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Plasmonic nanomaterials with strong absorption at near-infrared
frequencies are promising photothermal therapy agents (PTAs). The pursuit of
high photothermal conversion efficiency has been the central focus of this

research field. Here, we report the development of plasmonic nanoparticle s ! § '

clusters (PNCs) as highly efficient PTAs and provide a semiquantitative
approach for calculating their resonant frequency and absorption efficiency by
combining the effective medium approximation (EMA) theory and full-wave
electrodynamic simulations. Guided by the theoretical prediction, we further develop a universal strategy of space-confined
seeded growth to prepare various PNCs. Under optimized growth conditions, we achieve a record photothermal conversion
efficiency of up to ~84% for gold-based PNCs, which is attributed to the collective plasmon-coupling-induced near-unity
absorption efficiency. We further demonstrate the extraordinary photothermal therapy performance of the optimized PNCs in
in vivo application. Our work demonstrates the high feasibility and efficacy of PNCs as nanoscale PTAs.

plasmon coupling, metal nanostructures, photothermal therapy, confined nanospace, templating seeded growth

ancer is the leading cause of death, with rapidly damage on adjacent healthy tissues. Among the various PTAs,
growing mortality worldwide. Statistics show that the metallic nanostructures with pronounced localized surface
global cancer burden had reached 19.3 million new plasmon resonance (LSPR) absorption are considered to be

cases and 10 million deaths in 2020. The International Agency

; _ promising candidates, mainly due to their high absorption
for Research on Cancer (IARC) estimates that one in five

Oabs — Gubs

people worldwide develops cancer during their lifetime."” efficiency (absorption efficiency Tonton o where 0y
Surgery, chemotherapy, and radiotherapy are currently O,y and o, represent absorption, scattering, and extinction

available clinical approaches for most cancer patients.
However, most cancers are diagnosed in the later stage when
surgical resection is no longer feasible. Traditional chemo-
therapy and radiotherapy have poor efficiency due to the
unavoidable resistance to drugs and radiation.”* As an

cross sections of the nanoparticle, respectively).'’ Note that
the absorption efficiency of plasmonic PTAs is equivalent to
their PCE when all of the absorbed light is converted to heat.
Increasing the therapeutic depth requires the absorption peak

emerging cancer treatment method, photothermal therapy of plasmonic PTAs to be shifted to the biological transparency
(PTT) has attracted significant attention due to its noninvasive window, calling for the delicate design of nanostructures with
nature, high specificity and efficiency, as well as insignificant anisotropic shapes.'”'> Meanwhile, to ensure a higher
side effects.”™ For example, when the local temperature absorption efliciency, the anisotropic plasmonic PTAs are

increases to above 48 °C, irreversible damage and eventually
apoptosis of cancer cells will occur within 4—6 min.’
Moreover, hyperthermia within cancer cells can induce the
release of cancer antigens and proinflammatory cytokines to
promote anticancer immunity, which kill the cancer cells
synergistically.'’

It is known that photothermal therapy agents (PTAs) are
essential in PTT. In particular, the PTAs with higher
photothermal conversion efficiency (PCE) can convert light
energy to heat more effectively, thereby causing less photo-

required to have a small effective size, which can be seen from

the volume dependences of 6,,, and o,
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Figure 1. Evaluation of the collective plasmon coupling in PNCs by the EMA theory and full-wave electromagnetic simulations. (a)
Schematic illustrations of multilayered (left) and randomly distributed (middle) Au nanospheres in water under light illumination from the
topside and the principle of the EMA theory (right). (b) Simulated resonance wavelength of a 130 X 26 X 26 nm® nanoellipsoid (black
squares) versus the FF of Au nanospheres in a PNC. The left inset sketches an actual ellipsoid-shaped PNC, modeled as a homogeneous
nanoellipsoid (bottom inset) in the full-wave simulations. The nanoellipsoid has an effective dielectric function defined by the Maxwell—
Garnett approximation using the FF of (r,/ r,),” where r, refers to the radius of the spherical inclusion and r, refers to the radius of the
spherical medium of each unit cell in the PNC (right inset). (c¢) Maximum extinction cross section and corresponding absorption efficiency
versus the gap size of a one-dimensional Au nanoparticle chain. Inset sketches the model chain consisting of 12 Au nanospheres used in the

