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Abstract

Photoacoustic (PA) imaging holds great promise as a noninvasive imaging modality. Gold
nanorods (GNRs) with absorption in the second near-infrared (NIR-I1) window have emerged as
excellent PA probes because of their tunable optical absorption, surface modifiability, and low
toxicity. However, pristine GNRs often undergo shape transition upon laser illumination due to
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thermodynamic instability, leading to a reduced PA signal after a few seconds of imaging. Here,
we report monodisperse GNR-melanin nanohybrids where a tunable polydopamine (PDA) coating
was conformally coated on GNRs. GNR@PDAs showed a threefold higher PA signal than pristine
GNRs due to the increased optical absorption, cross-sectional area, and thermal confinement.
More importantly, the PA signal of GNR@PDAS only decreased by 29% during the 5 min of laser
illumination in the NIR-11 window, while significant attenuation (77%) was observed for GNRs.
The GNR@PDAs maintained 87% of its original PA signal /n vivo even after 10 min of laser
illumination. This PDA-enabled strategy affords a rational design for robust PA imaging probes
and provides more opportunities for other types of photomediated biomedicines, such as
photothermal and photodynamic regimens.
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INTRODUCTION

Photoacoustic (PA) imaging is a light in/sound out approach and holds great promise as a
noninvasive imaging modality for biomolecular sensing and disease diagnosis.1=3 It has
improved penetration depth and spatiotemporal resolution versus pure optical approaches.*-6
PA imaging can use endogenous or exogenous contrast media; a myriad of such exogenous
contrast agents have been reported such as small-molecule NIR dyes’ and metallic® and
organic? nanoparticles. These have been engineered to image cells, tissues, and biological
processes of interest.10 Plasmonic metallic nanoparticles are particularly popular because of
their facile surface modification, tunable localized surface plasmonic resonance (LSPR),
high photothermal efficiency, and relatively inert biological activity in the human body.11-14
However, extensive light-tissue interactions (e.g., scattering and absorbance) can attenuate
the input light and impair the PA imaging, thus leading to limited penetration depth and
decreased imaging sensitivity.*
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Gold nanorods (GNRs) have recently attracted immense attention to address this challenge
for improving the imaging depth and sensitivity.15-18 Specifically, GNRs with a high aspect
ratio can absorb photons in the second near-infrared (NIR-11) window (1000-1700 nm)
where biological tissues have lower background absorption.1%-22 The NIR-II window thus
offers deeper light penetration and higher maximum permission exposure versus the visible
spectral and NIR-1 (650-900 nm) range.23-25 One limitation of the GNRs is their anisotropic
structure that is susceptible to deformation after laser illumination. GNRs are easily
deformed upon NIR-I and NIR-II laser irradiation because of their thermodynamic
instability: it is found that the high-pulsed laser induces the creation of point and line defects
that grow into planar defects (e.g., multiple twins and stacking faults) in the interior of
GNRs.26:27 These defects migrate gold atoms at {110} facets to the more stable {100} and
{111} facets to minimize their surface energy.2’ Thus, the additional laser energy can cause
the rod to deform into a sphere. In addition, melting of GNRs is also observed under laser
illumination, converting the shape into a sphere.27-2° Consequently, the absorbance in the
infrared region decays over time (<1 min) as the absorption peak blue shifts. Thus, the PA
signal also attenuates because of the strong correlation between absorption and the PA
signal.13 This problem limits the utility of GNRs in PA imaging. Solutions to this problem
include coating the GNRs with a stabilizing layer such as silica and metal-organic
frameworks.3931 |n contrast to these methods, we report organic molecule-mediated
formation of GNR-melanin hybrids (GNR@PDAS), which enables a protective
polydopamine (PDA) layer on GNRs to improve the optical absorption and thermal
confinement.

Melanin is a natural pigment with multiple roles in biology such as photoprotection, metal
ion chelation, and free radical scavenging.32-3% Here, we used auto-oxidation of dopamine
into PDA to successfully coat synthetic melanin on the surface of GNRs (Figure 1). PDA
coating not only serves as a robust polymeric armor for the underlying GNRs but also
exhibits a broadband absorption (400-1300 nm), suggesting that it may enhance the PA
imaging while also protecting the underlying GNR.36-38 Furthermore, it has been proved
that PDA coating can serve as a biocompatible layer, reducing /n vivo toxicity of the coated
material.39-41 No obvious toxicity or change in animal behavior was observed in our in vivo
experiments; a detailed necroscopy will be performed in subsequent studies. Thus, we
investigated PA efficiency of GNR@PDAs in both NIR-I (e.g., 680 nm) and NIR-II (e.g.,
1064 nm) lasers versus bare GNRs. Moreover, we compared the time-dependent PA signal
amplitude and optical extinction of GNR@PDASs with bare GNRs to verify the improved
structural and thermal stability of the GNR@PDAs. Finally, we further removed the GNR
core to make rod-shaped PDA capsules to investigate the function of the PDA shell during
PA signal generation. This method is a versatile strategy to improve the photothermal
efficiency and stability of nanoparticles for biomedical and environmental applications.33

EXPERIMENTAL SECTION

Materials.

