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Multimodal imaging-guided chemo-photothermal therapy is an excellent cancer treatment, which
can not only efficiently against tumor, but also can offer precise treatment window and real-time
monitoring of the treatment efficiency. In our work, polydopamine (PDA)-coated gold nanobones
(AuNBs@PDA nanocomplexes) were designed for this approach. The AuNBs@PDA nanocomplexes have
strong absorbance in the near infrared (NIR) region and higher photothermal conversion efficiency (75.48
%) than gold nanobones alone, which was facilitated for photoacoustic imaging and photothermal ther-
apy. Besides, the loading efficiency of doxorubicin (DOX) by AuNBs@PDA nanocomplexes could be up to
about 70 % and DOX release from AuNBs@PDA/DOX nanocomplexes sensitively response to the lower
pH environment and NIR laser irradiation, which makes them become the excellent nano-carrier for the
delivery of chemotherapy drug. In vitro and in vivo studies showed significant cytotoxicity and antitumor
efficacy by the AuNBs@PDA/DOX nanoplatform with negligible side effects. Meanwhile, the nanoplat-
form was also successfully employed for computed tomography (CT) imaging, attributing to the high
atomic number and high X-ray attenuation coefficient of gold. Therefore, we believed that the proposed
PDA-coated gold nanobones would be a novel multifunctional theranostic nanoagent to realize the PA/CT

imaging-guided chemo-photothermal therapy of cancer.
© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.
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1. Introduction attention due to its noninvasiveness and safety [3-5]. PTT as an

effective tumor therapy strategy is mediated by converting photon

In recent years, an increasing number of multifunctional diag-
nostic and therapeutic nanomaterial has been used for efficient and
security antitumor therapy [1,2]. Especially, the real-time imaging-
guided photothermal therapy (PTT) is attracting more and more
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energy into heat to induce tumor cells death upon laser irradiation.
In general, the PTT nanoagents can also be used for photoacoustic
(PA) imaging by converting light energy into acoustic signals. In
addition, the real-time PA imaging can monitor the process and
efficiency of cancer treatment, when PTT nanoagents are accumu-
lated at the tumor site, simultaneously enhancing the therapeutic
efficiency [6]. Although the PTT alone is effective to inhibit tumor
growth, it is difficult to completely eliminate the tumor due to
the scattering of light in biological tissues. Therefore, scientists
are interested in combination therapy that may have the stronger
synergetic antitumor effect, such as chemo-photothermal therapy.
As one of the major treatments for tumor, chemotherapy has poor
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selectivity and nonnegligible side effects. Thus, in a lot of chemo-
photothermal therapy studies, PTT nanoagents have been used to
enhance chemical drug targeting delivery as carriers [7-10].

Inorganic gold nanomaterials have attracted a lot of atten-
tion and widely been used in biomedicine field because of their
unique optical, electrical and chemical properties [11-14]. Differ-
ent morphologies of gold nanomaterials have been applied to be
computed tomography (CT) imaging contrast nanoagents, such as
gold nanospheres [15], gold nanorods [16], and gold nanocages
[17]. The gold element has not only high X-ray attenuation coeffi-
cient (Z=79, K-edge value =80.73 keV), but also superior biological
inert and biocompatibility [18]. Recently, various gold-based mul-
tifunctional nanomaterials raise concern and have been designed
for tumor therapy, such as Au@Fe30y4, [19] Au@graphene oxide
[20], Au@MnO; [21] and Au@CusS [22]. These nanomaterials have
not only the function of their components, but also the synergistic
effect, whose prospective biomedical application is more antic-
ipated [23-25]. Since it was reported that the mussel-inspired
adhesive protein can be applied for multifunctional coating by
Messersmith et al. in 2007 [26], polydopamine (PDA) has attracted
substantial interests owing to its good properties of biocompat-
ibility and easy surface modification [27-30]. According to the
latest reports, due to its strong NIR absorption and high drug load-
ing efficiency, PDA can be used as a universal surface coating of
functional nanomaterial [31,32], including the gold nanomaterials.
The published examples of PDA-coated gold nanomaterials were
roughly divided into the following two types: (1) PDA-coated gold
nanoparticles. Li et al. [33] reported Au@PDA@BD nanoparticles
for CT imaging and PTT. Sun et al. [34] reported Au@PDA-125]
particles for SPECT/CT imaging and radiosensitization. (2) PDA-
coated gold nanorods, Liu et al. [35] reported AUNR@CuPDA for
PPT and chemotherapy. Khlebtsov et al. [36] reported AuNR-PDA-
R123-folate nanoparticles for targeted fluorescent imaging and
PTT. Wang et al. [37] reported AuNR-PDA MB/DOX for PTT com-
bined photodynamic or chemotherapy. Besides, there are some
other nanostructures, such as PDA-coated gold nanostars [38], and
PDA-coated branched Au-Ag nanoparticles [39]. In a word, these
nanomaterials are competitive candidates in multimodal theranos-
tic applications.