full-wave simulations.
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where A is the wavelength of light, £, the dielectric constant of
the surrounding medium, € the dielectric constant of the metal
given by € = ¢, + ig, (&, and ¢, are the real and imaginary parts
of the dielectric constant, respectively), V the volume of the
nanoparticle, and n® the depolarization factor in the ith
direction. Typically, when the effective size of a plasmonic
nanostructure is reduced to below 20 nm, the absorption
efficiency approaches unity in the entire visible spectrum
(Figure SI in the Supporting Information).'* However, small
anisotropic plasmonic PTAs are vulnerable to laser irradiation
and tend to undergo shape-morphing during light irradiation,
making their PTT efficacy unstable in the treatment.'>'® The
stability of anisotropic plasmonic PTAs can be improved by
increasing their sizes, but doing so also increases the light
scattering by the materials and negatively affects the PCE. In
addition, upon the LSPR excitation in a metallic nanostructure,
the absorption and scattering cross sections reach their
maximum values simultaneously because they both rely on
the plasmon resonance of the nanostructure. As a result, a large
amount of light is scattered out of the plasmonic heating
system,'”'® which is not conducive to photothermal
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conversion. So far, the experimentally measured PCEs of
anisotropic plasmonic PTAs are usually less than 50%, which
are much lower than the theoretical value (>90%)."
Recently, plasmonic nanoparticle clusters (PNCs) have
emerged as efficient PTAs.”"~** Different from anisotropic
plasmonic PTAs, the heat generation in PNCs mainly depends
on plasmon resonance coupling. Upon light irradiation,
collective plasmon coupling occurs within the cluster, which
red shifts the resonance wavelength to the biowindow and also
significantly boosts the electromagnetic field intensity in the
interparticle gaps by several orders of magnitude.”>*® Tt is
worth noting that PNCs are composed of many isotropic
nanospheres in small sizes so that the absorption efficiency and
light/heat conversion stability can be improved simultaneously.
Although PNCs have promising prospects for PTT, few
related studies have been made in this context so far. One
reason is probably the lack of theoretical analysis on their
optical properties, unlike those widely studied plasmonic
oligomers consisting of strongly coupled nanoparticles with the
regular arrangement,””*® whose plasmonic responses can be
well-predicted by the well-known plasmon hybridization and
Fano theories.”” To this end, we employ the effective medium
approximation (EMA) theory to semiquantitatively determine
the optical response of the PNC system, calculate the filling
factor-dependent collective resonance wavelength, and discuss
the advantage of using densely packed PNCs. Experimentally,
we develop a universal strategy of space-confined seeded
growth to prepare various PNCs, including plasmonic
nanovesicles (Au, Ag) and rod-like plasmonic clusters (Ag,
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Figure 2. Synthesis and characterization of Au-based PNCs. (a—d) TEM micrographs of FeOOH (a), FFOOH/Au@RF (b), hollow templates
containing Au seeds (c), and a Au-based PNC viewed at varied tilt angle (d). (e) Reconstructed 3D images of a Au-based PNC at different
rotation angles (0, 90, 180, and 270°). The bright dots represent the Au nanoparticles in the PNC. (f) Schematic illustration of ortho-slices
of the reconstructed structure. The x—z plane (g) and x—y plane (h) ortho-slices of the reconstructed structure in (e). Scale bars from (a) to

(g) are all 100 nm.

Au, and Cu), and reveal the detailed synthesis mechanism of
the Au nanoparticle clusters. We show that optimizing the
structure parameters of Au nanoparticle clusters can increase
their PCE to 84%, which is much higher than most of the other
plasmonic nanomaterials. These Au nanoparticle clusters also
exhibit high photothermal stability during circulation tests.
Finally, we discuss the cancer treatment performance of the
optimized Au nanoparticle clusters and prove their high PTT
performance in vitro and in vivo.

RESULTS AND DISCUSSION

Theoretical Analysis of PNCs. In principle, the optical
response of a nanoparticle cluster system can be described by
the multilayer model, as depicted in Figure 1a.°>*" In this
model, the light beam with power I, impinges from the topside
onto the multilayer system, with each layer consisting of
randomly distributed Au nanospheres, where the backward and
forward optical powers across the nth and (n+1)th layers
(Iback,nl Iforw,n! Iback,n+l! and Iforw,n+l) can be related by the
following matrix:

1 _n
Iback,n+ 1 tn tn Iback,n
] P— - A t — 12 || Lorwy
t ty (3)

where t, and r, are the transmission and reflection coefficients
at the nth layer. Although the above matrix explicitly reflects
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the optical response of the PNC, it is difficult to determine the
relevant parameters, such as t,, r,, and the layer number for a
specific case. Here, we treat the PNC as an effective medium to
avoid potentially tedious calculations, as shown in the middle
panel of Figure 1a.** In the EMA framework, spherical metal
inclusions are embedded in a dielectric matrix to form an
electromagnetically homogeneous composite. The local field in
this composite material can be obtained by the sum of the
dielectric response of the matrix and the additional field
induced by the surface charge of the metal inclusions.
Although the EMA theory does not account for the dipole—
dipole interactions inside the medium, it can accurately predict
the resonance profile of an effective medium made of micro-
and nanostructures, showing good agreement with the results
obtained by the time-consuming discrete dipole approximation
(DDA) method.>® In our case, the EMA theory is
implemented by dividing the volume of the medium (eg,
water) by the number of plasmonic nanoparticles (e.g, Au)
inside our PNC system (inset in Figure 1b). Using the
Maxwell-Garnett approximation, we find that the resonant
wavelength for a 130 X 26 X 26 nm® nanoellipsoid made of the
Au—water effective medium red shifts from 540 to 964 nm
when the filling factor (FF) of Au increases from 0.3 to 1
(Figure 1b and Figures S2 and S3). Although the Maxwell—
Garnett approximation is not accurate for FF larger than 7/6
(or 0.4),** the red shift of the PNC resonance wavelength
still holds as it results from the effective permittivity
transitioning from water to gold with increasing the PNC FF.
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Figure 3. Controlled space-confined seeded growth. (a) TEM micrographs of Au-based PNCs prepared by adding HAuCl, at injection rate
varying from S to 10 #L/min and 20 #L/min. Scale bars are all 50 nm. (b) Average sizes of Au nanoparticles within the RF nanocapsules for
the three samples in (a), along with the average size of seed nanoparticles. The data were collected by randomly measuring 50 Au
nanoparticles for each sample. (c) UV—vis—NIR spectra of the three samples in (a). (d) Schematic illustration of space-confined seeded
growth, including the etching of tiny Au seeds and successive seeded growth on reserved seeds. (e—h) TEM micrographs of rod-like Ag (e)
and Cu (f) PNCs, and plate-like (g) and spherical (h) Au PNCs. Scale bars are all 100 nm.

