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ABSTRACT: Creating highly branched plasmonic superparticles can effectively induce
broadband light absorption and convert light to heat regardless of the light wavelength, angle,
and polarization. However, their direct synthesis in a controllable manner remains a significant
challenge. In this work, we propose a strain modulation strategy to produce branched Au
nanostructures that promotes the growth of Au on Au seeds in the Volmer−Weber (island)
mode instead of the typical Frank−van der Merwe (layer-by-layer) mode. The key to this strategy is to continuously deposit
polydopamine formed in situ on the growing surface of the seeds to increase the chemical potential of the subsequent deposition of
Au, thus achieving continuous heterogeneous nucleation and growth. The branched Au superparticles exhibit a photothermal
conversion efficiency of 91.0% thanks to their small scattering cross-section and direction-independent absorption. Even at a low
light power of 0.5 W/cm2 and a low dosage of 25 ppm, these particles show an excellent efficacy in photothermal cancer therapy.
This work provides the fundamental basis for designing branched plasmonic nanostructures and expands the application scope of the
plasmonic photothermal effect.

■ INTRODUCTION

Plasmonic superparticles with three-dimensional (3D)
branched nanostructures feature blackbody-like absorption
that can capture and convert all radiation to heat regardless of
wavelength, angle, and polarization.1−4 They hold great
promise in laser (polarized light)-related photothermal
applications, such as photothermal cancer therapy.5−9 In
comparison, the 1D and 2D nanostructures have lost
absorption due to their polarization-dependent resonance
(see more a detailed discussion in part I of the Supporting
Information).10,11 Another incentive for using 3D branched
plasmonic superparticles is their small scattering cross-sections,
which result in high absorption efficiency conducive to
photothermal conversion since absorption efficiency is equal
to abs

abs sca

abs

ext
=σ

σ σ
σ
σ+
, where σabs, σsca, and σext stand for absorption,

scattering, and extinction cross-sections of the nanoparticles,
respectively.12,13 Conversely, the absorption and scattering
cross-sections of 1D and 2D plasmonic nanostructures reach
maximum values simultaneously at their resonant frequencies,
causing a large amount of light to scatter out of the plasmonic
heating system.14,15 As a result, the photothermal conversion
efficiencies (PCEs) of reported conventional plasmonic
nanostructures (<50%) are usually much lower than the
theoretical ones (>90%).16,17

Despite the promising application prospects of 3D branched
plasmonic superparticles, their synthetic methods are still
limited to selective etching (top-down) and self-assembly
(bottom-up) strategies. Selective leaching of the less-stable M
components (e.g., Ag or Cu) from Au−M alloyed nano-
particles was found to form 3D porous Au nanofoams with
broadband absorption.18,19 However, it requires complex

fabrication procedures, typically including bimetallic nano-
structure formation, alloying, and dealloying processes, there-
fore inevitably wasting precious metals. On the other hand, the
self-assembly method can cluster building blocks (small Au
nanoparticles) into superstructures with broadband absorp-
tion,1,8,20 but their structures are bonded by noncovalent
interactions that are sensitive to the surroundings, such as
changes in temperature, pH, and ionic strength. Moreover, the
assembled colloidosomes typically have large sizes (>200 nm),
which are not suitable for many applications such as in vivo
therapy. Direct chemical synthesis represents the most
straightforward way to produce nanostructured materials. In
particular, polymeric ligands have been explored for modulat-
ing the syntheses of nanocrystals with different dimensions in
the past few years, with many examples demonstrated by Lin et
al. in the synthesis of nanocrystals of various morphologies and
surface properties using nonlinear block copolymer as
ligands.21,22 However, the effectiveness of using polymeric
ligands in creating branched Au superparticles has not been
demonstrated.23,24

Here, we propose using in situ polydopamine deposition to
modulate the surface strain of growing seeds to directly
synthesize highly branched Au superparticles. The key to this
synthetic scheme is that the adsorption of polydopamine
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constantly renews the surface property of the Au seeds to
ensure continuous island growth on previously grown Au
islands. Different from the conventional cases where the large
chemical potential due to polymer adsorption is reduced for
the successively grown islands, the in situ formed polydop-
amine strongly binds to the newly formed Au islands as the
reaction progresses, enabling the island-on-island growth of the
Au nanostructures. Importantly, the as-formed 3D highly
branched Au nanostructures exhibit a broadband absorption
and an extraordinary photothermal conversion efficiency of
91.0%, which is attributed to both the large absorption/
extinction ratio and polarization independence. Their superior
photothermal efficiency allows us to further demonstrate the
efficacy of these branched Au superparticles in cancer therapy
and reveal their detailed biomolecular mechanism by
proteomic analysis.