In this work, we fabricated a multifunctional platform from PDA-
coated gold nanobones (AuNBs) loaded with a chemotherapy drug,
doxorubicin (DOX) (referred to as AuNBs@PDA/DOX nanocom-
plexes), and simultaneously explore the potential applications in
clinics. As shown in Scheme 1, the AuNBs@PDA/DOX nanocom-
plexes were designed by in situ polymerization of dopamine
onto the surface of gold nanobones, then the DOX was loaded
through - stacking and hydrogen binding interactions with PDA.
The obtained AuNBs@PDA/DOX nanocomplexes exhibit strong
absorbance in the near-infrared (NIR) region, excellent photother-
mal conversion efficiency, and high drug loading capability. Upon
laser irradiation, the AuUNBs@PDA/DOX nanocomplexes could pro-
duce heat and increase DOX release, realizing the synergetic
chemo-photothermal therapy. In addition, Au acted as CT contrast
agent [15] and PDA could be used for PA imaging, respectively [8].
Therefore, the AuUNBs@PDA/DOX nanocomplexes were employed
as nanotheranostic agents for multimodal imaging-guided (PA/CT)
imaging-guided synergetic chemo-photothermal therapy of can-
cer.

2. Experimental
2.1. Materials

Chloroauric acid (HAuCly-3H,0), hexadecyltrimethylammo-
nium chloride (99 %, CTAC), ascorbic acid (99.7 %, AA) and sodium
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borohydride (98 %, NaBHy), silver nitrate (99.8 %, AgNOs3 ), methyl
thiazolyl tetrazolium (MTT), Doxorubicin hydrochloride (DOX)
were purchased from Sigma Aldrich. Dopamine bought from Alfa
Aesar. Live/dead cell staining kit (calcein-AM-propidium iodide)
from Invitrogen. All chemicals were analytical grade and without
further purification. Water used in the experiment was purified by
a Milli-Q Water Purification System.

UV-vis-NIR absorption spectra were examined with UV spec-
trometer (UV-3600, Shimadzu). The instrument of dynamic light
scattering (DLS) was Nano ZS90 form Malvern. Transmission elec-
tron microscopy (TEM) (Tecnai G2 Spirit, FEI) was used to display
the morphology of particles. The 808 nm laser was MDL-N-808—10
W (Changchun New Industries Co., Ltd). The fluorescence imag-
ing was performed on an Olympus fluorescent microscope (Tokyo,
Japan).

2.2. Synthesis of PDA-coated gold nanobones

The AuNBs with 50 nm length and 20 nm wide, which
were synthesized following the seed-mediated growth method.
Gold nanoseeds were first synthesized as follows, CTAC (hexade-
cyltrimethylammonium chloride, 0.1 M, 10 mL) and HAuCl, (10
mM, 250 pL) were stirred for 5 min, then 0.6 mL of 10 mM NaBH4
was added when the solution colour from yellow into brown. Next,
the AuNBs growth solution was prepared by dissolving CTAC (0.1
M, 10mL), AgNO5 (3 mM, 100 p.L), HCI (1 M, 200 p.L) and HAuCl, (10
mM, 0.5 mL) in a 50 mL Erlenmeyer flask. The mixture let to stand
at 30 °C for 15 min, then added 0.1 mL of 100 mM ascorbic acid and
vigorously stirred for 30 s. At last, the mixture solution was added
10 pL gold nanoseeds solution. Vigorously stirring for 30 s, the mix-
ture let to stand at 30 °C for 12 h for AuNBs growth. After synthesis,
the surfactant was removed by centrifugation and washing with
PBS for two times. The resulting AuNBs solution was preserved
at 4 °C for further experiments. The PDA coating was prepared
according to the technique described by the previous reports [26].
1 mg of AuNBs was added to the dopamine solution (2 mM, 1 mL),
and adjusted pH to 8.5 using tris (hydroxymethyl) aminomethane
buffer. Then the solution was sonicated for 20 min for PDA coating.
The AuNBs@PDA nanocomplexes were obtained by centrifugation.
And at last, the PEG-modified AuNBs@PDA nanocomplexes were
obtained by covalently functionalized with amine-terminated PEG
(mPEG-NHjy, 5 kDa).

