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Abstract

Background: Photothermal therapy (PTT) has become an attractive approach for can-
cer treatment due to its merits of minimal invasiveness, location selectivity, and suit-
ability for various cancer types. In PTT, photosensitizers are usually adopted to convert
light to heat at tumor site, thereby generating heat-induced necroptosis or apoptosis.
Therefore, the performance of photosensitizer (e.g., photothermal conversion efficiency
(PCE), surface property, tumor accumulation and retention, etc.) determines the clinical
manifestation of PTT. Currently, the poor tumor retention and potential long-term tox-
icity are two main obstacles for developing efficient photosensitizers. To address these
issues, we have developed an in vivo tumor microenvironment stimuli-responsive self-
assembled photosensitizer, which consists of a biomolecule, adenosine monophos-
phate (AMP) modified gold nanoparticles (AAu NPs), to enhance the accumulation and
retention within tumor tissue for efficient PTT.

Results: The obtained AAu NPs with a hydrodynamic diameter of 9.12 £ 0.82 nm have
excellent colloidal stability in aqueous solution. No sediments can be observed in the
AAu NPs aqueous phase even after several months. The temperature of AAu aqueous
suspension is elevated to 53.0 °C within 8 min at a low particle concentration of 80 ug/
mL. A high PCE of 62.8% is obtained for AAu NPs based on the temperature change
curves. The near-infrared (NIR) absorption and PCE of AAu NPs are enhanced compared
to the surfactant-free Au NPs, enabling excellent photothermal cell-killing in vitro.
When the AAu NPs arrive at the tumor tissue, they quickly form large aggregates via a
collagen-induced assembly, leading to enhanced NIR absorption and improved tumor
accumulation and retention, which enables a high PTT efficacy in vivo at a low photo-
sensitizer dose of 40 ug and a low laser power density of 1.91 W/cm?.

Conclusions: A collagen-induced self-assembled gold photosensitizer for efficient
PTT has been synthesized based on a biomolecule, AMP modification method. The
synthesized AAu NPs with high PTT efficacy, superior biosafety and fast excretion from
the body is an effective therapeutic agent in photothermal cancer therapy.

Keywords: Adenosine monophosphate, Gold nanoparticles, Photothermal therapy,
Melanoma, Collagen

Check for

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publi
cdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

B BMC


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12645-022-00130-1&domain=pdf

Qu et al. Cancer Nanotechnology (2022) 13:24 Page 2 of 16

Introduction

Photothermal therapy (PTT) that destroys cancer cells by heat-induced necroptosis
or apoptosis has become an attractive cancer treatment modality due to its merits of
minimal invasiveness, location selectivity, and suitability for various tumor types (Liu
et al. 2019). In contrast to traditional tumor resection and chemotherapy, PTT precludes
postoperative infections and anticancer drug-induced systematic side effects (Torpy
et al. 2010). In PTT, the near-infrared (NIR) light that is poorly absorbed by biologi-
cal tissues is converted efficiently to heat by photosensitizers whose characteristics such
as NIR absorption, photothermal conversion efficiency (PCE) and surface property
determine the clinical manifestation of PTT (Ali et al. 2019). To date, various organic/
inorganic nanomaterials capable to convert light to heat can be used as PTT photosen-
sitizers, such as polydopamine (PDA) (Lu et al. 2021), iron oxide (Li et al. 2017), carbon
materials (Han et al. 2018; Lee and Gaharwar, 2020), black phosphor (Luo et al. 2019).
Among them, plasmonic gold nanomaterials have received extensive attention due to its
high stability, biocompatibility and absorption tenability (Goncalves et al. 2020; Guan
et al. 2021). Specially, a variety of gold nanostructures including nanoshells, nanorods,
nanocage and nanoassembly have shown enhanced NIR absorption by adjusting struc-
ture parameters such as shell thickness or aspect ratio (length/width) (Huang et al. 2013;
Hu et al. 2006; Alkilany et al. 2012; Lal et al. 2008). Although tunable NIR absorption
and encouraging PTT effectiveness have been demonstrated, these gold nanostructures
still face challenges such as toxicity, pharmacokinetics, long-term biological behaviors in
clinic applications (Ali et al. 2019). For example, robust particle structure and large par-
ticle size makes gold nanoshells and gold nanorods not likely to be fast excreted from the
body, therefore causing long-term toxicity concerns (Gad et al. 2012). In addition, some
toxic components adopted in syntheses of gold nanostructures (e.g., the cetyltrimeth-
ylammonium bromide (CTAB) surfactant in gold nanorod synthesis and the Ag self-
sacrifice template in gold nanocage synthesis) may not be completely removed, which
could bring toxicity in vivo and limit their clinical applications(Au et al. 2010; Huang
et al. 2011). Therefore, ideal PTT photosensitizers for clinical uses should not only have
effective PTT performance, but also have fast excretion from the body and superior bio-
compatibility to avoid short-term and long-term toxicity.