■ RESULTS AND DISCUSSION

Theoretical Analysis of the Seed-Mediated Growth
Mode. The growth mode of newly formed atoms (a) on the
surface of a metallic seed (b) depends critically on the
interfacial bonding strength of a and b and the bonding
strength with the same crystal a. A model for describing the
chemical potential per atom in the first several monolayers has
been proposed as follows:25,26

n E E n( ) ( )aa ab3D
0μ = μ + [ − ] (1)

where μ3D
0 is the bulk chemical potential of the core material

and Eaa and Eab are the interatomic energies per atom needed
to disjoin a half-crystal a from a half-crystal a and a half-crystal
b, respectively. For specific a and b, μ3D

0 and Eaa are fixed. The
term Eab is determined by the desorption energy of a from b
and the strain energy, both of which are related to the number
of atomic layers (n) of a. Weak interaction and a large
mismatch between a and b indicate a value of μ higher than
μ3D
0 , resulting in the formation of a islands on b. As the

deposition of a continues, the value of μ(n) decreases and
approaches μ3D

0 . The criterion for a seeded growth mode
depends on the first derivative of the chemical potential with
respect to the number of atomic layers (dμ/dn). When dμ/dn
≥ 0, the deposition of the next layer of a has a higher chemical
potential than the current layer. The deposition prefers
finishing the current layer first, resulting in a layer-by-layer
growth mode (Frank−van der Merwe (FM) growth, Figure 1a-
i and b). On the other hand, when dμ/dn < 0, the growth
follows the Volmer−Weber (VW) growth mode, forming
islands on the pre-existing surface (Figure 1a-ii and b).
The formation of highly branched 3D nanostructures from

seeds requires continuous island growth. However, due to the
matched crystal structure, the growth of Au on the Au seed
usually follows the FM mode, yielding crystals of increasing
sizes. Premodification of the seed surface with ligands and

Figure 1. Morphological modulation in the seeded growth process. (a) Schematic illustration of crystal growth modes, including Frank−van der
Merwe, Volmer−Weber, and modified Volmer−Weber modes. (b) Schematic dependence of the nanoparticle chemical potential on the atomic
deposition thickness for the two Frank−van der Merwe and Volmer−Weber growth modes. (c) Chemical potential change of the layer-by-layer
growth (red line) and island growth (brown and cyan curves) as functions of the amount of Au deposited on the seeds, nAu.
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mismatched metals may increase the surface energy, thus
realizing the transformation of the growth mode from FM to
VW (dμ1/dn < 0).27,28 However, island growth does not
guarantee the formation of highly branched 3D Au super-
structures, since the growth mode would switch back to the
FM mode after the deposition of a few layers of Au on the seed
surface (dμ2/dn = 0). As a result, only some simple structures
that do not exhibit blackbody-like absorption behavior, such as
core−satellite structures and interfaced nano-oligomers, are
obtained (Figure 1a-ii).29

To promote continuous island growth, we employ a polymer
to modify the surface of the seed and renew the chemical
nature of the newly formed surface during the seeded growth.
This strategy continuously modifies Eab, preventing the value of
μ from approaching μ3D

0 and leading to a continuously updated
dμ2/dn. As a result, 3D structures are formed (Figure 1a-iii).
The changes in the chemical potential related to the
morphological evolution can be explained by a simple
thermodynamic model, which is depicted in Figure 1c. In
this case, the deposition of Au atoms on a Au seed is driven by
the difference between μNP and μsolution. In the initial stage of
the reaction, the adsorption of polymer on the Au seed surface
is small, and the change of the surface energy of the seed is
insubstantial. The growth follows the FM mode, increasing
only in size (red line in Figure 1c, Δμ = 0). As the amount of
the adsorbed polydopamine increases, the system becomes
complicated. The change in the chemical potential Δμ is a
function of core radius (r) and the amount of deposited Au
(nAu) (see part II in the Supporting Information) as follows:30
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where Ei, εi, and νi are the Young’s modulus, Poisson’s ratio,
and lattice strain, respectively; r is the radius of the seed

nanoparticle; and Vm is the standard molar volume of a Au
atom. Obviously, the chemical potential of the nanoparticle
increases with νshell, which is caused by the absorbed polymer
chains. As a result, μNP will quickly accumulate to a critical
value, thus forming a new island. The heterogeneous
nucleation would rapidly release the accumulated energy, and
the subsequent growth would switch back to the fresh surface,
following the FM mode. By repeating the above processes,
highly branched Au nanostructures can be obtained. Notably,
the above discussion does not include the size effect following
the Gibbs−Thomson relation (Δμ = 2γVm/r, where γ, Vm, and
1/r are the surface energy, the molar volume, and the surface
curvature of the nanoparticles, respectively).