2.3. DOX loading and release

For DOX loading, different concentrations of DOX (0, 25, 50, 100,
150, 200, and 250 pg/mL) were added to the 1 mg/mL AuNBs@PDA
nanocomplexes solution. The mixture was agitated at 25 °C for 6
h. And the mixture was centrifugated with deionized water three
times to remove the redundant DOX. The obtained DOX loaded
nanocomplexes (AuNBs@PDA/DOX) were re-suspended in deion-
ized water and preserved at 4 °C for the next experiments. The
loading efficacy of DOX was calculated by UV-vis-NIR absorbance.
For DOX release, AUNBs@PDA/DOX nanocomplexes were dialyzed
in PBS buffer of pH 7.2 and 6. And the temperature of buffer
was almost 37 °C. At 0, 0.25, 0.5, 1, 3, 5,7, 9, 11, and 24 h time
points, the relieving DOX from AuNBs@PDA/DOX nanocomplexes
was collected and calculated. Besides, at different time points, the
AuNBs@PDA/DOX nanocomplexes in pH 6 solution was irradiated
with an NIR laser (808 nm, 1 W/cm?) for 5 min. Then, the released
DOX was collected and calculated.

2.4. Calculation of photothermal conversion efficiency

To measure the photothermal conversion efficiency of
the AuNBs@PDA nanocomplexes, different concentrations of
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Scheme 1. (a) The diagram of the AuNBs@PDA/DOX nanocomplexes preparation; (b) The AuNBs@PDA/DOX nanocomplexes used for PA/CT imaging-guided chemo-

photothermal therapy of cancer.

AuNBs@PDA nanocomplexes (0, 12.5, 25, 50, and 100 pg/mL)
were irradiated with the 808 nm laser (1 W/cm?) for 5 min. And
50 pg/mL AuNBs@PDA nanocomplexes were also irradiated with
the 808 nm laser at various power densities (0, 0.25, 0.5, 0.75
W/cm?2) for 5 min. The original temperature was maintained at
26 + 2 °C. A digital thermo imaging was used to measure the
real time temperature of the AUNBs@PDA nanocomplexes during
irradiation, and the distilled water as a control. The photothermal
conversion efficiency was calculated with the following equation
according to a previously reported method.

mc(Tmax — Tinax, HZO)
I(1-10"M)1s

n=

where m is the solution mass, c is 4.2 J/g, the heat capacity of
water, Tmax and Tmax n,0 are maximum temperatures achieved in
the presence or absence of the AuNBs@PDA, i.e., 67.5 °C and 28.0
°C, respectively, I is the power density of 808 nm laser (1 W/cm?2),
A is the 808 nm absorbance of AuNBs@PDA solution (1.79), and ts
is system time constant (223.35 s).

2.5. Cellular uptake of free DOX and AuNBs@PDA/DOX

Murine breast carcinoma cell line 4T1 cells were seeded into
35 mm dish at a density of 1 x 104 cells for 24 h, then incubated
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with 50 pg/mL AuNBs@PDA/DOX nanocomplexes (loading DOX,
6.6 pg/mL) and the same amount of free DOX for 2 h. After that,
the cells were washed with PBS for three times and stained the
nuclear with DAPI. At last, the cellular uptake of free DOX and
AuNBs@PDA/DOX were observed using the Olympus fluorescent
microscope.

2.6. Chemo-photothermal therapy of tumor cells in vitro

To investigate the chemo-photothermal combination therapy
efficiency of AuUNBs@PDA nanocomplexes, in brief, 4T1 cells were
seeded into 96-well plates at a density of 5 x 103 cells/well for 24 h,
and incubated with free DOX, AuUNBs@PDA and AuNBs@PDA/DOX
nanocomplexes at different concentrations for 24 h. Then the
cells were exposed to the 808 nm laser (1 W/cm?2) for 5 min.
After another 24 h, the relative cell viability of different treatment
groups was measured by MTT cell proliferation cytotoxicity assay
kit compared with the untreated control group. And the chemo-
photothermal synergetic therapy effect was further detected by
live/dead staining analysis using a fluorescence microscope. 4T1
cells were seeded in 12-well plate at a density of 5 x 10% cells per
well. After incubating for 24 h, the cells were set to six groups
(including control, free DOX, AuNBs@PDA, AuNBs@PDA/DOX,
AuNBs@PDA + NIR, and AuNBs@PDA/DOX + NIR groups. NIR = 808
nm laser, 1 W/cm?, 5 min, Cpox =6.6 pug/mL, Caunpseppa =50 ug/mL)