Biomolecule-stabilized gold nanoparticles are promising candidate in in vivo thera-
peutic applications due to their advantages such as excellent biocompatibility, high col-
loidal stability and ease in synthesis. However, their intrinsic absorption in NIR region is
relatively weak, making it not ideal for PTT application where an 808 nm laser is com-
monly used for excitation. To enhance the NIR absorption, the self-assembly of gold
nanoparticles into aggregates has been proposed as an effective strategy to red-shift the
absorption peak. For example, gold aggregates have been prepared through incorporat-
ing gold nanoparticles into a series of biocompatible molecules including block copol-
ymer (He et al. 2013), protein (Wang et al. 2019), and liposome (Rengan et al. 2015),
which show successful red-shift in absorption and enhanced PTT efficacy. In spite of
some advantages such as tunable absorption peak location by adjusting the gold nano-
particle distance in the aggregates, the pre-assembled aggregates with large size likely
suffer from rapid clearance by the reticuloendothelial system, leading to poor tumor
penetration and accumulation (Choi et al. 2007; Anselmo and Mitragotri, 2015). Besides,
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Scheme 1. Schematic illustration of collagen-induced aggregation of AAu NPs within tumor extracellular
matrix for enhanced PTT

these pre-assembled aggregates may undergo a fast collapse due to degradation in tumor
environment, leading to the rapid decrease in the efficacy of PTT. To circumvent these
drawbacks of ex situ pre-assembled strategy, an in situ stimuli-responsive strategy has
recently been developed to trigger self-assembly of gold nanoparticles within tumor tis-
sues or tumor cells using various endogenous stimuli such as acidic pH (Yu et al. 2017;
Liu et al. 2013a; Zhang et al. 2020), upregulated protein (Chen et al. 2020), and over-
expressed enzyme (Yang et al. 2019, 2018). The gold nanoparticles keep well-isolated
before entering tumor tissue while they will quickly self-assemble to aggregates upon
being exposed to endogenous stimuli in tumor environment, endowing enhanced tumor
accumulation and retention as well as fast systematical clearance. However, the current
stimuli-responsive photothermal agents suffer from complex synthesis procedures, slow
assembly process and low efficiency in stimuli-responsive aggregation due to insufficient
expose of gold nanoparticles to the endogenous stimuli (e.g., insufficient gold nanopar-
ticle amount taken up by tumor cells for intracellular assembly). Therefore, develop-
ing gold photosensitizers with fast and efficient stimuli-responsive aggregation within
tumor is highly desirable for enhanced PTT, yet quite challenging.

In this article, we report on the design and synthesis of an in vivo tumor stimuli-
responsive self-assembled gold nanoparticles (AAu NPs, Scheme 1) modified with a
biomolecule, adenosine monophosphate (AMP) as effective photosensitizer for PTT.

Collagen, as the main component of extracellular matrix in tumor tissues, is adopted as
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the stimulus to trigger the self-assembly of AMP-modified Au nanoparticles (AAu NPs)
within tumor tissue to enhance its accumulation and retention within tumor tissue for
efficient PTT. The abundant collagen in the extracellular matrix allows sufficient interac-
tion with the AAu agent, thereby resulting in high-efficiency and rapid stimuli-respon-
sive aggregation under low agent dose. The AAu NPs have excellent colloidal stability
in aqueous solution (e.g., phosphate buffered saline, PBS), but quickly self-assemble to
aggregates once reaching tumor tissue due to the interaction between AAu NPs and
collagen molecules. The in situ aggregated AAu NPs within tumor show higher absorp-
tion in NIR region due to enhanced localized surface plasmon resonance (LSPR) among
adjacent Au atoms, which enhances its photothermal killing effect. Benefitting from the
strong coordination between AMP active sites (e.g., NH, group) and Au atoms on the
interface, the colloidal stability of AAu NPs is enhanced. Furthermore, the PTT perfor-
mance of synthesized AAu photosensitizer for treating melanoma has been evaluated.
The excellent effectiveness of tumor ablation demonstrates the advantages of collagen-
induced in vivo self-assembly of Au NPs in the application of PTT.