Gold(I1l) chloride hydrate (HAuCly), hydroquinone, cetyltrimethylammonium bromide
(CTAB), sodium borohydride (NaBHy), silver nitrate (AgNO3), dopamine hydrochloride,
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bicine, M, N-dimethylformamide (DMF), copper(ll) chloride dihydrate (CuCly), and mouse
serum were purchased from Sigma-Aldrich (Atlanta, GA, USA). Methoxyl poly(ethylene
glycol) (PEG) thiol (HS-mPEG, M,, 5k Da) was purchased from Nanocs. Dulbecco’s
modified Eagle’s medium (DMEM) was purchased from Thermo Fisher. All reagents were
used without further purification. Distilled water was used to make aqueous solutions.
Transmission electron microscopy (TEM) grids were purchased from Ted Pella, Inc.

Synthesis of GNR Particles.—We used a seed-mediated growth?2 for the synthesis of
GNR particles with a high aspect ratio of 7.7 = 3.3. Briefly, a seed solution was made by
mixing an aqueous solution of 5 mL of CTAB (0.2 M) and 5 mL of HAuCl, (0.5 mM).
Then, 600 xL of NaBH,4 (10 mM) was quickly injected to the seed solution under vigorous
stirring at 1200 rpm. After 15 s of vigorous NaBHj, reaction, the seed solution was incubated
in a water bath at 30 °C for 1 h.

A growth solution was made by adding 10 mL of CTAB (0.2 M), 10 mL of HAuCl,4 (1.0
mM), and 120 (L of AgNO3 (0.1 M), sequentially. Then, 650 gL of hydroquinone (0.1 M)
was added under vigorous stirring at 1200 rpm. The color of the growth solution turned from
yellow to transparent. Finally, 320 zL of the seed solution was injected to the growth
solution under vigorous stirring at 1100 rpm. After 15 s of vigorous reaction, the solution
was incubated in a water bath at 30 °C for 12 h before being purified with two centrifugation
cycles at 7500g for 10 min.

Synthesis of PEGylated GNR Particles.—CTAB on the surface of GNRs was replaced
by HS-mPEG wvia ligand exchange. The CTAB-stabilized GNR was dispersed in 2 mL of
water and added to 4 mL of HS-mPEG (5 mg/mL in water, 1 mM) under vigorous stirring at
1000 rpm for 6 h. The resulting PEGylated GNRs were purified by centrifugation at 75009
for 10 min to remove the excess of HS-mPEG. The PEGylated GNRs were redispersed in
water for future use.

Synthesis of PDA-Coated GNR Particles.—Typically, 200 4L of concentrated
PEGylated GNRs was dispersed in 2 mL of bicine buffer (10 mM, pH 8.5) followed by 50,
100, 200, and 300 gL of dopamine solution (4 mg/mL in water) to make different coating
thicknesses. The reaction solution was stirred at 1000 rpm for 12 h, and the resulting dark-
brown product was purified by centrifugation at 7500¢g for 10 min. The GNR@PDAS were
redispersed in water for future use.

Synthesis of Rod-Shaped PDA Capsules.—Typically, 100 /L of concentrated
GNR@PDAs (0.5 pg/mL) in water was dispersed in 900 4L of the DMF solvent and
centrifuged at 7500¢ for 10 min to exchange the solvent. Then, GNR@PDASs were
redispersed in 900 L of DMF, and 100 zi of CuCl, (50 mM) was added to remove the
GNR core. The reaction solution was incubated at 60 °C for 6 h with generous stirring at
600 rpm before being purified with centrifugation at 6000g for 10 min.

Stability Test of PDA-Coated GNR Particles.—In brief, 50 4L of concentrated
GNR@PDAs (0.05 wg/mL) was incubated in 100 gL of HCI (10 mM, pH = 2), NaOH (10
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mM, pH ~ 12), NaCl (10 mM), and cell culture medium (DMEM) with 20, 10, or 5% of
mouse serum, respectively for 1 h. Then, 100 s of the sample was used for the dynamic
light scattering (DLS) measurement.