J. Xuetal.

and treated as mentioned above MTT assay. After treated, then the
cells were stained with live/dead cell staining kit (Invitrogen) for 30
min and observed using a confocal microscope. The live cells were
green and dead ones were red.

2.7. Tumor model

BALB/c mice were achieved from Changzhou cavens laboratory
animal technology Co. Ltd. and used under the protocol approved by
Soochow University laboratory animal center. We subcutaneously
injected 1 x 10% 4T1 cells at the back of mouse. All procedures
used in this experiment were compliant with the animal ethics
committee of Soochow University Laboratory Animal Center.

2.8. PA/CT imaging

A small animal imaging system MSOT (iThera Medical,
Germany) was used for in vitro and in vivo PA imaging. Different
concentrations of AuNBs@PDA nanocomplexes (0, 6.25, 12.5, 25,
50, and 100 p.g/mL) were planned to evaluate in vitro testing. For
in vivo testing, 100 pL, 2 mg/mL AuNBs@PDA nanocomplexes were
injected into the 4T1 tumor-bearing mice via the tail vein. After
different time points (0,0.5, 1, 3, 6,9, and 12 h), the mice were anes-
thetized and placed into the MOST measurement. The PA signal of
tumor was collected immediately.

For CT imaging, different concentrations of AuNBs@PDA
nanocomplexes (0, 62.5, 125, 250, 500, and 1000 wg/mL) were
prepared in 1 mL centrifuge tubes. The same concentrations of
iopromide were used as control. For in vivo CT imaging, the mice
with tumors on both sides of the thigh were anesthetized. Then 100
1L AuNBs@PDA nanocomplexes (2 mg/mL) and the same amount
of iopromide were intratumorally injected into the left and right
side of the tumor, respectively. The CT images were scanned and
acquired with a U-SPECT + /CT (MILabs) scanner.

2.9. In vivo chemo-photothermal therapy with the aid of
AuNBs@PDA/DOX nanocomplexes

For in vivo chemo-photothermal therapy of cancer, we firstly
detected the photothermal properties of AuUNBs@PDA nanocom-
plexes in vivo. 100 L, 2 mg/mL AuNBs@PDA nanocomplexes were
injected into 4T1 tumor-bearing mice via tail vein, PBS as control.
After 3 h, mice were irradiated with 808 nm laser (1 W/cm?, 10 min)
and recorded the tumor local temperature change with an infrared
camera.

When the tumor on the back of mice reached approximately 75
mm?3, mice were stochasticly divided into four groups (including
NIR, DOX + NIR, AuNBs@PDA + NIR, and AuNBs@PDA/DOX + NIR
groups). In all groups, NIR was the group that the cells were irradi-
ated with 808 nm laser (1 W/cm?) for 10 min as control. Mice from
the “DOX + NIR” group were injected with DOX at the 1.3 mg/kg
body weight. The other groups of mice were injected with 100
L, 2 mg/mL AuNBs@PDA or AuNBs@PDA/DOX (equivalent DOX1.3
mg/kg body weight) via the tail vein. After 3 h, the mice were anes-
thetized and irradiated with 808 nm laser (1 W/cm?) for 10 min.
In the meantime, the tumor growth was monitored by tumor size
and weight every other day with a calliper and an electronic bal-
ance. And the tumor volume (V, mm3) was calculated as follows: V
= (a x b?) [ 2, where a (mm) is tumor length and b (mm) is tumor
width, respectively. The tumor growth inhibition (TGIR) was calcu-
lated as follows: TGIR = (1 - V/Vyr) x 100 %. H&E staining of tumor
from mice was performed on the 2nd day post treatment. And an
inverted microscope was used to observe the staining.
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3. Results and discussion
3.1. Characterization of AuNBs@PDA nanocomplexes