Experimental section

Materials

HAuCl, and NaBH, were purchased from Aladdin (Shanghai, China). Adenosine
5’-monophosphate monohydrate (5-AMP) was purchased from Sigma-Aldrich (USA).
Phosphate buffered saline was purchased from Sangon Biotech (Shanghai, China). Dialy-
sis bags were purchased from Shyuanye (Shanghai, China). High glucose medium was
purchased from Hyclone (USA). Fetal bovine serum (FBS) was purchased from Epizyme
(Shanghai, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was purchased from Beyotime (Shanghai, China). The living and dead cell dyes
were purchased from Solarbio (Beijing, China). The double antibody solution, collagen
and trypsin were purchased from Gibco (USA). Paraformaldehyde was purchased from
Biosharp (Hefei, China). BALB/Ca nude mice were purchased from Jihui Experimental
Animal Breeding Co., Ltd. (Shanghai, China). All chemicals were used as received with-
out any further purification.

Synthesis of AAu NPs

In a typical experiment, 1 mL HAuCl, (40 mmol/L) and 1 mL 5’-AMP (0.08 mmol/mL)
were added into 8 mL distilled water at room temperature. After stirring for 30 min,
0.5 mL NaBH, (0.1 mmol/mL) was slowly added into the solution. The solution turned
dark purple quickly and the product was obtained after continuous stirring for 30 min.
The obtained solution was placed in a dialysis bag and dialyzed with distilled water or
PBS for 3 days to obtain the AAu NPs suspension, which was stored at 4 °C for further
characterization. The Au NPs were prepared as a control using the same procedure in
the absence of AMP. Collagen-induced AAu NPs aggregates (CAAu) were obtained by
adding 5 vol% 3 mg/mL collagen I colloid fluid to the obtained AAu NPs suspension.

Photothermal properties of AAu NPs
The AAu NPs suspensions with different concentrations (i.e., 8, 20, 40, 80 pug/mL) in
the 96-well cell culture plate were irradiated by an 808 nm laser with a collimator (spot
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size 0.785 cm?) under different powers (0.5, 1, 1.5, 2, 2.5 W) for 10 min. The change of
temperature was constantly recorded by an infrared camera. The temperature change of
PBS was recorded as a control. Four laser on/off cycles were conducted to evaluate the
photothermal stability of the AAu NPs (80 pg/mL, laser power 1.5 W). The photother-
mal curves of Au, AAu and CAAu samples at the same concentration of 80 pg/mL were
measured upon irradiation by an 808 nm NIR laser (1.5 W) for 10 min.

In vitro photothermal cytotoxicity test

In vitro photothermal cytotoxicity tests were conducted using the MTT assay on mouse
cutaneous melanoma (B16-F10) cell-line. Exponentially growing cells were seeded into
96-well plate (10* cells per well) and cultured overnight in 5% CO, humidified incubator
at 37 °C for cell attachment. After being rinsed with PBS buffer (pH 7.4), the cells were
treated with 100 pL of medium containing different concentrations of AAu NPs (0, 5,
10, 20, 40 pug/mL) for 24 or 48 h at 37 °C for evaluation of the materials cytotoxicity. For
in vitro photothermal effect evaluation, the cells treated with different concentrations of
AAu NPs (i.e., 0, 5, 10, 20, 40 pg/mL) for 2 h were irradiated with an 808 nm laser (laser
power: 1.5 W; spot size: 0.785 cm?) for 5 min. Different power densities (i.e., 0, 0.5, 1.5,
2.5 W) or irradiation time (i.e., 0, 0.5, 1, 2, 5, 10 min) were applied to the cells treated
with 100 pL culture medium containing 20 pg/mL AAu NPs for dose-dependent pho-
tothermal effect evaluation. After laser irradiation, the cells were rinsed twice with PBS
(pH 7.4) then the cell viability was measured using MTT assay by normalizing to control
group without any treatment. To further evaluate the cell viability, the cells were stained
with Calcein-AM/propidium iodide (PI) staining reagents immediately after laser irra-
diation and PBS cleaning. The stained cells were observed with fluorescence microscope
at 494 nm (green, Calcein-AM) and 545 nm (red, PI). The results were all obtained from
a representative experiment out of several biological replicates. Three parallel samples
were conducted in each group.