Synthesis and Characterization of Branched Au
Superparticles. The theoretical understanding paves the
way for the design and preparation of branched Au
superparticles. The traditional growth regulation approaches
rely on the selective adsorption of ligand (CTA+) or metal ions
(Ag+) on the crystal surface to guide the deposition of newly
generated Au atoms,31 which strongly depends on the seeds’
crystal structures. Moreover, nanoparticles have a limited
growth period, which is significantly reduced when the entire
surface of the nanoparticles is covered in ligands such as
CTAB. Here, we propose using polydopamine, which is
produced simultaneously when the gold precursor is reduced,
to regulate the crystal growth. It ensures continuous island
growth on previously grown Au islands, forming hyper-
branched structures. First, PVP-capped Au nanoparticles with
an average size of ∼14 nm (Figure 2a) were synthesized as
seeds for the subsequent overgrowth. The Au seeds were then
mixed with a Tri-HCl buffer solution (pH 8.5, 10 mM),
dopamine, and HAuCl4. The mixture was stirred for 6 h under
flowing N2 to obtain the final multibranched 3D Au
superparticles with a black color (Au, Figure 2b and c). The
energy-dispersive X-ray spectrometry (EDS) maps(Figure 2d,
S2) show that the distribution of nitrogen is slightly broader

Figure 2. Structural characterizations of Au nanostructures. STEM images of (a)Au seeds and (b) Au nanostructures. (c) TEM image of Au
nanostructures. (d) HAADF-STEM and elemental mapping images showing the elemental distribution of Au and N and the overlap. (e)
Reconstructed 3D images of Au nanostructures at different rotation angles (0°, 90°, 180°, and 270°). (f) Ortho-slices of the reconstructed structure
in panel e, where the step depth is 9 nm. Scale bars in panels a and b are both 50 nm, and those in panels c−f are all 20 nm.
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than that of Au, which is attributed to surface-covered
polydopamine. Notably, dopamine has a weak reducibility
and a strong coordinative capability, which dramatically
reduces the reaction rate to favor the island growth. The
sizes of the branched Au nanostructures could be precisely
controlled from 57.6 to 124.2 nm after different growth
generations (Figure S3), meeting the size requirements of
various potential applications.
The fine structure of one typical Au was analyzed with

electron tomography by rotating the sample from −70° to 70°
with a 1° interval on a TEM grid (supplementary video 1). No
noticeable mass loss or radiation damage was observed during
the data acquisition process. By reconstructing (Figure 2e and
supplementary video 2) and slicing (Figure 2f and supple-
mentary video 3) the multiple sets of the obtained pictures, we
can clearly see that the branches are uniformly distributed
around the core (highlighted by the red dot ring in Figure 2f)
and tightly wrapped by polydopamine (indicated by red
arrows). In combination with TEM images at typical rotation
angles (Figure S4), the tomographic results confirm that Au
nanostructures have a 3D branched morphology, which may
help eliminate the polarization deficiency.
Structural Evolution. The successful synthesis of

branched Au superparticles encourages a further exploration
of the growth process. The Au nanoparticles were isolated
from the solution at different reaction stages by centrifugation
and carefully characterized. After 5 min of reaction, the average
size of the cores increased to 18.6 nm, but no obvious island
was observed. When the reaction has progressed to 10 min, the
size of the Au core increased to 20.4 nm, and some small Au
islands emerged on the core surface, indicating a pronounced
VW growth mode (Figure S5). Subsequent growth led to the

formation of multibranch structures with a significantly larger
overall size (Figure 3a), while the cores showed a negligible
size change in the later period.
We divide the growth of Au into two stages. In the first 10

min of the reaction, the increase in the core sizes indicates the
conformal coating (FM mode) of Au. At this stage, the degree
of polymerization of dopamine is low so that it does not
significantly affect the growth mode of the Au. The
polydopamine chains keep growing until reaching their
solubility limit in the solution, determined by the critical
precipitation molecular weight, Mnc.