To prepare the AuNBs@PDA nanocomplexes, AuNBs were fab-
ricated by a classic seed-mediated growth procedure according to
the previously reported method [40,41]. Initially, almost 5 nm size
of gold nanoseeds were synthesized. Then gold nanobones were
grown on the seeds by hexadecyltrimethylammonium chloride
(CTAC) as a template. The average size of obtained gold nanobones
was a length of 44.2 + 1.4 nm and a diameter of 18.7 = 1.4 nm
(Fig. 1(a)). Then the CTAC was removed through centrifugation
and we coated the AuNBs with PDA for further surface functional
modification. The PDA coating was achieved by the amino ligand
of dopamine binding to the gold surfaces and self-polymerization
of dopamine under alkaline conditions as reported in the previ-
ous paper [16,42]. The TEM image of AuUNBs@PDA nanocomplexes
showed that the PDA shell was approximately 8 nm in thickness
(Fig. 1(b)). And the hydrodynamic size and zeta potential of AuNBs
and AuNBs@PDA nanocomplexes were measured by DLS. As shown
in Fig. S1(a) in Supporting Information, the results showed that
the CTAC capped AuNBs have two peaks of average hydrodynamic
size 56.2 nm and 3.4 nm, and AuNBs@PDA nanocomplexes have
only one peak of average hydrodynamic size 150.9 nm. The large
hydrodynamic size of AuNBs@PDA nanocomplexes may be due to
PEG modification on the surface. And the hydrodynamic size of
AuNBs@PDA nanocomplexe was almost unchanged in PBS and 10 %
FBS DMEM medium within 48 h (Fig. S1(b) in Supporting Informa-
tion). And as shown in Fig. S1(c) in Supporting Information, the zeta
potential of CTAC capped AuNBs was 28.0 + 1.6 mV. After we coated
AuNBs with PDA, the zeta potential of AuUNBs@PDA nanocomplexes
was changed to -12.6 &+ 2.5 mV. Moreover, the transverse and lon-
gitudinal local surface plasmon resonance (LSPR) peaks of AuNBs
were approximately 552 nm and 667 nm detected by UV-vis-NIR
absorption spectra (Fig. 1(c)). After coated with PDA, the absorption
of AuNBs@PDA become broad and the bathochromic shift especially
increases absorption in the 700—1000 nm NIR.

The excellent NIR absorption of AuNBs@PDA nanocomplexes
encouraged us to explore its photothermal property. Firstly, the
photothermal properties of AuNBs@PDA nanocomplexes were
investigated by supervising the rise of temperature upon the 808
nm laser irradiation. As shown in Fig. 1(d), the real-time tem-
perature of AUNBs@PDA nanocomplexes aqueous solutions was
gradually increased with the extension of irradiation time, and it
is the concentration of AuNBs@PDA nanocomplexes dependent. 5
min post irradiation, the temperature of the 50 j.g/mL AuNBs@PDA
nanocomplexes was raised from 26 °C to 60 °C. In contrast, the
temperature of water increased by only 2 °C in the same condition.
And we also irradiated the 50 pwg/mL AuNBs@PDA nanocomplexes
with the 808 nm laser at various power densities. During con-
tinuous irradiation, the temperature of the solutions rapidly rose
initially along with the irradiation power (Fig. S2(a) in Supporting
Information). In addition, the photothermal stability was another
vital factor of photothermal therapy agent. The temperature ele-
vation of AuNBs@PDA nanocomplexes was maintained upon laser
irradiation for four on/off cycles (Fig. S2(b) in Supporting Infor-
mation). Moreover, the photothermal conversion efficiency () of
AuNBs@PDA nanocomplexes was up to 75.48 % calculated by a
previous method (Fig. S2(c, d) in Supporting Information) [22].
Therefore, it is implied that the AuNBs@PDA nanocomplexes have
the potential to be excellent nanoagents of photothermal therapy.

It was reported that DOX as an aromatic structure chemother-
apy drug can be loaded on the surface of sp2-bonded polymers via
-1 stacking and hydrogen binding, such as PDA [43,44]. There-
fore, we further studied the DOX loading efficiency of AuNBs@PDA
nanocomplexes. For DOX loading, we first examined the absorp-
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Fig. 1. (a, b) TEM images of AuNBs and AuNBs@PDA; (c) Vis-NIR absorption spectra of AuNBs and AuNBs@PDA; (d) The photothermal heating curves of AuNBs@PDA
nanocomplexes with different concentrations under 808 nm laser irradiation (1 W/cm?) for 5 min; (e) Quantification of DOX loading at different feeding amounts of DOX;
(f) DOX release from AuNBs@PDA/DOX nanocomplexes overtime in different pH values (7.2 and 6) buffers and DOX release from AuNBs@PDA/DOX nanocomplexes at pH

values of 6 with NIR laser irradiation.