In Vivo Subcutaneous Injection.—All animal experiments were performed in
accordance with NIH guidelines and approved by the Institutional Animal Care and Use
Committee (IACUC) under protocol S15050 at the University of California, San Diego.
Matrigel was used to image the nanoparticle in a subcutaneous area of a murine model.43
GNR@PDA (150 /L) in 50% of Matrigel was subcutaneously injected into the mice (1= 3)
and imaged 10 min for testing PA signal stability. We used Matrigel only and uncoated gold
nanorods as negative controls. All images were processed using Vevo LAB 3.1.0 software.
Samples were imaged using a 40 MHz transducer.

Instrumentation.—TEM samples were examined viaa JEOL JEM-1400 Plus operating at
80 kV. TEM images were taken using a Gatan 4k digital camera, and 10 gL of the samples
was dropped onto the copper grids for TEM sample preparation. TEM images were
processed using ImageJ software (Bethesda, MD, USA).#4 Scanning electron microscopy
(SEM) samples were analyzed via FEI Apreo operating at a voltage of 10 kV and a current
of 0.10 nA. 10 4L of the samples was dropped on the silicon wafer for sample preparation.
Electron-dispersive X-ray spectroscopy (EDX) samples were examined using a Thermo
Fisher Talos 200X transmission electron microscope operating at 200 kV. Scanning TEM
images were acquired using Velox software, and the images were processed with Thermo
Scientific software. The hydrodynamic diameter and ¢ potential of the sample were
calculated using a Malvern Instrument Zetasizer ZS 90. The sample (100 L) was diluted in
900 L of distilled water for the measurement. Ultraviolet-visible-NIR (UV-vis—NIR)
absorption spectra of the sample were recorded using a PerkinElmer UV-vis—NIR
spectrophotometer. Absorbance was read from 400 to 1380 nm with a step size of 2 nm. The
inductively coupled plasma mass spectrometry (ICP-MS) analysis was conducted using a
Thermo Scientific iCAP RQ ICP-MS in the Environmental and Complex Analysis
Laboratory at UC San Diego. Samples were prepared and digested using 4% HNOg solution
and aqua regiafor the measurements. A VisualSonics Vevo 2100 LAZR imaging system was
used to acquire PA imaging from 680 to 970 nm and 1064 nm. Samples were imaged using a
21 MHz-centered LZ 250 transducer. The peak energy is 45 + 5 mJ at 20 Hz at the source.
The specimens were aligned at a depth of 1 cm from the transducer. The laser was optimized
and calibrated before the measurement.

Photothermal Conversion Efficiency of GNR and GNR@PDA.—Typically, 1 mL of
GNR and GNR@PDA samples (O.D. ~ 1) was placed in a quartz cuvette to measure the
photothermal conversion efficiency. We used the 1064 nm laser, and the laser power was set
up to 1.0 W/cm?. Temperature was determined by an FLIR C5 camera. The recorded
temperature was used to calculate the photothermal conversion efficiency.38

Data Analysis.—All PA data were processed using ImageJ software.* The raw image was
converted to 8 bit images. The mean value and standard deviation of the PA intensity were
then calculated based on the five regions of interest per tube. Statistical significance was
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determined using GraphPad software. The statistical significance was calculated with the
two-tailed PA intensity of GNR@PDA’s £test; p-values < 0.01 were considered to be
significantly different.

RESULTS AND DISCUSSION

Synthesis and Characterization.

To obtain GNRs with LSPR in the NIR-II spectral range, we used a seed-mediated method*2
to prepare GNRs with dimensions of 95.07 £ 6.92 x 12.46 + 1.36 nm (aspect ratio = 7.7)
(Figure 2A and Table 1). The GNRs stabilized with CTAB had positively charged surfaces
(45.47 £ 1.12 mV). Adding dopamine directly to CTAB-stabilized GNRs thus caused
immediate aggregation because of the strong electrostatic interactions between negatively
charged dopamine and positively charged GNRs. As a solution, we replaced CTAB with a
methoxyl PEG thiol (HS-mPEG). The ¢ potential of GNRs decreased to —10.2 + 0.44 mV
after ligand exchange, indicating successful conjugation of HS-mPEG. According to Flory—
Huggins theory, polymer conformations attached to the interface can be described by the
Flory radius (F= rP®a).%5 Here, nis the number of monomers per chain, and a is the
monomer size (a = 3.5 A for PEG).#546 Based on this theory, PEG chains can form either
mushroom or brush conformations depending on the grafting density. For example, if the
distance (D) between the attachment points of PEG to a surface of GNR is lower than F(D <
F), then the PEG chains will form a mushroom conformation. They will form a brush
conformation if the grafting density is high (D> F).#6 At a fixed concentration of CTAB-
stabilized GNR (0.2 tg/mL), 1 mg of HS-mPEG was needed to make brush conformation
based on the calculation (see the Supporting Information). We used 10 mg, 2 mg, 1 mg, 1
g, and 0.5 g of HS-mPEG for ligand exchange of the GNRs. The PDA coating on the
surface of GNR was unstable when we used 1 and 0.5 g of HS-mPEG, while PDA coating
became uniform and stable when we used 10, 2, and 1 mg of HS-mPEG (Figure 2B,C),
indicating that the brush conformation is an ideal condition for the PDA coating. ¢ potential
data showed that all PEGylated GNRs had a less positive charged surface compared to the
CTAB-stabilized GNRs (Figure 2D). Furthermore, PEGylated GNRs with the brush
conformation showed improved colloidal stability due to the steric effect and slightly
negatively charged PEG (Figure S1).