32 Before the polydop-
amine grows sufficiently large to reach Mnc, the deposition of
Au atoms on the surface of the seeds mainly follows the FM
growth mode. After reaching Mnc, however, polydopamine
precipitates from the solution and predominately covers the Au
surface, increasing the chemical potential for further Au
deposition and switching the growth mode to the VW mode.
The above understanding was proven by adjusting the
dopamine polymerization rate and comparing the sizes of the
Au cores. Figures 3b and S6 show a decrease in the core size
with the addition of more dopamine due to the reduced time
required to form polydopamine precipitates. In addition, an
increase in the concentration of dopamine also limited the
conformal coverage of the islands (Figures 3b and c and S6),
and guaranteed the formation of highly branched structures. In
addition, we also designed an experiment to delay the
precipitation of polydopamine by adding dimethyl sulfoxide
(DMSO), a good solvent for polydopamine. When 200 μL of
DMSO was added into the reaction system, the core size of the
final products could increase to 26 nm, indicating a longer
layer-by-layer growth period (Figure S7a). Increasing the
amount of DMSO to 1 mL caused the morphology of the

Figure 3.Mechanism investigation of seed-mediated island growth. (a) The overall and core size statistics of Au nanostructures versus the reaction
time. The statistics were recorded by randomly counting 100 individual particles. (b) The average sizes of the cores and widths of the branches of
Au nanostructures versus the amount of dopamine. (c) Schematic illustration of impact of the confinement effect on the growth of Au branches by
polydopamine. (d) HRTEM image and corresponding strain distributions of the shear component (εxy) determined by a geometric phase analysis.
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product to change from hyperbranched structures to small
islands, and the size of the core also increased to 30 nm
(Figure S7b). This result clearly shows that the precipitation of
polydopamine and its subsequent adsorption on the surface of
the seeds are important for regulating the growth mode.
We further reveal the key role of dopamine in this reaction

as a reducing agent and a ligand precursor. First, dopamine has
a catechol structure, which can quickly and strongly bind to
newly formed crystal surfaces during growth.33−35 As a result,
the chemical potential of the seeds’ surface increases
significantly, which changes the deposition mode of Au
atoms on Au seeds from layer-by-layer to continuous island
growth. In this context, we used the same amount of catechol
to mimic the role of dopamine, resulting in Au nanoparticles
with rough surface structures (Figure S8). While the
nonconformal coating of Au is consistent with our under-
standing of the strong affinity of this capping ligand for the Au
surface, the absence of multibranched structures indicates its
insufficient binding to the newly formed islands. Like most
small-molecule ligands, their binding to the metal surface is
dynamic,36 allowing local epitaxial growth. In addition to the
strong coordination of its catechol and amine groups to the Au
surface, dopamine cross-links during polymerization. While
reducing the gold precursor to drive growth on the seeds,
dopamine itself is cross-linked simultaneously, forming a
robust ligand film that prevents the newly formed islands

from growing in a layer-by-layer manner.37,38 The cross-linked
structure of polydopamine in this work was also confirmed by
dispersing Au superparticles in dimethylformamide (DMF).
The presence of a lighter layer in the bright-field TEM image
and a nitrogen signal in the EDS mapping image both prove
that the polydopamine can not be dissolved by DMF, which is
consistent with its cross-linked chemical structures (Figure
S9). Such a cross-linked structure minimizes the dynamic
nature of small capping ligands, providing a strong capping
effect to modulate the surface strain and promote the island
growth of Au on Au seeds.39,40 In addition, we also used linear
polyvinylpyrrolidone and polyallylamine as reference ligands.
When the polyvinylpyrrolidone was used as the ligand, only
quasi-spherical particles (∼55 nm) were obtained (Figure S10)
due to its relatively weak binding to the surface. With the
stronger binding ability of the amine groups, polyallylamine as
a ligand led to the production of branched nanostructures after
seeded growth (Figure S11). However, branching was not
extensive due to the limited capability of the linear ligands to
regulate the surface strain.
Further investigation of the crystal structures between an

island and its mother seed by high-resolution transmission
electron microscopy (HRTEM) indicates the existence of
many crystal twins and defects within the islands (Figures 3d
and S12). To quantify the displacement and strain fields in
crystalline lattices at a nanoscale resolution, we employed