tion curves of DOX solutions with different concentrations using
UV-vis-NIR absorption spectra. As shown in Fig. S3(a) in Support-
ing Information, the characteristic absorption region of DOX is
about 500—-600 nm, and the absorbance of peak was proportional
to the concentration (Fig. S3(b) in Supporting Information). Then,
1 mg/mL AuNBs@PDA nanocomplexes were mingled with differ-
ent amounts of DOX, shaking and reacting for 6 h in PBS (pH = 8).
Post the reaction, DOX loaded AuNBs@PDA nanocomplexes were
obtained after removing the unbound DOX via centrifugal filtra-
tion. The DOX loading efficiency (AuNBs@PDA: DOX, w/w) was
calculated by detecting the supernatant excess DOX (Fig. S3(c) in
Supporting Information). As shown in Fig. 1(e), the loading effi-

ciency of AuNBs@PDA nanocomplexes was raised as the amount of
DOX increase and it tended to be saturated. Concerned that load-
ing plenty of DOX would affect the properties of nanoparticles, the
feeding of 5:1 (AuNBs@PDA: DOX, w/w) was used for our followed
experiments with DOX loading of 66 %. Moreover, we also have
investigated the drug release of the AuUNBs@PDA/DOX nanocom-
plexes. Firstly, the AuNBs@PDA/DOX nanocomplexes suspended in
different pH of PBS buffer were incubated and shaken for different
time in 37 °C water bath. Then, we monitored the release amount
of DOX (Fig. S4 in Supporting Information) and calculated the per-
cent of DOX release at various time points. As shown in Fig. 1(f),
the results revealed that DOX has a favorable sustained release
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from the AuNBs@PDA/DOX nanocomplexes under more acidic con-
ditions (pH = 6). After 24 h, the percent of DOX release was 17.4 %
at pH 7.2 and 43.9 % at pH 6, respectively, which was consistent
with the previous reports [10,16]. At lower pH, the amino group
of DOX molecule can be protonated, which speeds up the release
of DOX from PDA nanoparticles [45,46]. Moreover, we tested the
DOX release from AuNBs@PDA/DOX nanocomplexes at pH values
of 6 with NIR laser irradiation. Upon exposure of AuNBs@PDA/DOX
nanocomplexes to NIR laser, the release of DOX was enormously
increased. After 24 h, the percent of DOX release was up to 65.4 %.
And it confirmed that the effective photothermal heating property
of AuUNBs@PDA can be more conducive for DOX release, which may
destroy intermolecular forces and hydrogen bonding [8].

3.2. Invitro synergistic therapeutic efficacy of AuNBs@PDA/DOX
nanocomplexes

For investigating the therapeutic efficacy of AUNBs@PDA/DOX
nanocomplexes, we have detected their cellular uptake in the 4T1
cells through the confocal microscope. 4T1 cells were incubated
with AuNBs@PDA/DOX nanocomplexes (loading DOX, 6.6 pg/mL)
and the same amount of free DOX for 2 h. As shown in Fig. S5
in Supporting Information, both free DOX and AuNBs@PDA/DOX
nanocomplexes could be swallowed by 4T1 cells after 2 h incuba-
tion time. And it was no obvious difference in the cellular uptake
of free DOX and AuNBs@PDA/DOX nanocomplexes within a short
time.

Then, we also have detected the biocompatibility and pho-
tothermal ablation efficacy of AuUNBs@PDA nanocomplexes in vitro
using the MTT assays. As shown in Fig. 2(a), no obvious cytotox-
icity of AuNBs@PDA nanocomplexes was observed in 4T1 cells
even up to 50 pg/mL, predicting the great biocompatibility of
the AuNBs@PDA nanocomplexes. However, the cell viability was
obviously declined, when 4T1 cells were incubated with the same
amount of AuNBs@PDA nanocomplexes following 808 nm laser
irradiation (1 W/cm?) for 5 min. It indicated that the AuNBs@PDA
nanocomplexes could be excellent photothermal ablation nanoa-
gent for cancer. In addition, we have investigated the cytotoxicity of
AuNBs@PDA/DOX nanocomplexes and free DOXin 4T1 cells as well.
As shown in Fig. 2(b), AuNBs@PDA/DOX nanocomplexes exhib-
ited similar cytotoxicity compared with free DOX at the same DOX
quantity. It was mean that AuNBs@PDA/DOX nanocomplexes could
also be used for chemotherapy for cancer.