To understand the optical response of PNCs with larger FFs,
we take a one-dimensional Au nanoparticle chain embedded in
water as a model system to resemble the longitudinal axis of an
ellipsoid-like PNC. Note that the long axis contributes to the
significant absorption of the PNC in the near-infrared (NIR)
domain. In this case, we quantitatively calculate the absorption,
scattering, and extinction cross sections of the nanoparticle
chain using three-dimensional full-wave electrodynamic
simulations, as shown in Figure lc. When the distance
between two neighboring Au nanospheres decreases (corre-
sponding to an increase in the PNC FF), the absorption cross
section grows dramatically, while the absorption efficiency
remains almost the same (see detailed simulation results and
relevant discussion in the Supporting Information, part 3). The
maximum absorption efficiency can be above 95% even when
the gap distance is only 0.5 nm, in contrast to that of a solid
gold nanorod (<70% for the case of FF = 1.0 in Figure 1b).
Therefore, the main interest of using PNCs instead of
anisotropic structures as PTAs is that they can reduce the
scattering effect, which is critical to achieving high absorption
efficiency. Here, reducing the gap size brings about two-fold
benefits: first, the resonance peak red shifts to a longer
wavelength being within the first biowindow, guaranteeing a
larger penetration depth in the PTT treatment; second, the
boosted collective plasmon coupling among Au nanospheres
induces a significant local temperature increase due to the
enlarged absorption cross section, leading to a more
pronounced PTT effect. Overall, coupling the EMA theory
and full-wave electrodynamics simulation can guide the design
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of the desired PNC structures by relating their FF to the
plasmon resonant frequency and absorption efliciency,
equivalently revealing the advantages of more densely packed
PNCs.

Synthesis of Au Nanoparticle Clusters. Conventional
fabrication methods of PNCs based on nanoparticle assembly
by noncovalent interaction result in nanoclusters that are not
stable against environmental changes. Although such a
shortcoming can be solved by forming stable PNCs through
the cross-linking of surface polymers from the adjacent gold
nanoparticles,”®”” the assemblages always suffer from a large
size of several hundred nanometers, which is not conducive to
blood circulation and cell uptake. Moreover, fabricating
nanoclusters with a high FF to endow them with absorption
at the biowindow is challenging. To solve such a problem, we
here propose a space-confined seeded growth strategy (Figure
SS) to produce PNCs with high FFs and small overall sizes,
which involves (1) synthesis of FeOOH nanorods, (2) loading
Au seeds on FeOOH nanorods (FeOOH/Au), (3) coating
FeOOH/Au nanorods with resorcinol formaldehyde (RF), (4)
selective etching of inside FeOOH, and (5) growth of Au
nanoparticles inside capsules. The advantages of this method
mainly include (1) controlling the size and gap of nano-
particles and plasmonic coupling by adjusting the precursor
amount, thereby verifying the reliability of EMA theory in the
prediction of PNCs’ optical properties; (2) achieving a high FF
that was not possible previously; and (3) enabling stable
plasmonic coupling by encapsulating the nanoparticles inside
the nanospace.
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Figure 4. Photothermal conversion capability of Au-based PNCs. (a) TEM micrographs of the Au-based PNCs prepared by injecting
different amounts of precursor solution at an injection rate of 5 #L/min. Scale bars all are S0 nm. (b) UV—vis—NIR spectra of corresponding
colloidal dispersions for the samples in (a). (c) Measured photothermal conversion efficiencies for the samples in (a). (d) Simulated
absorption and scattering cross sections and calculated absorption efficiency for the Au3S sample. (e) Electric near-field enhancement
distribution in the Au35 cluster at 810 nm. (f) Temperature evolution for the Au35 sample of four different concentrations under 808 nm
laser irradiation (1.0 W/cm?), along with the result for DI water. (g) TEM micrographs of Au35 before and after laser irradiation for five

cycles. Scale bars are both 50 nm.