The formation of PDA coating is easily induced by polymerization of dopamine under
alkaline conditions. Under basic conditions (pH > 7.5), dopamine is first oxidized to the
reactive dopamine quinones* that undergo successive oxidation, intramolecular cyclization,
oligomerization, and self-assembly to form PDA.42:48:49 Together with the universal
adhesive properties of PDA, we uniformly coated PDA on the surface of the PEGylated
GNRs probably due to metal chelation and hydrogen bonding.%? TEM and SEM clearly
showed monodisperse GNR@PDA nanohybrids in aqueous solution (Figures 2E-G and S2)
in bicine buffer (pH 8.5). The PDA thicknesses were easily tunable from 15 to 150 nm by
adjusting the amount of dopamine feed (4 mg/mL) used for the reaction (Table 1). GNRs
with PDA thicknesses of 15, 25, 50, and 70 nm (referred to as GNR@PDA15,
GNR@PDA25, GNR@PDA50, and GNR@PDAT0, respectively) were formed by
controlling the amount of dopamine used at a fixed GNR concentration (Figure 2C,E-G),
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but the GNRs aggregated when we added excess dopamine (2.4 mg of dopamine was added
to 40 g of GNRs).

The color of the solution changed from brown to black and became darker as more
dopamine was added (Figure 2H). GNR@PDA showed broadband optical extinction from
the UV and visible to NIR spectral range, and the light extinction was proportional to the
PDA thickness versus GNRs that featured a longitudinal LSPR at 1090 nm, and the
absorption peaks red-shifted to 1246, 1284, 1286, and 1284 nm for GNR@PDA15,
GNR@PDAZ25, GNR@PDAS50, and GNR@PDAT0, respectively. Moreover, longitudinal
peaks of GNR@PDA in the NIR-1I range were no longer distinguished when the PDA
thickness became 150 nm (Figure S3). EDX mapping indicated that GNR@PDA
nanohybrids were composed of Au, C, N, and O confirming the core-shell nanostructure of
the GNR-melanin hybrids (Figure 2I). ¢ potential data revealed that the PEGylated GNRs
became more negatively charged after PDA coating due to the negative charge of the PDA
(Figure 2J). DLS data showed that GNR@PDA25, GNR@PDA50, and GNR@PDA70 had
relatively narrow size distributions [polydispersity index (PDI) < 0.1], and the size of the
GNR@PDA nanohybrids increased with thicker PDA coating (Figure 2K).

PA Performance of GNR@PDAs.

The PA signal and excitation energy are influenced by nanoparticle concentration.>! Thus,
we used ICP-MS to measure GNR concentration according to the number of Au ions in each
sample (Figure S4). UV-vis—NIR absorption spectra data showed that the GNR exhibited
two absorption peaks at 512 and 1090 nm, which correspond to the transverse and
longitudinal LSPR, respectively (Figure 2L). The longitudinal peak of the GNR was
significantly red-shifted when PDA was coated due to the increased refractive index (1) of
the surrounding medium (/ppa ~ 1.7) compared to the GNRs that were surrounded by water
(nH20 ~ 1.3).52 More importantly, the optical extinction of GNR@PDAS was higher than

GNRs due to the absorbance of melanin and the increased size of hybrid nanoparticles. The
increase in absorption intensity is important because PA efficiency is a function of the
optical and thermoelastic properties of the nanoparticles. The mechanism of PA signal
generation has been understood by the thermoelastic expansion model according to eq 1.1.13

2

Po= (ﬁcip)uaF @)
where pq, B, 2, Cp Ha, and Fare pressure gradient, thermoelastic expansion coefficient,
speed of sound in the medium, specific heat capacity, absorption coefficient, and laser
fluence, respectively. According to this mechanism, photons absorbed by nanoparticles are
converted to heat with an increase in temperature, leading to thermoelastic expansion. This
expansion generates transient acoustic waves that can be measured using an ultrasound
transducer.>1

To understand the PA performance of GNR@PDA systems, we first used an NIR-I laser
where PDA largely absorbs light (GNRs have small absorption in the NIR-1 window). Figure
3A,B shows a PA image and its corresponding quantitative PA intensity of GNRs and
GNR@PDAs when irradiated at 680 nm. PA signals of GNR@PDA25, GNR@PDAA50, and
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GNR@PDAT0 were at least twofold higher than that of pristine GNRs under 680 nm laser
irradiation. In addition, GNR@PDAs with thicker PDA coating showed a higher PA signal
amplitude: GNR@PDAS0 showed a fourfold higher PA signal than GNR@PDAL15 at the
same gold mass concentration (0.04 tg/mL).