Figure 4. Light-to-heat conversion ability of branched Au superparticles. (a) UV−vis−NIR spectra of Au dispersions with different concentrations
of 0, 12.5, 25, 50, and 100 ppm. The inset is the corresponding photograph from left to right. (b) Temperature curves of Au dispersions with
different concentrations under 808 nm laser irradiation (1.0 W/m2). (c) Calculation of the photothermal conversion efficiency at 808 nm. Gray
dots show the photothermal effect of an aqueous dispersion of Au under irradiation with a laser for certain periods, then the laser was switched off.
Green dots show the time constant (τs) for the heat transfer from the system determined by applying the linear time data from the cooling period.
(d) Simulated absorption and scattering cross-sections and calculated absorption efficiency for the Au sample with different polarization directions.
(e) Electric near-field enhancement distribution in the Au superparticles at 810 nm.
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geometric phase analysis (GPA) images (see part III in the
Supporting Information).41,42 Although the lattice strain in the
HRTEM image cannot be clearly visualized by the naked eye,
it has a significant contrast in the GPA image. A relatively large
stress effect was observed inside the crystal (white arrow),
proving that the epitaxial growth mode could not be
maintained during the overgrowth process. Meanwhile, the
considerable strain on the surface suggests its continuous
accumulation due to the adsorption of polydopamine on the
Au surface during overgrowth.
Photothermal Conversion. Consistent with our hypoth-

esis, the as-prepared Au superparticles exhibit broadband
absorption in the visible to NIR window even at a low

concentration (Figure 4a). Following the Lambert−Beer law
(A/L = εC, where A is the absorption intensity, L the length of
the cell, ε the extinction coefficient, and C is the
concentration), a linear dependence of A/L on the
concentration was obtained (Figure S13), and the extinction
coefficient at 808 nm was measured at 7.9 L g−1 cm−1, which is
smaller than that of conventional Au nanostructures (∼15.0 L
g−1 cm−1). While a small extinction coefficient typically means
an inefficient photothermal effect, the temperature elevation, in
this case, is significant (Figure 4b). The PCE is as high as
91.0% (Figure 4c), which is much higher than those of other
plasmonic photothermal agents. The seemingly contradictory

Figure 5. Proteomics analysis for photothermal therapy. (a) Effect of the concentration of Au on the photothermal therapeutic efficiency (0.5 W/
cm2 for 20 min). (b) Schematic illustration of the proteomics analysis of photothermal therapy by LC-MS. (c) Heatmap showing the expression
levels of all the quantified proteins. The LFQ intensity of the identified proteins in each group was converted to log10 and normalized to between
−1 and 1, reflecting the difference in protein expression levels under different conditions. (d) Cluster analysis of quantified proteins. (e and f)
Volcano plots of proteins under perturbation. To draw the volcano graph, log2 values of the (5 min LFQ intensity)/(0 min LFQ intensity) ratio or
log2 values of the (20 min)/(0 min) ratio was set as the x-axis and the −log10(P-value) was set as the y-axis. (g) KEGG of differential proteins (20
vs 0 min). DAVID Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/) was used for the GO analysis of differential proteins.
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results imply that the extinct lights are converted to heat with a
low scattering effect.
Since σabs is difficult to measure experimentally, we

performed calculations based on finite-difference time-domain
(FDTD) solutions with the help of the electron tomography-
assisted true 3D reconstruction process. The σabs and σsca
values of branched Au superparticles were calculated and
validated by approximating spheres to cubes with a slight
deviation (see part IV in the Supporting Information). As
shown in Figure 4d, σsca is small and the absorption efficiency
is beyond 95% in the NIR range, suggesting a high light
absorption efficiency. The absorption of the Au superparticles
is enhanced by the substantial plasmon coupling events and,
more importantly, the multiple reflections and absorptions
within the superparticles as enabled by their multibranched
structures. The broadening of the absorption peak is ascribed
to the probable multiple or high-order scattering effects, which
are triggered by the multiple built-in hotspots inside the 3D
structure. We focused on the absorption efficiency at around
808 nm, and the reconstructed nanostructure had an extremely
high absorption efficiency of 97.04% at 810 nm. By plotting the
electric field at 810 nm (Figure 4e), we found a substantial
electric field enhancement, which should be attributed to the
high absorption ability.
We also examined the polarization dependence of the light

absorption of our branched Au superparticles. The nanostruc-
ture shows almost identical absorption profiles with different
polarization directions, which indicates that our branched Au
superparticles absorb laser energy regardless of the polarization
direction of light. This unique behavior is consistent with our
original design and also contributes to the high photothermal
efficiency. Further, the branched Au superparticles were found
to exhibit high thermal and light stability (Figure S14), making
them ideal photothermal agents.
In Vitro Photothermal Therapy. Photothermal therapy