More importantly, we investigated whether AuNBs@PDA/DOX
nanocomplexes could be well used in the combination ther-
apy of chemotherapy and photothermal therapy. As shown in
Fig. 2(c), the cell viability of combination therapy was signifi-
cantly reduced, superior to both single treatments. Especially, the
cell viability was reduced to 8% when the concentration of DOX
was 6.6 pg/mL. It was indicated that AuNBs@PDA/DOX nanocom-
plexes have excellent synergistic chemo-photothermal therapy
efficiency.

We further assessed the synergistic therapy efficiency of
AuNBs@PDA/DOX nanocomplexes through live/dead cell stain-
ing experiments. 4T1 cells were stained with calcein AM (green
fluorescence) and propidium iodide (PI, red fluorescence) to distin-
guish live cells and dead cells, respectively. As shown in Fig. 2(d),
the cells treated with AuNBs@PDA nanocomplexes alone showed
negligible cell death as well as the control group. In contrast,
the AuNBs@PDA/DOX nanocomplexes plus laser irradiation group
exhibited the highest cytotoxicity compared with other groups,
which was in agreement with the MTT assay. These results
demonstrated that AuNBs@PDA/DOX nanocomplexes showed an
outstanding synergistic chemo-photothermal therapy effect on
killing cancer in vitro.
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3.3. Tumor imaging

The strong absorption of AuNBs@PDA nanocomplexes in the
NIR motivated us to investigate its potential application as PA
imaging contrast nanoagent. Because it has reported that NIR
light can greatly enhance the penetration depth during the PA
imaging of tumor [47]. Firstly, we have evaluated the PA signals
of AuNBs@PDA nanocomplexes with different concentrations in
aqueous solutions. As shown in Fig. 3(a), PA signals become obvious
with the concentrations of AuNBs@PDA nanocomplexes increased
and the intensity of PA signal is proportional to the concentra-
tions (Fig. S6 in Supporting Information). Moreover, the PA imaging
capacity of AuNBs@PDA nanocomplexes was further tested in vivo.
AuNBs@PDA nanocomplexes were injected into the tumor-bearing
mice via tail vein and then the cross-sectional PA signal of tumor
was obtained at different time points. As shown in Fig. 3(b), the
PA image showed a weak signal in the tumor at 0 h. But the signal
was gradually enhanced post 0.5, 1, and 3 h injection. It could reach
the maximum at 3 h and then the signal gradually decreased due
to slowly metabolized out of the body of nanocomplexes. The PA
signal of different time points at the tumor site was also shown in
the inset.

Besides, the atomic number and X-ray attenuation coefficient of
gold nanomaterial are high, which triggered researchers to focus
on the CT imaging application of it [48]. To investigated the CT
imaging capacity of AuNBs@PDA nanocomplexes, different concen-
trations of AUNBs@PDA nanocomplexes were firstly evaluated by
phantom images in vitro. As shown in Fig. S7(a) in Supporting Infor-
mation, the intensity of CT value (Hounsfield Unit, HU) becomes
progressively stronger with the AuNBs@PDA nanocomplexes con-
centrations increased (Au concentrations: from 0 to 1 mg/mL). The
CT value was calculated and shown in Fig. S7(b) in Supporting
Information, a monotonic linear-increase with the concentration.
Meanwhile, the CT value slope of AuNBs@PDA nanocomplexes
was higher than iopromide, which was the commonly clinical
CT imaging agent. Then, the CT imaging function of AuNBs@PDA
nanocomplexes was also evaluated in vivo. We transplanted 4T1
tumors to both sides of mouse. After 7 d, the mouse was anes-
thetized and injected with 100 wL AuNBs@PDA nanocomplexes
(2 mg/mL) and equivalent iopromide in the left and right tumors,
respectively. As shown in Fig. 3(c), the CT value of the left tumor
site was observed much higher than the right. It was indicated that
AuNBs@PDA nanocomplexes can be excellent CT imaging contrast
nanoagent for cancer in vivo.