The uniform ellipsoidal FeOOH nanorods with an average
dimension of 125 X 25 nm were prepared by direct hydrolysis
of FeCl, in an aqueous solution as initial templates (Figure
2a).>® Subsequently, tetrakis(hydroxymethyl)phosphonium
chloride (THPC)-capped tiny Au seeds (size <3 nm) were
synthesized and then attached to the surface of FeOOH
nanorods (FeOOH/Au, Figure $6). An RF layer of 27 nm was
then coated on FeOOH/Au nanorods (Figure 2b), and the
inside FeOOH nanorod was successively etched away by oxalic
acid to create space confinement (Figure 2c). It is emphasized
that RF was chosen as the shell material because it not only
exhibits relatively good molecular permeability to enable
penetration of precursors’ but also acts as a reducing agent
to HAuCl, (Figure S7).”” When we directly mixed nano-
capsules (Figure 2c) with HAuCl, at room temperature, the
color of the reaction solution changed gradually from brown to
red to dark blue, indicating the formation of Au nanoparticle
clusters (Figure 2d). The high-angle annular dark-field
scanning transmission electron microscopy (HADDF-STEM)
and elemental mapping analyses (Figure S8) reveal the
distribution of Au in the core rather than the shell, confirming
the high permeability of the RF shells, which enables the
exclusive growth of Au on the encapsulated seeds.
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Electron Tomography of Au Nanoparticle Clusters.
The detailed structure of Au nanoparticle clusters was analyzed
with the help of electron tomography by rotating the sample
on a TEM grid at a specific tilt series from —70° to +70° with
2° intervals. No noticeable mass loss or radiation damage was
observed during the data acquisition process. TEM images at
typical rotation angles (—60, —30, 0, +30, and +60°) are
shown in Figure 2d. One of the typical 3D-reconstructed Au
nanoparticle clusters with different viewing angles is given in
Figure 2e (0, 90, 180, and 270°, Figure S9 and Movie S1),
proving the random distribution of Au nanoparticles inside the
RF nanocapsules. The continuously porous nanostructure was
further confirmed by electron tomography ortho-slices (Figure
2f) from the x—z plane (Figure 2g, Figure S10, and Movie S2)
and x—y plane (Figure 2h and Movie S3).

Mechanism of Space-Confined Seeded Growth.
Further investigation reveals that the morphology and optical
properties of the products are greatly impacted by the reaction
kinetics, which can be controlled by the injection rate of
HAuCl,. When the Au precursor was injected quickly at 20
p#L/min into the reaction system, only a few large Au
nanoparticles with an average diameter of 31.2 nm were
observed (Figure 3a,b). On the contrary, we obtained many
small Au nanoparticles (4.4 nm) inside the RF capsules with a
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Figure S. In vivo photothermal therapy. (a) Relative viabilities of 4T1 cells after co-incubation with the Au35 dispersion (20 ppm) under 808
nm laser irradiation at different power densities. (b) Viability of 4T1 cells incubated in PBS and Au3$ solution (20 ppm) for 24 h and then
irradiated with an 808 nm laser for 5 min (1.0 W/cm?). (c) Relative tumor volume under different treatments. (d) Photographs of tumors
extracted from the mice after corresponding treatments in (c). (e) Histological H&E, TUNEL, and Ki-67 staining images of excised tumors
of different groups. Scale bars are all 100 pm. (f) Representative photographs of four groups of 4T1-tumor-bearing mice after various

treatments during 14 days.

lower injection rate of 5 #L/min. Such a difference results from
the competition between the dissolution and growth of seeds,
with the former being driven by the oxidation of Au’ by Au**
ions (Figures 3d and S11) and the latter the reduction of Au®*
by the RE shell.* In this experiment, the reduction rate of Au®*
is limited by the RF shell. Therefore, a slow injection rate of
Au*" ions ensures that all of the Au seeds had an equal chance
to grow. When the injection rate of the Au source increases,
the excess number of Au®* reacts with Au’, resulting in a
reduced number of the Au nanoparticles and an increase in the
particle sizes. We confirmed this hypothesis by adding sodium
oleate as capping ligands to protect the seeds against oxidation
because the capping ligands can bind with Au®* ions to lower
their reduction potential. As shown in Figure S12, the
morphology of small nanoparticles was well-maintained.
Consistently, we observed an increasing plasmonic coupling
resonance at ~750 nm with reduction of the injection rates
(Figure 3¢).

We further demonstrated that space-confined seeded growth
is a universal strategy. By changing the shape of the template
and the type of metal precursors, the morphology and
composition of PNCs can be customized. For example, when
the AgNOj; or CuCl, was used as a precursor, the rod-shaped
Ag (Figure 3e) or Cu (Figure 3f) nanoparticle clusters were
produced. By replacing the rod-shaped templates with
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nanoplates or nanospheres, we can prepare other anisotropic
PNCs (Figure 3gh). We propose a simple strategy to check
the anisotropic morphology of the product by comparing the
size of the product and the initial template. When the size of
the product is the same as the original template, the growth of
the product should strictly follow the templates. Here, the size
of the initial nickel hydroxide (~107 nm) and the size of the
subsequent growth of Au (~112 nm) are perfectly matched,
indicating that the RF capsule has not significantly deformed
during the growth, thus inferring the plate-like structure of the
products. Similarly, we confirm that the products in Figure 3h
are spherical.

Photothermal Effect of Au Nanoparticle Clusters.
Another advantage of the space-confined seeded growth
method is that we can continuously and accurately tune the
optical properties of PNCs because the size of Au nano-
particles and consequently the interparticle distance can be
controlled by adjusting the amount of the Au precursors. As
shown in Figure 4ab, with the addition of 10 uL of Au
precursor, the sizes of the seeds (~8.4 nm) have not changed
much, leaving large gaps between them. The sample shows a
unimodal spectrum around 532 nm. Continuous injection of
the Au precursor leads to an increase in the particle sizes and a
red shift of the plasmonic peak to 576 nm. A coupling peak at
~780 nm starts to emerge when 35 uL of HAuCl, is injected.
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Further increase in the Au precursor causes the small Au
nanoparticles to join together, which reduces the plasmonic
coupling. The particles finally form nonporous Au nanorods
with an average dimension of 60 X 175 nm.