has attracted significant attention for cancer treatment due to
its noninvasive nature, high specificity, and insignificant side
effects.43 Due to the excellent photothermal efficiency,
branched Au superparticles were applied to kill cancer cells
in vitro. The nanostructures were first functionalized with RGD
oligopeptide (RGDRGDRGDRGDPGC) and polyethylene
glycol thiol (PEG) to increase the biocompatibility and
targeting to cell. The change of the surface charge from
−34.1 ± 0.4 to +11.7 ± 0.2 mV indicates the successful
conjugation of the RGD peptides and PEG thiols. Since the
SCMM-7721cells themselves have negligible absorption to
NIR light, no obvious change of the cell viability could be
found even with a laser power reaching 1 W/cm2. In
comparison, when the SCMM-7721cells were incubated with
Au nanostructures (5 ppm) and then illuminated with a low-
power light of 0.5 W/cm2 for 20 min, the cell viability sharply
decreased to 68% (Figure 5a). Most of the cells were killed by
increasing the concentration of Au nanostructures to 25 ppm
with the same irradiation conditions, demonstrating a high
photothermal therapeutic effect. We thereby performed further
experiments with a concentration of 25 ppm.
Proteomics Analysis for Photothermal Therapy. As

one of the most important parameters, temperature influences
almost all biological processes at the molecular and cellular
levels.44 For example, when the local temperature is raised to
40−60 °C, proteins aggregate and denaturize and the
structures of organelles start to change, resulting in irreversible
damage and finally cell apoptosis within 4−6 min. Moreover,

hyperthermia within cancer fuci can induce the release of
cancer antigens and proinflammatory cytokines to promote
anticancer immunity that kills cancer cells synergistically,
further demonstrating the high efficiency and potential of
photothermal therapy for cancer treatment.
To gain a global view of proteome change during the

photothermal therapy, we applied label-free quantitative
proteomics to identify and quantify protein expression changes
in SMMC-7721 cells after incubation with different stimulus
conditions.45,46 In this experiment, proteins were extracted and
analyzed by liquid chromatography−mass spectrometry (LC-
MS) (Figure 5b). The MS raw files were searched with
Maxquant for label-free quantification (LFQ). In total, over
2000 proteins were identified in three biological replications,
and about 1600 common proteins were quantified in three
different treatment groups (Figure 5c; 0, 5, and 20 min). The
correlation heat map was drawn by calculating the Pearson
correlation coefficients between the LFQ intensities of
different groups of proteins (Figures 5d and S15). The
clustering analysis shows that the control group (0 min) and
experimental groups were separately clustered, indicating the
good reproducibility of the proteomics experiments. After
log10 conversion of the proteome LFQ intensity data,
Student’s t-test analysis was performed, and the P-value
threshold was set to 0.05 to select proteins with significant
differences. Proteins with (5 min)/(0 min) ratios or (20 min)/
(0 min) ratios more than 2 or less than 0.5 were considered
differential proteins (Figure 5e and f). Compared with the
control group, the differential analysis identified proteins with
significant changes (Figure 5e) in photothermal-treated groups
when the exposure time reached 20 min. However, when the
exposure time was shortened to 5 min, the number of
differential proteins was only 13, demonstrating almost no
change at all (Figure 5f). The number of up- and down-
regulated proteins in each group are shown in Figure S16a.
A comparison of differentially expressed proteins identified

at different times can be found in the Venn diagram (Figure
S16b). As shown in Figure 5g, differential proteins are
distributed in different biological pathways. Pathway analysis
revealed the perturbation of significant signaling pathways
related to apoptosis, including spliceosome, proteasome, and
glycolysis or gluconeogenesis. The regulation of apoptosis may
act by affecting the energy and materials metabolism (Figure
S17). Energy generation-related proteins PGM1 and ALDOA
were found to be down-regulated in both the glycolysis or
gluconeogenesis and pentose phosphate pathways, leading to
decreased glycolysis and reduced ATP synthesis. Insufficient
ATP energy then caused cell apoptosis.47 For the materials
metabolism part, the photothermal treatment down-regulated
the expression of phenylalanine metabolism pathway-related
proteins (GOT1L1MIF), resulting in an inhibition of phenyl-
alanine metabolism. Elevated levels of phenylalanine are
known to induce apoptosis.48 In addition, the proteasome
can remove some junk proteins and prevent cell apoptosis. The
core particle of the proteasome was overall down-regulated,
leading to the inactivation of the proteasome. These junk
proteins cannot be removed after inactivation, and the cell
function becomes disordered, leading to apoptosis or
necrosis.49 Therefore, the energy and material metabolism
pathways were disturbed after the photothermal treatment,
both of which caused tumor cell apoptosis.
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■ CONCLUSION