This increase in PA signal can be understood viathree parameters: optical absorption,
absorption cross-sectional area, and photothermal conversion efficiency. First, melanin-like
PDA coating on GNRs showed at least twofold higher optical absorption (Figure 2L), and
absorption is proportional to the PA signal amplitude. Both the GNR core and its PDA
coating of GNR@PDA absorbed photons. Thus, the GNR@PDAs absorbed twofold more
photons than pristine GNRs alone. Second, the absorption cross-sectional area of
GNR@PDA, as measured by electron microscopy, was larger than the GNRs. More
specifically, the absorption cross-sectional area of GNR@PDAL5 was fourfold larger than
that of GNR. The cross-sectional area became larger as the PDA coating became thicker
(Figure S5).

Finally, thermal confinement from the PDA shell contributes to the PA signal.>® Thermal
energy that increased in the nanoparticles diffuses to the surrounding medium during the
photon absorption. Thus, thermal expansion of the nanoparticles is influenced by their
surrounding environment. The heat capacity of water (Cp’ Hy0 ® 4.2) is 2.5-fold higher than

that of PDA (Cpppa ~ 1.6), indicating that the GNR surrounded by water is more easily
cooling down versus the GNR surrounded by PDA.>* Therefore, GNR@PDA can have
higher thermoelastic expansion than GNR due to its lower heat capacity of the surrounding
condition (see eq 1). In addition, the thermal conductivity of water (kHQO ~ 0.59) is fourfold

larger than PDA (Appa =~ 0.13), meaning that heat accumulation easily occurs in
GNR@PDA via reduced thermal conductance.5*

We then evaluated the PA signal generation of GNR@PDA in the NIR-1I1 window where
GNRs have a large optical absorption. Figure 3C,D shows PA images and the corresponding
quantitative PA intensity when irradiated at 1064 nm. GNR@PDAs showed similar results to
in 680 nm: GNR@PDA25, GNR@PDAS50, and GNR@PDAT70 had a higher PA signal than
pristine GNRs, and the PA signal amplitude increased as the PDA coating became thicker.
Interestingly, GNR@PDA15 showed a weaker PA signal than GNR. GNR@PDA15 had a
twofold lower absorption coefficient at 1064 nm versus GNRs because of the red-shifted
absorption peak (Figure 2L). This result indicates that the optical absorption of the
nanoparticle largely affects PA signal generation. In addition to the optical absorption, the
laser fluence (F) also plays an important role in generating the PA signal (see eq 1). The
laser fluence at 680 nm was 3 mJ higher than at 1064 nm, and the GNR and GNR@PDA
nanohybrids showed a higher PA signal at 680 nm than at 1064 nm (Figure 3B,D). Finally,
the optical extinction of GNR linearly increased with elevated concentration according to the
Beer—Lambert law®® (Figure S6), thus leading to a linear increase in PA signal of GNR and
GNR@PDAA50 at 1064 nm irradiation (Figure 3E,F).
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Thermal and Structural Stability of GNR@PDAs.

Under the laser illumination, free electrons undergo a collective dipolar oscillation,
generating high local heat energy that leads to the migration of atoms at {110} facets26.56
(Figure S8). The atomic rearrangement transforms the anisotropic structure of GNRs into a
spherical shape that can minimize surface energy (Figure S8). The shape transition of GNRs
can also be explained by the absorbance decrease according to eq 2.%7

[(A/LO - AA, 1)/0’1)] = po-(n)I(”) o

where A g is the sample absorbance at a given wavelength (1) before the laser illumination,
A1 is the sample absorbance at a given wavelength (A) after the laser illumination, o is the
absorption cross section of the nanoparticles, £is the path length, p is the density of the
nanoparticles, and 77is the number of photons absorbed. /is laser fluence. Equation 2 can be
rearranged to (see the Supporting Information)