The photothermal conversion of the above five samples was
carefully tested by illuminating the Au nanoparticle solutions
(normalized to the same atomic Au concentration) with a NIR
laser (Figure S13). The temperature of all samples increased
significantly within 5 min and reached the plateau, while the
Au3S showed the highest heating rates and equilibrium
temperature (Figure S14). To further understand the
contribution of plasmon coupling to heat generation, the
PCE of all five samples was calculated (see details in the
Supporting Information, part 7-III). As shown in Figure 4c,
Au3S has the highest PCE of 84%, much higher than that of
the other Au nanostructures reported in the literature (Figure
S15). The high PCE of Au3S was then analyzed by finite-
difference time domain (FDTD) simulations with the help of
the electron tomography-assisted true 3D reconstruction
process. The o,, and o, of Au3S were calculated and
validated by approximating spheres with a slight deviation
(Figure S16). As shown in Figure 4d, the absorption cross
section reaches the maximum in the wavelength range from
630 to 850 nm. The broadening of the absorption peak can be
ascribed to the probable multiple or high-order scattering
effects, which are triggered by the multiple built-in hotspots
inside the cluster.””*'~** We focus on the absorption efficiency
at around 810 nm as the wavelength of the laser used here is
808 nm. Our nanostructure has an extremely high absorption
efficiency of 98.28% 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 that can be qualitatively evaluated by eq 1
in the Supporting Information, part 3.

We then investigated the relationship between the photo-
thermal properties and the concentrations of Au35 (0, 1.25, S,
10, and 20 ppm) under an 808 nm laser irradiation (1.0 W/
cm?). As expected, upon laser irradiation, the Au3S showed a
concentration-dependent temperature increase (Figure 4f). A
similar trend is also found with a lower power density
irradiation (Figure S17). Laser on—off circulation tests showed
no observable change in the overall morphology and average
particles size (9.62 + 0.4 nm without irradiation vs 9.79 + 0.6
nm with irradiation) of the Au3S after five heating cycles
(Figures 4g and S18), thus demonstrating the high photo-
thermal stability of Au35.'

In Vitro Photothermal Therapy. We first evaluated
biocompatibility, an important factor for the application of
inorganic nanomaterials in biosystems,” through in vitro cell
cytotoxicity assay of Au3S on human breast cancer cells
(MCF-7), mouse breast cancer cells (4T1), and human
cervical cancer cells (HeLa) using cell counting kit-8 (CCK-8).
The results showed that all of the cells were of nearly identical
cell viability (above 90%) with the control group after co-
incubation with Au3S with a concentration as high as 50 ppm
for 24 h (Figure S19), indicating good compatibility of Au3$s
nanoparticles (Figure $20).

The potential of Au3$S for efficient PTT of cancer was
evaluated in vitro on 4T1 cells. The results showed that Au35
could lead to cell death in a laser-power-dependent manner
(Figure Sa). When the cells were incubated with 20 ppm Au35
and then irradiated with an 808 nm laser of 1.0 W/cm?, over
90% of them died. The superb photothermal killing efficiency
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of the synthesized nanomaterials was further evaluated visually
using a confocal laser scanning microscope (Figure S21) and
quantitatively based on a flow cytometer (Figure Sb and Figure
S22). All cells were stained with calcein-AM for better visual
differentiation, which causes green fluorescence in the live
cells, and propidium iodide (PI) that characterizes the dead
cells with red fluorescence. Consistent with the results of CCK-
8, more dead cells can be seen with the increasing nanoparticle
concentration and laser power. Almost all cells, including
control cells and the cells co-incubated with different
concentrations of Au3S, were alive when the light irradiation
was absent. However, few alive cells can be found within any
field of view when the cells were cocultured with gold
nanomaterials of 20 ppm and irradiated with an 808 nm laser
of 1.0 W/cm?. Accordingly, the results from the flow cytometer
showed that only 0.69% of the treated cells were alive
(cocultured with Au3S of 20 ppm and irradiated with 808 nm
laser of 1.0 W/cm?), which is much lower than that of control
cells (91.2%). These results from CCK-8, confocal laser
scanning microscopy, and flow cytometry suggest the high
PTT efficiency of Au3S.