In vivo antitumor experiment of Au-AMP

Female BALB/Ca mice, 5 weeks old, were used in the in vivo experiment. The animal
experiments were approved by the Experimental Animal Ethics Committee of Shanghai
Tenth People’s hospital and all animal operations were in accord with institutional ani-
mal use and care regulations. The primary tumor model was established by subcutane-
ous injection of B16-F10 melanoma cells (2 x 10°) into the right axillary of nude mice.
Once the tumor volume reached about 60 mm?, the tumor-bearing mice were randomly
divided into 3 groups (n=4), including (1) PBS; (2) AAu; and (3) AAu+ Laser. Then,
the three groups of mice were intratumorally injected with 500 uL of PBS or AAu NPs
(80 pg/mL). After 10 min of intratumoral injection, the third group of mice were irradi-
ated with an 808 nm laser (laser power: 1.5 W spot size: 0.785 cm?) for 10 min every
3 days (the nanoparticles were injected every 3 days before laser irradiation). Tumor vol-
ume and body weight were measured every 2 days. Tumor volume was calculated by the
following equation: tumor volume = (length * width?)/2. Ten days later, the mice were
euthanized, and the tumors and the organs were collected for weighing, H&E stain-
ing, Ki67 staining and inductively coupled plasma-optical emission spectrometry (ICP)

analysis.
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Calculation of photothermal conversion efficiency
The photothermal conversion efficiency (1) of AAu NPs is calculated using the follow-
ing formula:

— hAATmax - QS

I(1—10"4) 1)

where / is the heat transfer coefficient, A is the surface area of the container, AT, . is the
temperature change at the maximum steady-state temperature, / is the laser power, A, is
the absorbance of AAu NPs at 808 nm, Qg is the heat related to the light absorption of
the solvent, which is independently measured as 25.2 mW by Yanlan Liu et al. (2013b).

In order to get #A in the formula (1), a dimensionless parameter 6 is introduced as
follows:

AT

0= . 2
AT @

Therefore, #A can be determined by applying the linear time data of cooling cycle
versus —In6, as shown in the following:

e ®
t=-"——1In6 3
nA "
The photothermal conversion efficiency () of AAu can be calculated by substitut-
ing hA value into the formula (1).

Material characterization

The morphology of the AAu was observed using a transmission electron microscope
(TEM, Hitachi H-800, Japan). Confocal laser scanning microscopy (CLSM, FV1000,
Olympus Corporation, Japan) was used to observe the self-assembly of AAu NPs
within extracellular matrix of tumor cells. The dynamic light scattering (DLS) of AAu
in ultrapure water was measured using a Particle Size Analyzer (Zetasizernano, Mal-
vern, UK). UV-Vis—NIR absorption spectra were recorded on a UV-Vis—NIR spec-
trometer (UV-3600, Shimadzu, Japan). X-ray powder diffraction (XRD) patterns
were measured with an X’Pert PRO MPD powder diffractometer. Infrared absorption
spectra are measured using an infrared spectrometer (FTIR-7600, Lambda Scientific,
Australia). Thermal images were recorded by a near-infrared thermal imaging cam-
era (FLIRTM A325SC camera) after irradiation using an 808 nm near-infrared laser
equipment (Shanghai Connect Fiber Optics Company, China).

Statistical analysis

All data were expressed as mean * standard deviation (SD). SPSS statistical software
version 26 (IBM, Armonk, NY) was used for one-way ANOVA to determine the mul-
tiple comparisons between groups. **P<0.01 or *P<0.05 are significant differences.
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Results and discussion