In[(A;.0— A;.1)/Aj0] =nIn(I) + constant ®3)

where (Ay,0 — Ax1)/Ax o represents the percentage of absorbance changes during the laser
illumination. Hence, the shape transition of GNRs was confirmed by a decrease in optical
extinction during the laser illumination (Figure 4A). The longitudinal peak of GNRs
exhibited an 84% decrease in intensity and was blue-shifted after 5 min of the illumination,
which corresponds to the TEM observations where most GNRs became spherical (Figure
4B). In contrast, GNRs covered by a PDA shell retained their rodlike shape and optical
extinction. Specifically, GNRs with a PDA thickness of 50 nm (referred to as
GNR@PDAS50) maintained their rod shapes, and the longitudinal peak of GNR@PDA50
showed a 11% decrease in intensity after 5 min of illumination (Figure 4C,D). In addition,
the longitudinal peaks of GNR@PDAs weakened less with increasing PDA coating
thickness. Longitudinal peaks of GNR@PDA15, GNR@PDA25, and GNR@PDA70
decreased by 47, 33, and 9%, respectively, and maintained their rodlike shape (Figures S9
and S10). PDA coating did not melt even after 15 min of laser illumination (Figure S11).

The PDA coating prohibits the photon-induced shape transition process and improves the
thermal stability of GNRs. GNRs with a thicker PDA coating showed less of a drop in
optical absorption at 680 and 1064 nm (Figure 4E); GNR@PDA15, GNR@PDA25,
GNR@PDA50, and GNR@PDAT70 showed 48, 42, 15, and 10% drop, respectively, in
absorbance at a wavelength of 1064 nm after 5 min of laser illumination. We also monitored
the PA intensity of GNR and GNR@PDA s during laser illumination. The PA signal
amplitude of GNR decreased by 73% after 5 min, while GNR@PDA15, GNR@PDA25,
GNR@PDA50, and GNR@PDAT70 decreased by 44, 35, 40, and 25%, respectively (Figure
4F).

We hypothesize that PDA coating can stabilize the GNRs from the shape transition for two
main reasons. First, the stiffness and chemical properties of the surrounding medium affect
the shape transition.26:58 Gold atoms on the surface of GNR@PDAs are tightly pinned
because of the aromatic PDA shell that is highly cross-linked and the rz-stacked dense
structure.2:60 Thus, PDA coating makes a physical barrier for atomic rearrangement in the
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GNRs, requiring more energy, and retards the surface atom diffusivity. In addition, Ostwald
ripening also influences shape transition. PDA coating increases activation energy for
dissolution and redeposition processes in the Ostwald ripening, thus preventing shape
transition of GNRs.%1 Poly(styrenesulfonate)-coated GNRs showed a similar result that
shape transition of GNR@PSS was prevented due to the retardation of the Ostwald ripening.
61 Second, shape transition of GNR is due to the amount of fluence incident on the GNRs
(eq 3). The PDA coating absorbs photons and reduces the fluence on the GNRs. Thus, GNRs
covered by the PDA shell are damaged less than pristine GNRs.

PA Performance of Rod-Shaped PDA Capsules.

Next, we studied the PA performance of PDA shells alone to better understand their
contribution to the hybrid system. The GNR core was removed with a Cu?*-mediated
method where Cu ions formed AuCu alloys in the DMF solvent, leading to a decrease in Au
stability.52 After centrifugation to remove surfactants, we enabled to synthesize rod-shaped
PDA hollow capsules with 15, 25, 50, and 70 nm shell thicknesses (referred to as
PDAapsule15, PDAcapsule25, PDAcapsuled0, and PDAcapsyle 70, respectively). TEM data
clearly showed that PDA capsules had a rodlike cavity inside, indicating that the GNR core
was removed by the Cu ions (Figure 5A-D).

UV-vis—-NIR absorption spectral data revealed that rod-shaped PDA capsules had a
broadband optical absorption but no longitudinal absorption peak in the NIR Il window
(Figure 51). The absorption intensity of the PDA capsule again increased with a thicker shell
thickness. PDAcapsule 70 showed a fivefold higher intensity than PDA¢apsule25. We then
studied PA performance of PDA capsules from 680 to 1064 nm illuminations (Figure 5J).
PDA capsules exhibited a threefold higher PA signal at 680 hm than at 1064 nm due to the
4.4-fold higher optical absorption and stronger laser fluence at 680 nm. In addition, a thicker
PDA capsule had a higher PA intensity than a thinner PDA capsule. For instance,
PDAapsule 70 had twofold higher PA intensity than PDAcqpsy1e25 (Figure 5J), and
PDAapsuled0 showed 40% of PA intensity of its original structure (e.g., GNR@PDAS0).
This suggests that PDA alone can produce the PA signal but that there is a synergetic effect
in PA signal generation when the capsule is combined with GNR. Moreover, this PDA
coating strategy can be applied to diverse nanoparticles viathe adhesive property of PDA for
improving PA imaging (Figure S13). By virtue of this binding ability, PDA can load a
variety of materials (e.g., 6.4% for Gd(111) by Lemaster et a/4° and 37.4% for doxorubicin
by Li et al53) because of the catechol groups in PDA.3¢ Thus, PDA coating can deliver the
photosensitizer for photodynamic therapy.22 Additionally, the GNR@PDA probe showed
2% higher photothermal conversion efficiency than GNR, indicating that PDA coating can
serve as an excellent photothermal transducer for photothermal therapy (Figure S14).