In summary, we have developed a strain modulation strategy to
control the seeded growth of highly branched 3D Au
nanostructures. The redox reaction between dopamine and
Au3+ ions plays a vital role in the in situ formation of
polydopamine and its progressive deposition to the growing
surface of Au nanostructures to prevent conformal coating and
promote the continuous island growth of Au, producing highly
branched 3D superstructures. Thanks to the negligible
scattering cross-section, these branched Au nanostructures
showed an extraordinary high photothermal performance with
a recorded efficiency of 91.0%. When such nanostructures are
used as photothermal agents to kill cancer cells, the light
intensity and dosage requirements could be minimized to a
very low level, holding great promises in clinical applications.
The proposed unconventional seeded growth strategy is
general and may be extended to the synthesis of 3D branched
superstructures of other plasmonic metals such as copper and
silver, producing efficient photothermal converters with broad
applications in areas such as catalysis and solar energy
harvesting.

■ EXPERIMENTAL SECTION
Chemicals. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·

3H2O, 99.9%), L-ascorbic acid, polyvinylpyrrolidone (PVP, Mw =
10,000), potassium iodide (KI, 99%), sodium borohydride (NaBH4,
99%), L-ascorbic acid (AA, 99%), polyethylene glycol thiol (Mw =
5000, PEG), formic acid (FA), trypsin (TPCK-treated), iodoaceta-
mide (IAA), dithiothreitol (DTT), trifluoroacetic acid (TFA),
acetonitrile (ACN), mammalian cell protease inhibitors, and urea
were purchased from Sigma-Aldrich. Trisodium citrate dihydrate
(TSC, 99%), dopamine (99%), Catechol (99%), and tris-
(hydroxymethyl)methyl aminomethane (Tris, 99.9%) were purchased
from Aladdin. Hydrochloric acid (HCl,) was purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as
received without further purification. Cell Counting Kit-8 (CCK-8)
was purchased from Dojindo (Japan). Cell-penetrating peptide RGD
(RGDRGDRGDRGDPGC) was purchased from Nanjing Jiepeptide
Biological Co., Ltd. (China).
Synthesis of Au NPs (14 nm). Au NPs with a diameter of 14 nm

were prepared by the one-step seed growth method. In step 1, small
Au seeds were first prepared. To 9 mL of deionized (DI) water were
added 0.5 mL HAuCl4 (5 mM) and 0.5 mL TSC (5 mM). Then,
NaBH4 (0.3 mL, 0.1M) was quickly injected into the mixture under
vigorous stirring, leading to solution color to change to yellowish-red
immediately. After 4 h, the solution was stored at 4 °C for subsequent
seeded growth. In step 2, KI (1 mL, 0.2 M), PVP (2.5 mL, 5 wt %),
HAuCl4 (1.25 mL, 25.4 mM), and AA (1.25 mL, 0.1 M) were mixed
with 7.3 mL of DI water. Then, 3 mL of the Au seed solution was
quickly injected into the solution under vigorous stirring. The final
product was collected by centrifugation after 10 min and redispersed
in 52 mL of DI water.
Synthesis of Au NPs. In 9 mL of a Tris-HCl buffer solution

under nitrogen flow was dispersed 100 μL of Au NPs (14 nm). Then,
dopamine (50 μL, 4 mg/mL) and HAuCl4 (100 μL, 25.4 mM) were
added to the buffer solution sequentially. Immediately, the color
changed to orange from light pink and slowly turned to black after 1
h. The Au NPs were collected by centrifugation and redispersed in DI
water after 6 h.
Surface Modification. First, 1 mL of Au nanostructures (0.68

mg/mL) and 330 μL of the RGD peptide (2 mg/mL) were mixed and
reacted at 4 °C for 12 h. Then, the mixture was centrifuged to remove
the supernatant, and the product was dispersed to 1 mL of H2O.
Finally, 330 μL of polyethylene glycol thiol (2 mg/mL, Mw = 5000)
was added to the mixture. The mixture was centrifuged to remove the
supernatant, and the product was dispersed to 0.68 mL of H2O.