Structure of AAu NPs

AMP-modified gold nanoparticles (AAu NPs) were synthesized using sodium borohy-
dride to reduce chloroauric acid in the AMP aqueous solution. The reduction reaction
took place immediately upon mixing of two reactants, which was indicated by the color
change of the solution. The XRD peaks that can be indexed to cubic Au phase (JCPDF
04-0784) show that the elemental gold nanoparticles are formed (Fig. 1A). Using the
Scherrer’s equation, the estimated grain size for AAu NPs is ~ 2.9 nm. TEM observations
reveal that the particle size is 2.4+ 0.6 nm (Fig. 1B). The particle size is comparable to the
grain size, inferring that the AAu NPs are single crystals. The colloidal stability in aque-
ous media (i.e., distilled water) is preliminarily characterized by standing the suspension
for months. The Au NPs without AMP modification quickly precipitate in the aqueous
phase within half an hour. In contrast, no sediments can be observed in the AAu NPs
aqueous phase even after several months, which indicates the AAu NPs have excellent
colloidal stability (Fig. 1C). The hydrodynamic diameter of AAu NPs is measured by DLS
to be 9.12£0.82 nm (Fig. 1D). The colloidal stability of AAu NPs in different media for
7 days (i.e., distilled water, PBS, and PBS supplemented with FBS) is further character-
ized using DLS (Fig. 1D). The hydrodynamic diameters of AAu NPs in distilled water
and PBS remain almost unchanged (i.e.,~9 nm) for 7 days, showing that the AAu NPs
are stable in these media. In contrast, the hydrodynamic diameter increases from ~9 nm
to~55 nm for AAu NPs in the medium of PBS supplemented with FBS, indicating slight
agglomeration occurs in the medium during 7 days. The agglomeration could be due
to the binding effect between FBS molecules in the medium and AMP coating on the
AAu NPs. The high colloidal stability is ascribed to the formation of a homogeneous
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Fig. 1 Characterization of AMP-modified Au nanoparticles (AAu NPs). A XRD pattern. B TEM image. C Digital
photos showing high colloidal stability of AAu NPs after standing for a month compared to surfactant-free
Au NPs (the concentration of AAu and Au NPs are ~80 pug/mL). D Hydrodynamic diameters of AAu NPs in
different media including distilled water, PBS, and PBS supplemented with FBS for 6 days. E FTIR curves of
AAu NPs and AMP. F UV-Vis absorption curves of AAu and Au NPs at the diluted concentration (i.e, ~8 pg/
mL)
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AMP layer on the surface of Au NPs. During the reduction reaction, AMP molecules are
coordinated to the surface Au atoms through N3 atom and/or the external NH, group
to form a modification layer (Kundu et al. 2009). This structure can be proved by the
negative Zeta potential (i.e., —22.6 mV) of AAu NPs suspension (Additional file 1: Figure
S1). To ascertain the binding between AMP and Au, the FTIR are measured (Fig. 1E).
The bands at 1604 cm™! and 1581 cm™! are merged with 1642 cm™ (i.e., in-plane NH,
scissor mode) to form one broad peak for the AAu NPs, indicating the strong binding
between NH, and Au atom. In addition, the peaks at 976 cm ™" for symmetric stretching
of the deprotonated terminal phosphate (Angell 1961) in AMP molecule are absent for
AAu NPs, indicating that there is also interaction between phosphate and Au atom. As
shown in Fig. 1F, the absorption in both visible and NIR regions of AAu NPs is evidently
enhanced compared to surfactant-free Au NPs due to the enhanced colloidal stability
of AAu NPs. The low absorption of Au NPs is because most of the Au NPs have settled
down in the dilute solution during the measurement due to poor colloidal stability.