In Vivo Stability Test of GNR@PDA.

Finally, we conducted /n vivo experiments of GNR@PDA to investigate PA signal stability
in biological samples. We first implanted GNR and GNR@PDA in 50% Matrigel (150 /L).
The same mass of gold was used for both GNR and GNR@PDAS50 (0.2 pg/mL). The
material was subcutaneously injected into the mice (7= 3) and imaged 10 min after the
injection. We can clearly see the anatomical images from the B-mode (ultrasound) and
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confirm that the PA signal was from our GNR@PDA probes (Figure 6A,B). Surprisingly,
GNR@PDAAS50 maintained 87% of its original PA signal even after 10 min of laser
illumination, while there was no PA signal of the GNR likely due to the shape deformation
and background scattering (Figure 6C). Furthermore, PA intensity of GNR@PDA was 10-
fold higher than the bare GNR (o < 0.0001), indicating that PDA coating can improve PA
performance of GNR in the NIR-1I window (Figure 6D). These results are consistent with
our /in vitro experiments (Figures 3D and 4F).

The colloidal stability of GNR@PDAS50 was further studied in different media (e.g., 10 mM
HCI, 10 mM NaOH, 10 mM NacCl, and DMEM with 20, 10, or 5% of mouse serum). DLS
data showed that GNR@PDAS50 had a high colloidal stability in NaCl, 20% mouse serum,
pH 2 and 12 (PDI < 0.1). Negligible aggregation or disassembly of PDA coating was found
under these conditions (Figure 6E). These results indicate that PDA coating is highly robust
and stable under biological or extreme conditions, which might be due to abundant catechol
and amino groups in PDA and its covalently cross-linked structure.36 Therefore, our PDA
coating strategy not only leads to outstanding PA performance over the original GNR probe
but also gives these nanoparticles excellent colloidal stability under diverse biological
conditions.

CONCLUSIONS

A stable PA signal is essential to achieve high-quality and reliable imaging in biomedical
applications. In this study, we synthesized GNR-melanin hybrids (7.e., GNR@PDA) with a
tunable PDA protective coating to overcome the poor thermal stability of GNR. By virtue of
the robust PDA structure, GNR@PDAs showed enhanced structural and thermal stability
than pristine GNRs. Specifically, GNR@PDAs showed an improved structural integrity of
the built-in GNR core and a twofold higher signal even after 5 min of laser illumination.
PDA coating can provide a synergetic effect in improving optical absorption, thermal
confinement, and absorption cross-sectional area, leading to a threefold stronger PA signal
than GNR. Surprisingly, GNR@PDA still generated 87% of its original PA signal /in vivo
even after 10 min of laser illumination unlike bare GNRs that decreased by 75%.
Furthermore, our nanoprobe showed a high colloidal stability under biological conditions.
These findings highlight the potential use of PDA coating in developing photomediated
contrast agents in a broad spectral range including the NIR-11 window and expand on
understanding the PA mechanism occurring in the nanoparticles. Moreover, this PDA
coating strategy not only gives opportunities for other types of photomeditated biomedicines
but also holds high potential as nanocarriers in living subjects.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic of the synthesis of GNR@PDA. (B) Comparative PA signals generated by

GNR@PDAs at NIR-I (e.g., 680 nm) and NIR-1I (e.g., 1064 nm) irradiations. (C)
Morphological deformation of GNR when exposed to the high-fluence pulsed laser, while
GNR@PDAs show the enhanced structural and thermal stability.
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Figure2.
Controllable size of GNR@PDA. (A) TEM images of GNRs. (B,C) TEM images of PDA-