In Vivo Photothermal Therapy. Under the permission of
the Animal Welfare and Ethics Committee of the Army
Medical University, the tumor model was established by
injecting 4T1 cells subcutaneously on female BALB/c nude
mice. The mice bearing xenografted 4T1 tumors were
administered Au3S and then irradiated under the same laser
to evaluate the PTT efficiency in vivo. We explored the deep
tissue photothermal activity using chicken breast as a model
tissue to emulate the clinical scenario. For example, when 10
mm of the tissue was placed between the PNC dispersion (20
ug/mL) and a laser source (1.0 W/cm?), efficient heating of
the aqueous dispersion was achieved (15 °C) without a
significant temperature increase inside the tissue (Figure S23).
When the tumor volume reached 100 mm?, the tumor-bearing
mice were randomly assigned to four groups (five mice per
group): phosphate-buffered saline (PBS) group (Gl1), PBS +
laser (1.0 W/cm?) group (G2), Au + laser (0.5 W/cm?) group
(G3), and Au + laser (1.0 W/cm?) group (G4). The Au3$ was
injected into G3 and G4 percutaneously at a dose of 20 ppm,
while an equal volume of PBS was injected into G1 and G2. All
lesions were then irradiated with an 808 nm laser for 5 min,
with the local temperature being recorded in real-time by a
thermal camera. Compared with G2, the local temperatures of
G3 and G4 were significantly increased under irradiation of the
laser. The laser with a higher power of 1 W/cm? resulted in a
temperature increase (AT = 22.97 + 2.51 °C) much higher
than the one of 0.5 W/cm? (AT = 11.42 = 0.12 °C) within §
min (Figure $24). These results reveal the satisfactory PCE of
the Au3S$ for PTT in vivo.

Figures Sc and S25 show the relative tumor volume of each
group. After treatment, the tumor volume of Gl and G2
increased gradually with a similar growth rate. On the 14th
day, the tumor volume was 5.3 and 4.3 times larger than that
before the treatment in G1 and G2, respectively. The tumor
growth in G3 was suppressed, showing only a slight increase in
the tumor volume on the 14th day. On the contrary, the tumor
dwindled gradually and eventually disappeared on the 14th day
in G4, indicating the superb PTT performance. Representative
photos of mice and the resected tumor before and after
treatment in different groups are shown in Figure 5d,
confirming the quantitative results visually.
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The tumors were further excised, fixed, and sliced for
histopathological and immunohistochemical analysis using
hematoxylin and eosin (H&E) staining and TUNEL assays
(Figure Se). Compared with G2, obvious cell apoptosis and
necrosis were observed in the tumor of G4. On the fifth day,
few alive cells with intact structures were found in G4.
Visualized results are also obtained for the nuclear antigen Ki-
67, positively correlated with cell proliferation. Different from
the control group, which presents strong Ki-67 expression,
almost no Ki-67 can be found in the Au + 1.0 W/cm? group.
These results indicated that the efficient photothermal ablation
of tumor-mediated Au nanoparticle clusters was achieved by
inducing cell necrosis and suppressing cell proliferation.

In addition to the biocompatibility assay in vitro, the
biosafety of the nanoparticles was also evaluated in vivo. The
body weights of all of the mice were measured, and negligible
fluctuations were observed (Figures Sf and S26). After being
sacrificed, the main organs, including the heart, liver, spleen,
lung, and kidney, were fixed and sliced for H&E staining,
There were no obvious morphology changes and cell necrosis
found in G4 compared with the control group (Figure S27).
We further tested the blood routine and biochemistry after
injection of nanoparticles to evaluate the biosafety, including
20 parameters: the urea, creatinine (CREA), uric acid (UA),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), total protein (TP), total
bilirubin (TBIL), white blood cells (WBC), hemoglobin
(HGB), red blood cells (RBC), platelet (PLT), hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concen-
tration (MCHC), red blood cell distribution width-standard
deviation (RDW-SD), red blood cell distribution width-
variation coefficient (RDW-CV), mean platelet volume
(MPV), and platelet distribution width (PDW) (Figure S28).
The blood biochemistry results show that the renal function
markers, including UREA, CREA, and UA values, are constant
in the normal range after nanoparticle injection, indicating that
the kidney has good function. The other five indicators,
including ALT, AST, ALP, TP, and TBIL, which are the main
indices of liver function, also are constant in the normal range.
After nanoparticle injection at the dosages of 5 and 7.5 mg/kg,
there is no obvious increase of ALT, AST, ALP, and TBIL
values and no obvious decline of TP, suggesting the good
function of the liver. The hematological evaluation was
determined by the other 12 parameters. The results show no
statistical difference of all the hematological parameters in the
treated groups (5 and 7.5 mg/kg) from the control group at all
time points. So, we conclude that the nanoparticles synthesized
in the present study show trivial side effects and systemic
toxicity of Au35 on the health of mice.

In summary, Au nanoparticle clusters with an ultrahigh PCE of
~84% for efficient PTT were prepared by a scalable space-
confined seeded growth method. The controlled growth
enables the formation of the rod-shaped assemblages of Au
nanoparticles with well-distributed gaps, which results in
strong plasmonic coupling, significant absorption in the NIR
spectrum, and ultimately excellent efficiency in photothermal
conversion. Furthermore, the high efficacy of the Au
nanoparticle clusters in photothermal ablation of tumors has
been fully demonstrated in the in vitro and in vivo studies,
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giving these tailor-designed biocompatible nanostructures a
great potential for clinical translation.

Synthesis of FEOOH Nanorods. A 400 mL solution containing
0.1 M FeCl;-6H,0 in deionized (DI) water was transferred to a S00
mL glass bottle and then heated at 40 °C in an oven for 30 h. The
solution was cooled to room temperature and stored at 4 °C before
use.

Synthesis of THPC-Capped Gold Seeds. Briefly, 96 mL of
water, 0.315 mL of 2.0 M NaOH, 0.126 mL of 16 wt % THPC
aqueous solution were mixed in an Erlenmeyer flask for 5 min at
which time 0.42 mL of 0.254 M HAuCl, was quickly added. The color
of the mixture underwent a sudden change from colorless to dark
brown. The as-synthesized gold seeds were further aged at 4 °C for
approximately 2 weeks before use.