In vitro photothermal effect of AAu NPs

The photothermal effect of AAu NPs in PBS is evaluated using an 808 nm laser. The
temperature of the AAu NPs suspension increases very quickly within 2 min and reaches
a plateau after 8 min (Fig. 2A), showing a fast photothermal response of AAu NPs. The
liquid temperature is raised to an equilibrium value of 36.7, 42.8, 48.6, and 53.0 C at dif-
ferent AAu particle concentrations of 8, 20, 40, 80 pug/mL within 8 min (Fig. 2A). When
the laser power is increased, the photothermal equilibrium temperature of AAu NPs
suspension is elevated (Fig. 2B). An effective cell-killing temperature (i.e., >42 C) can
be achieved at a relatively low laser power of 1 W. These results show that AAu NPs have
excellent photothermal effect with a concentration and laser power-dependent behavior.
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Fig. 2 Characterization of photothermal heating ability of AAu NPs. A, B Temperature elevation curves
of AAu NPs suspensions upon laser irradiation as a function of irradiation time: A using different AAu NPs
concentrations upon a laser irradiation power of 1.5 W; B using different laser power at a concentration
of 80 pg/mL. CThe photothermal response of AAu NPs suspensions tested by shutting off the laser after
irradiation for 600 s. D Temperature changes of AAu NPs suspensions upon multiple laser on/off cycles
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Based on the temperature change curves, the PCE of AAu NPs is calculated to be 62.8%.
The PCEs of AAu NPs under different laser powers and different AAu concentrations
are also investigated (Additional file 1: Figure S2). The PCE of AAu NPs maintains a high
value of >50% at all these conditions. The high PCE is due to the reduced extinction
of small size gold nanoparticles. The PCE is determined by the fraction of the absorp-
tion in the extinction (i.e., the sum of absorption and scattering), where the absorption
is proportional to the nanoparticle volume while the scattering is proportional to the
square of the nanoparticle volume. Thus, the smaller the nanoparticle, the higher the
PCE becomes (Chen et al. 2010). Photothermal response curve shows that the elevated
temperature of AAu NPs triggered by laser irradiation quickly decreases upon shutting
off the laser, which can avoid undesired damage to normal tissue after PTT (Fig. 2C).
Photothermal stability of photosensitizers is an important factor for PTT application.
The photothermal stability of AAu NPs is evaluated by repeatedly turning on/off the
laser (Fig. 2D). The temperature elevation remains the same for four cycles, indicating
the high photostability of AAu NPs. The high photothermal effect of AAu NPs is likely
due to (i) the high PCE due to the reduced extinction of the small size AAu NPs and (ii)
the enhanced NIR absorption of our AAu NPs due to the high colloidal stability due
to the strong coordination between AMP active sites (e.g., NH, group) and Au surface
atoms. Combining these two aspects, our AAu NPs can absorb sufficient photon energy
for light-to-heat conversion.

Collagen is the main component of extracellular matrix, which is also the component
that AAu NPs will first come into contact with after entering tumor tissue. The colla-
gen-induced self-assembly of AAu NPs is evaluated by co-incubation of AAu NPs with
collagen for 120 min. After only 1 min incubation, AAu aggregates can be observed in
the liquid phase (Fig. 3A). The self-assembly of AAu NPs in the presence of collagen is
further confirmed by TEM images (Fig. 3B). The absorption spectrum of CAAu shows a
red shift of the LSPR peak (from 510 to 515 nm) and an increase in intensity of the NIR
region (Fig. 3C), which is ascribed to the strong plasmon coupling effect among AAu
NPs induced by the reduced interparticle distance in the aggregates. The extinction coef-
ficients of AAu and CAAu at both LSPR and 808 nm are calculated (Additional file 1:
Table S1). The larger extinction coefficients of CAAu at 808 nm compared to that of AAu
indicate that the CAAu has enhanced absorption ability in the NIR region. The small red
shift (i.e., 5 nm) is probably because the surfaces of gold NPs could not fully interact
in the CAAu sample due to the steric effects of collagen molecules. The improved NIR
absorption of CAAu further enhances its photothermal effect in PBS, leading to a tem-
perature rise of 3.8 ‘C compared to that of AAu (Fig. 3D). In contrast, a small increase
in temperature of 19.9 “C is observed for surfactant-free Au NPs at the concentration
of 80 pug/mL within the same time period, which is due to its poor absorption in the
NIR region (Fig. 3D). No obvious temperature elevation is observed for the PBS solution
(Fig. 3D). The significant increase in temperature upon laser irradiation at such a low
concentration indicates that the AAu NPs have strong photothermal conversion ability.
The photothermal effect stability of CAAu is further investigated by measuring tempera-
ture elevating curves in multiple NIR irradiation cycles (Additional file 1: Figure S3). The
temperature reaches the same value after four laser on/off cycles as that under the first
irradiation. After NIR irradiation, the AAu NPs in the CAAu sample remain aggregated
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Fig. 3 Characterization of collagen-induced self-assembly of AAu NPs (CAAu). A Digital photos of AAu
aqueous suspension and AAu aqueous suspension added with collagen (i.e,, CAAu). B TEM images of CAAu.
CThe absorption spectra of AAu and CAAu. The LSPR peak shifts from 510 nm of AAu to 515 nm of CAAu. D
Photothermal heating effects of Au, AAu and CAAu

in the collagen molecules which can absorb similar NIR photon energy to that before
NIR irradiation (Additional file 1: Figure S4). These results show that the CAAu sample
has stable PTT capacity.