3.4. Invivo synergistic chemo-photothermal therapy

Inlight of the outstanding photothermal therapy effect on killing
the tumor in vitro, next the infrared thermal imaging was used
to study the photothermal effect of AuNBs@PDA nanocomplexes
in vivo. As shown in Fig. 4(a, b), the temperature of tumor site
can be raised 27.4 °C after AuNBs@PDA nanocomplexes injection
under laser irradiation, but it was only raised 12.5 °C upon the
same laser irradiation in control tumor. To further show the syn-
ergistic chemo-photothermal therapy effect in vivo, tumor bearing
BALB/c mice were stochasticly divided into four groups, which were
laser only treatment (denoted as NIR), DOX plus laser treatment
(denoted as DOX + NIR), AuNBs@PDA + NIR and AuNBs@PDA/DOX
+ NIR. The average tumor volumes of different treatments were
represented for the therapeutic efficacy during 14 d of observation.
As shown in Fig. 4(c, d), DOX + NIR treatment can slightly restrain
tumor growth as compared with the control laser treatment. While
a moderate inhibition effect is appeared in the AuUNBs@PDA + NIR
group, indicating the efficient photothermal effect of AuUNBs@PDA
nanocomplexes in cancer therapy. By huge contrast, the tumor
growth of AuNBs@PDA/DOX plus laser treatment was remarkably
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Fig. 2. Chemo-photothermal therapy for cancer in vitro. (a)-(c) Cell viability of 4T1 cells after different treatments (NIR = 808 nm laser, 1 W/cm?, 5 min, Cpox =6.6 p.g/mL,
Caungserpa =50 pg/mL); (d) Live/dead fluorescence staining of 4T1 cells after different treatments. Scale bar =50 pm.
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Fig. 3. (a) PA images with different concentrations AuNBs@PDA nanocomplexes; (b) in vivo PA images of tumor bearing mice after intravenous injection with AuNBs@PDA
nanocomplexes (2 mg/mL, 100 pL) acquired at different time points (inset: PA signal of tumor site); (c) CT images of the left and right tumor after intratumoral injection

with AuNBs@PDA nanocomplexes and iopromide, respectively.

decreased in volume upon 808 nm irradiation. And the photos of
tumors were also shown in Fig. S8(a) in Supporting Information
post 14 d treatments. The antitumor efficacy was further evalu-
ated using H&E staining of tumor tissues obtained on the second

post-treatment. As shown in Fig. 4(e), a large area of karyopyknosis
and necrosis can be viewed in the tumor of AuNBs@PDA/DOX + NIR

group compared with the other groups, which manifest the excel-
lent synergistic chemo-photothermal efficacy of AuNBs@PDA/DOX
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Fig. 4. (a, b) Photothermal images and temperature changes of tumor-bearing mice under 808 nm laser irradiation (1 W/cm?) after injection with PBS or AuNBs@PDA
nanocomplexes (2 mg/mL, 100 wL); (c, d) Tumor volume growth curves and tumor growth inhibition ratio of mice after receiving different therapeutic treatments; (e) Slices
of tumor tissues obtained and stained with H&E after receiving different therapeutic treatments, scale bar = 100 pwm.

nanocomplexes. In addition, the mice weight curves were obtained
and displayed in Fig. S8(b) in Supporting Information. The weight of
all four groups has negligible changed during the treatment obser-
vation period. And the major organs such as heart, liver, spleen, lung
and kidney stained with H&E performed 14 days after treatments
showed that there was no evident organ damage or inflammatory
lesion in these major organs (Fig. S9 in Supporting Information).

4. Conclusion

In summary, we exploited a robust multifunctional nanoplat-
form for PA/CT imaging-guided chemo-photothermal therapy
using AuNBs@PDA/DOX nanocomplexes. The AuNBs@PDA/DOX
nanocomplexes as-synthesized have not only good dispersibil-
ity, biocompatibility and photo stability, but also high X-ray
attenuation coefficient and strong NIR absorbance. These prop-
erties implied that AUNBs@PDA/DOX could form the basics of PA
/CT imaging contrast and offered potential photothermal ther-
apy clinical applications. Meanwhile, AUNBs@PDA/DOX could be
triggered to release DOX by the lower pH environment and

NIR laser irradiation. More excitingly, the results of in vitro
and in vivo cancer therapy demonstrated that AuNBs@PDA/DOX
nanocomplexes yielded outstanding chemo-photothermal ther-
apy synergetic effect. Thus, we believe that the AuNBs@PDA/DOX
nanocomplexes can be a novel multifunctional theranostic nanoa-
gent for precision medicine.
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