Synthesis of FeOOH/Au Nanorods. The as-synthesized
FeOOH dispersion (60 mL) was centrifuged at 15000 rpm for 10
min, and the precipitates were further washed with DI water three
times. The nanorods were then modified with polyethylenimine (PEI)
by dispersing the nanorod in 1 mL of PEI solution (10 mg/mL) for 4
h. After that, the nanorods were isolated by centrifugation (15000
rpm X 10 min) and washed with DI twice to remove the unbound
PEL The as-obtained PEI-modified FeOOH nanorods were then
dispersed in 10 mL of gold seed solution and stored overnight. The
FeOOH/Au nanorods were separated by centrifugation (15000 rpm
X 5 min) and washed with water twice before use.

Synthesis of FFOOH/Au@RF Nanorods. The surface coating of
resorcinol formaldehyde was carried out using the Stober method.
The surface of FFOOH/Au nanorods was modified with poly(acrylic
acid) (PAA) prior to RF coating. The FeOOH/Au nanorod
dispersion was dropwise added into 10 mL of PAA (M, = 1800, 10
mg/mL) solution and kept under stirring for 4 h. The nanoparticles
were separated by centrifugation and redispersed in 28 mL of water
containing 15 mg of resorcinol, 21 uL of formaldehyde, and 100 uL of
diluted ammonia (2.8 wt %). The solution was then heated to 50 °C
for 2 h and boiled at 100 °C for 4 h. The nanoparticles were isolated
by centrifugation and redispersed in 15 mL of water.

Selective Etching of FEOOH. The as-prepared FeOOH/Au@RF
nanorods were dispersed in 20 mL of oxalic acid solution (2 mol/L),
heated to 60 °C, and maintained for 4 h. The hollow seeds were
isolated by centrifugation, washed four times, and redispersed in 15
mL of water (seed solution).

Seeded Growth of Au Nanoparticle Clusters. The seeded
growth of Au nanoparticle clusters was performed by directly adding
HAuCl, into the above seed solution. In detail, 50 uL of the above
seed solution was mixed with 1 mL of water to form a reaction
solution. Then the precursor solution (HAuCl,, 25 mM) was carefully
injected into the reaction solution by a syringe pump at an injection
rate of 5 yL/min. The reaction solution was stirred for an additional
30 min, and the products were isolated by centrifugation (125000
rpm X 2 min) and washed with water twice.

In Vitro Photothermal Conversion Assay. To investigate the
relationship between photothermal properties and nanoparticles
concentrations, 500 uL of aqueous Au3S nanoparticle dispersions
with different concentrations (0, 1.25, S, 10, and 20 ppm) was
irradiated under an 808 nm laser at a power density of 0.5 or 1.0 W/
cm? for 5 min. An infrared camera (FLIR A300, USA) was used to
record the temperature every 20 s. Photothermal stability of the Au35
was also analyzed by repeating irradiation on/off cycles five times, in
which the 20 ppm Au35 nanoparticle dispersion was irradiated under
an 808 nm laser (1.0 W/cm?) for 5 min and then cooled at room
temperature for another S min for every cycle. The infrared camera
was also used to monitor the temperature every 20 s.

In Vitro and In Vivo Biocompatibility Assay. Human breast
cancer cells (MCF-7), mouse breast cancer cells (4T1), and human
cervical cancer cells (HeLa) were used to evaluate the biocompat-
ibility of Au35 using CCK-8 assay in vitro. 4T1 cells were purchased
from Procell Life Science &Technology (Wuhan, China). MCF-7

https://doi.org/10.1021/acsnano.1c08485
ACS Nano 2022, 16, 910-920


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08485/suppl_file/nn1c08485_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08485/suppl_file/nn1c08485_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08485/suppl_file/nn1c08485_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c08485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

cells and HeLa cells were purchased from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences (Shanghai,
China). All cells were routinely cultured in complete DMEM (C-
DMEM) which consisted of 90% DMEM, 100 U/mL penicillin, 100
ug/mL streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum
at 37 °C in a 5% CO, humidified incubator (Thermo, Waltham, MA,
USA). For the CCK-8 assay, all of the cells were seeded in 96-well
plates at a density of approximately 5 X 10° cells per well and
incubated overnight. The cells were then incubated with 100 L of
fresh C-DMEM containing Au3S$ of different concentrations (0, 1.25,
2.5, S, 10, 20, SO, and 100 ug/mL) for 24 h. The cells were then
washed with PBS three times, and further cultured with 100 uL of
fresh C-DMEM containing 10% 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-S-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) solution.
After a 1.5 h co-incubation, the optical density value was measured at
450 nm using a Varioskan flash microplate spectrophotometer
(Thermo, Waltham, MA, USA). The relative cell viability was
acquired by calculating the percentage of viable cells in total cells.