coated GNRs where PEG chains had (B) mushroom and (C) brush conformations. (D) ¢
potential of PEGylated GNRs before and after PDA coating (PDA thickness = 25 nm). We
used different amounts of HS-mPEG (10 mg, 2 mg, 1 mg, 1 £g, and 0.5 4g) for ligand
exchange of the GNRs to make either mushroom or brush conformations of PEG chains.
(C,E-F) TEM images with different PDA thicknesses: (C) 15, (E) 25, (F) 50, and (G) 70 nm.
The mass concentration of GNR was fixed at 0.2 g/mL, and 1:0.25, 1:0.5, 1:1, and 1:1.5
indicate the mass ratio of GNR to dopamine concentrations. (H) Color of GNR and
GNR@PDA solutions. (I) EDX and high-angle annular dark-field images of GNR@PDA.
The EDX result shows the core—shell nanostructure of GNR@PDA. GNR@PDA includes
gold (Au), carbon (C), nitrogen (N), and oxygen (O). (J) ¢ potential of GNR and
GNR@PDAs. (K) DLS measurements of GNR@PDA15, GNR@PDA25, GNR@PDA50,
and GNR@PDAT0. (L) UV-vis—NIR absorption spectra of GNR and GNR@PDAs. Gray,
red, blue, green, and purple lines represent GNR, GNR@PDA15, GNR@PDA25,
GNR@PDA50, and GNR@PDAT0, respectively. The inset image is the magnified
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absorption spectra from 800 to 1350 nm. The error bar represents standard deviation of five
measurements.
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Figure 3.

PA performance of GNR and GNR@PDA. (A,B) PA image and its corresponding PA
intensity when illuminated by a 680 nm laser. (C,D) PA image and its corresponding PA
intensity when illuminated by a 1064 nm laser. GNR@PDAs showed a higher PA signal
amplitude than pristine GNRs. (E) PA intensity of GNR and (F) PA intensity of
GNR@PDAA50 with the elevated concentration when illuminated by a 1064 nm laser. Figure
S7 shows the PA intensity of GNR@PDAJSO irradiated by a 680 nm laser. The error bars
represent the standard deviation of five regions of interest.
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Figure 4.

GNR@PDA stability test. (A) Changes in optical extinction of GNRs before (blue line) and
after 3 min (red line) and 5 min (gray line) of laser illumination. Inset images show the
shape transition of the single GNR nanoparticle. (B) Morphology of GNRs was deformed
after 5 min of laser illumination. (C) Changes in optical extinction of GNR@PDAS50 before
(blue line) and after 3 min (red line) and 5 min (gray line) of laser illumination. Inset images
indicate that PDA coating protects GNR from the shape transition, retaining their rod-like
structure. (D) Morphology of GNR@PDASO0 after 5 min of laser illumination. (E) Changes
in optical extinction at 680 and 1064 nm of GNR and GNR@PDAs before and after the laser
illumination. (F) Time-dependent PA intensity of GNR and GNR@PDAs. We used 1064 nm
laser for PA measurements. The error bars represent the standard deviations of five regions
of interest. The statistical significance was calculated with the PA intensity of GNR@PDA'’s
Etest; **, *** and **** indicate p < 0.01, 0.001, and 0.0001 vsthe pristine condition,
respectively.
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PA performance of rod-shaped PDA capsules. TEM images of (A) PDA¢apsulel5, (B)

PDAcapsulez\S, (C) PDAcapsuleSO, and (D) PDAcapsu|e70. TEM images Of the Single
nanoparticle with high magnification: (E) GNR@PDAL15, (F) PDA¢zpsulel5, (G)
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Wavelength (nm)

1duosnuepy Joyiny

1duosnuely Joyiny

GNR@PDAAS0, and (H) PDAcapsule50. Single nanoparticles with PDA thicknesses of 25 and
70 nm are shown in Figure S12. (I) UV-vis—NIR absorption spectra of PDA capsules. PDA
capsules showed a similar extinction spectrum (e.g., broadband absorption) like PDA
nanoparticles.4? (J) PA intensity of PDA capsules at 680, 700, 800, 900, and 1064 nm. The
error bars represent standard deviation of five regions of interest.
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Figure 6.
PA imaging of GNR@PDA in vivo. B-mode ultrasound (gray scale) and PA (red scale)

images of subcutaneously injected (A) GNR@PDAAS50 and (B) GNR, showing that
GNR@PDAAS0 had higher PA intensity and signal stability than GNR. The same amount of
GNR or GNR@PDAS50 was injected into the mice (7= 3) based on a gold mass
concentration of 0.2 ug/mL. PA signals of GNR and GNR@PDAS50 were continuously
measured in one spot for 10 min. The yellow circle is the subcutaneously injected area. (C)
Time-dependent /n vivo PA intensity of different materials. Blue, red, and orange circles
indicate GNR@PDAAS50, GNR, and Matrigel, respectively. (D) Quantification of the PA
signal comparing GNR and PDA@GNRS50 at 0 min. The statistical significance was
calculated with PA intensity of the GNR and GNR@PDA viaa ttest; ****, p< 0.0001.
Error bars represent three regions of interest. (E) GNR@PDAS50 was incubated in different
media for 1 h. DLS data showed that GNR@PDA was highly stable under different
biological conditions.
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