Cell Viability Assay. The cell viability was assessed by the CCK8
kit. The SMMC-7721 cells were cultured in a DMEM medium
containing 10% FBS and 1% PBS in a humidified incubator of 5%
CO2 and 95% air at 37 °C. Cells were seeded on 96-well plates for 24
h, and PBS was added into wells as the control group. Different
concentrations of Au were added into wells as the experimental group,
and the wells were incubated for 24 h. After CW laser irradiation (808
nm 0.5 W/cm2), CCK8 was added into the wells, and the mixtures
were incubated for 3 h. The optical density was measured on a
microplate reader at 450 nm. The cell viability was calculated through
the following equations: cell viability (%) = 100% × (OD of T-OD of
B1)/(OD of C-OD of B2), in which “OD of T” is the optical density
of the test experimental group, “OD of C” is the optical density of the
test control group, “OD of B1” is the optical density of the blank
experimental group, and “OD of B2” is the optical density of the blank
control group. The results are the average of five biological replicates.

Photothermal Therapy and Protein Sample Preparation.
The SMMC-7721 cells were cultured in a DMEM medium containing
10% FBS and 1% PBS in a humidified incubator of 5% CO2 and 95%
air at 37 °C. SMMC-7721 cells were incubated overnight with 5 μM
Au in complete media and then exposed to a CW laser (808 nm 0.5
W/cm2) for different durations. All cells reaching 80% confluence
were detached with 0.25% trypsin/EDTA and centrifuged (500 rpm,
5 min) for collection. Cells were washed three times with cold PBS
and suspended in lysis buffer (8 M urea, 10 mM PBS, and 1% (v/v)
protease inhibitor cocktail). After ultrasonication for 120 s (5 s
intervals every 5 s) in an ice bath, insoluble portions were separated
from the soluble ones by centrifugation at 16 000 × g for 30 min at 4
°C. Protein concentrations were determined using a BCA assay. After
being treated with DTT and IAA, the proteins were purified by a
MWCO 10 kd membrane. Afterward, the proteins were digested with
a substrate-to-enzyme ratio of 25:1 (m/m) at 37 °C for 12 h

NanoRPLC-ESI-MS/MS Methods. For the SMMC-7721 digest
analysis, the mixture was automatically loaded onto an RP trap
column (150 μm i.d. × 5 cm) and separated by a C18 capillary
column (150 μm i.d. × 15 cm). The trap column and the analytical
column were both packed in-house with 5 μm and 100 Å Venusil XBP
C18 silica particles. In order to study the peptides, two mobile phases
(A, 2% (v/v) ACN with 0.1% (v/v) FA and B, 98% (v/v) ACN with
0.1% (v/v) FA) were used to generate an 85 min gradient with the
flow rate of 600 nL/min (50 min from 7% to 23% B, 20 min from
23% to 40% B, 2 min from 40% to 80% B, and 13 min kept at 80% B).
A Q-Exactive mass spectrometer (Thermo-Fisher, San Jose, CA) was
operated in full scan (70000 fwhm, 350−1800 m/z) and product scan
(17500 fwhm, 100−1000 m/z) modes at the positive ion mode. The
electro-spray voltage was 2.3 kV, and the heated capillary temperature
was 270 °C. All the mass spectra were recorded with Xcalibur
software (ver. 3.1, Thermo Fisher Scientific). MS/MS spectra were
acquired in the data-dependent acquisition mode, and the 20 most
intense peaks with a charge state ≥2 were selected for sequencing in
the HCD collision cell with a stepped collision energy of 28%, 30%,
and 32%.

MS Data Analysis. Maxquant 1.6.5.0 was applied for the database
search against the swissprot Human fasta database (downloaded on
April 4, 2019). The corresponding reversed database was also used to
evaluate the false discovery rate (FDR) of peptide identification in the
database searching process. The parameters of the database search
include up to three missed cleavages that allowed for full tryptic
digestion, a precursor ion mass tolerance of 10 ppm, a product ion
mass tolerance of 20 mmu, carbamidomethylation (C) as a fixed
modification, and oxidation (M) and acetyl (protein N-term) as
variable modifications. Peptide spectral matches (PSM) were
validated using a perculator based on a q-value at a 1% false discovery
rate (FDR). The MaxLFQ algorithm integrated within MaxQuant
(ver. 1.6.5.0) was used for the label-free quantification (LFQ) analysis
of proteins with default parameters.

Characterization. UV−vis−NIR absorbance spectra were re-
corded in a range of 400−900 nm using a spectrometer (Maya 2000
Pro, Ocean Optics). TEM, HRTEM, HAADF-STEM, and elemental
mapping images were acquired by field emission high-resolution
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transmission electron microscopy (FEI Talos F200X, Thermo
Fisher). The photographs were taken by using a Canon 80D SLR
camera. The ζ-potential was measured using the Nano-ZS90 zetasizer
(Malvern, UK).
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