Under the permission of the Animal Welfare and Ethics Committee
of the Army Medical University, female CS7 mice (S5 weeks old),
purchased from Beijing Huafukang Biotechnology Co., Ltd., were
injected intravenously with a Au3S suspension at a dosage of S and
7.5 mg/(kg body weight) or PBS to evaluate the in vivo biosafety.
After 24 h, mice were sacrificed, and their main organs, including
heart, liver, spleen, lung, and kidney, were fixed and sliced for H&E
staining. All images were obtained with an optical microscope (DP80,
Olympus, Japan). In addition, 0.8 mL of blood was collected at 0.5, 1,
3, and 7 days (3 mice per time point) after nanoparticle injection for
blood routine and biochemistry tests.

In Vitro Photothermal Therapy. The potential of Au3$S for
efficient PTT of cancer was evaluated in vitro on 4T1 cells using the
CCK-8 assay. Typically, cells were seeded in 96-well plates at a
density of approximately S X 10° cells per well and incubated
overnight. Then the cells were incubated with 100 yL of fresh C-
DMEM containing Au3$ of different concentrations (0, 1.25, 2.5, S,
10, and 20 pug/mL) for 1 h. Following that, the cells were randomly
assigned to three groups. Cells in group 1 were further cultured for 24
h without any treatment. Meanwhile, cells in groups 2 and 3 were
irradiated under the 808 nm laser at a power density of 0.5 or 1.0 W/
cm? for 5 min, respectively, and then were subsequently cultured for
24 h. After that, all of the cells in groups 1, 2, and 3 were analyzed
using CCK-8 to determine PTT efficiency following the same
procedure used in the previous section.

For a better evaluation of the PTT potential, 4T1 cells treated with
Au3S were imaged using a confocal laser scanning microscope and
counted on a flow cytometer. Similarly, the 4T1 cells were seeded in
96-well plates and then incubated with 100 yL of fresh C-DMEM
containing Au3$ of different concentrations (0, 1.25, 2.5, S, 10, and
20 pug/mL) for 1 h. The treated cells were randomly assigned to three
groups for confocal laser scanning. Cells in group 1 were further
cultured without any treatment, whereas groups 2 and 3 were irritated
under the 808 nm laser of 0.5 or 1.0 W/cm? for S min, respectively,
and then cultured for 24 h. Cells were washed with precooled PBS
three times and then stained with calcein-AM and PI for 30 min in the
humidified cell incubator. After the PBS wash, all of the cells were
imaged on a confocal microscope (CLSM, Leica SPS) with excitation
at 488 and 532 nm. The cells were randomly divided into two groups
for flow cytometry analysis and then further cultured without any
treatment (group 1) or irradiated with the 808 nm laser of 1.0 W/cm?
for S min (group 2). After 24 h of culture, cells were collected and
stained with the PE Annexin V apoptosis detection kit I and then
analyzed on a Beckman Coulter MoFlo XDP flow cytometer (Miami,
FL, USA).

In Vivo Photothermal Conversion Assay and PTT. Under the
permission of the Animal Welfare and Ethics Committee of the Army
Medical University, the human breast cancer model was established
by injecting 4T1 cells subcutaneously on the female BALB/c nude
mice (4—5 weeks old, ~15 g, purchased from Beijing Huafukang
Biotechnology Co., Ltd.). After collection, 1 X 10”7 4T1 cells were
resuspended in 80 uL of Matrigel (Corning, NY, USA) and injected
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on the back of each mouse. When the tumor volume reached 100
mm?®, the tumor-bearing mice were randomly assigned to four groups
(S mice per group): PBS group (G1), PBS + laser (1.0 W/cm?) group
(G2), Au3$ + laser (0.5 W/cm?) group (G3), and Au3S + laser (1.0
W/cm?) group (G4). All of the mice of G3 and G4 were injected the
Au3$ into tumors percutaneously at a dose of 20 ppm, and an equal
volume of PBS was injected for all mice in G1 and G2. All of the
lesions were then irradiated with an 808 nm laser for 5 min, and the
local temperatures were recorded in real-time by an infrared camera
(FLIR A300, USA). In the following 14 days, the body weight and
tumor volume of each treated mouse were recorded every other day,
and the relative tumor volume was calculated by V/V, (V, is the
initiated tumor volume before laser irritation, whereas V is the tumor
volume during the treatment).

Histological and Immunohistochemical Analysis. We per-
formed the histological and immunohistochemical analysis to better
understand PTT for the tumor in vivo. The tumor tissues were
harvested before and 2 and S days after irradiation from different
groups and fixed in 4% paraformaldehyde and embedded in paraffin.
After being sectioned into 4 um slices, the tissues were dewaxed,
rehydrated, and stained with H&E, TUNEL, and a Ki-67 kit. All
images were obtained with an optical microscope (DP80, Olympus,
Japan).

Characterization. The sample morphology was characterized by a
Tecnai 12 transmission electron microscope. A 200 keV field-emission
S/TEM (FEI-Talos) was performed for TEM characterization. The
tilt series images were recorded from —70° to +70°. During the data
acquisition process, no noticeable mass loss or radiation damage was
observed. The 3D tomograms were reconstructed using a Matlab
script package (e-Tomo) written by Robert Hovden (Muller group,
Cornell) with contributions from Dr. Huolin L. Xin. UV—vis spectra
were measured with an Ocean Optics HR2000 CG-UV-NIR
spectrometer. UV—vis—NIR spectra were measured with a Cary
500 UV—vis—NIR spectrophotometer.
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