The
following day, the medium of the cells was removed, and
GGS-3MPA, GGS-bPEI, and GGS-BSA were added to wells at a
100 pg mL™" concentration with fresh medium and incubated
for 24 h. The medium of the cells was removed, cells were
washed with PBS three times, and 4% paraformaldehyde solu-
tion was added to fix the cells. After 20 min incubation of the
cells at RT, the paraformaldehyde solution was removed, and
cells were washed with PBS three times.

The PAM setup shown in Fig. 4 was slightly modified for
cellular imaging. The focusing lens was replaced with a 40x
objective, and a camera (Thorlabs (DCU224M-GL)) was added.
A custom-made MATLAB code (SN: 1076960) simultaneously
translated the motorized stages, and a DAQ card (Gage
Compuscope) recorded the emitted signals. Later, the
maximum amplitude projection method was applied to the
recorded signals to form the photo-acoustic
microscopy images.

pixel-wise
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Statistical analysis

Tukey’s multiple comparison tests were used for the statistical
analysis of MTT (GraphPad Software, Inc., USA). All data were
expressed as mean + standard deviation (SD), and p < 0.05 was
considered statistically significant.
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