We further investigate the in vitro photothermal effects of AAu NPs on B16-F10
cells. The cell viability is determined by normalizing to a control group. At all con-
centrations of co-incubating AAu NPs (i.e., from 5 to 40 pg/mL), the cell viability
is >90% and >80% after 24 h and 48 h, showing excellent biosafety of our AAu pho-
tosensitizer (Fig. 4A). A series of snap photos at different time intervals show that the
B16-F10 cells can actively grasp the AAu material, indicating the excellent biocom-
patibility of AAu NPs (Additional file 1: Figure S5). When laser irradiation is applied,
the cell viability decreases with the increase of the AAu NPs concentration or the
laser dose (i.e., laser power and irradiation time). Increasing laser dose (i.e., 1.5 W
or 10 min) induces a dramatic drop in cell viability (Fig. 4B, C and Additional file 1:
Figure S6). The cell viability decreases to ~40% and ~20% when the AAu NPs concen-
tration reaches 20 pg/mL and 40 pg/mL upon laser irradiation of 1.5 W for 5 min. The
cell-killing effect is due to the photothermal effect of our AAu NPs. The melanoma
cells with melanin in the cells have negligible photothermal effect, which is proved
by the literatures (Chen et al. 2018; Zhang et al. 2018; Wei et al. 2020). However, our
laser power is higher than that used in the literatures. Under this condition, it may
cause slight photothermal effects on melanoma. From the fluorescence images of
dyed cells, homogeneous red fluorescence is observed upon applying relatively high
particle concentration or laser dose, indicating that almost all cancer cells are killed
(Fig. 4E and Additional file 1: Figure S6). From the Calcein-AM stained PBS group,
one can see that the living cells have spherical shape with bright green color. In the
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Fig. 4 In vitro photothermal effect of AAu NPs. A Cell viability of B16-F10 cells incubated with different
concentrations of AAu NPs without laser irradiation. B and C Cell viability incubated with AAu NPs at a
concentration of 20 pg/mL under laser irradiation with different power B or time C. D Cell viability incubated
with AAu NPs at different concentrations after irradiation with an 808 nm laser (laser dose: 1.5 W, 5 min). E
Fluorescent images of live (green) and dead cells (red) treated with PBS and AAu NPs. Scale bar: 200 um.
**P<0.01 or *P<0.05 are significant differences

Calcein-AM-stained AAu+ Laser group, these spherical bright green areas are much

decreased compared to the PBS, PBS 4 Laser and AAu groups. In the merged image,

the red area and green area almost overlap. These results indicate that most cells are
killed in the AAu+ Laser group. (Fig. 4E). The results from both cell viability and
fluorescence cell images show that AAu NPs have efficient and concentration/laser

dose-dependent photothermal cytotoxicity to cancer cells. The extracellular aggre-
gates of AAu NPs are also observed after co-incubation of AAu NPs with cell for 24 h
(Additional file 1: Figure S5), which further confirms the collagen-induced assembly

ability of the AAu NPs. The stimulus-responsive assembly of AAu NPs can promote

the tumor accumulation and retention, which is beneficial for the in vivo PTT.
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In vivo photothermal therapy evaluation of AAu NPs

The in vivo PTT performance of AAu photosensitizer is evaluated using a subcutane-
ous melanoma tumor-xenograft model. As the small nanometer-sized AAu photosen-
sitizers would be easily excreted from the body or accumulated in the normal tissues,
the preferred administration route for AAu NPs is intratumor injection. After grafting
tumor for 2—3 days, once the tumor volume reaches about 60 mm?, the treatment group
of mice are intratumorally injected with 40 pg AAu NPs. Then an 808 nm laser irradia-
tion of 1.5 W is applied on the tumor for 10 min (Additional file 1: Figure S8). The two
control groups of mice are intratumorally injected with the same amount of PBS and
AAu NPs without near-infrared illumination, respectively. An infrared camera is used
to record the temperature change of the tumor site. Upon 808 nm laser irradiation, the
temperature of the tumor administrated with AAu NPs increases up to 48.8 ‘C quickly
within 2 min and further reaches 52.3 “C within 5 min (Fig. 5A), which is consistent with
the temperature elevation curve in vitro. In contrast, the temperature remains almost

unchanged in tumor injected with PBS. The tumor volume is monitored for 10 days

& 1600
£ — PBS AAu
0 min g« 1200- AAu+Laser
=
g
=
)
1 min >
.
=]
£
=
2 min =
C Time (day)
3 min —_ *x
20 2.0
E E *
rm
eh 1.5
5} %
4 min g
~ 1.0+
g ]
) 5 0.59
5 min = 4
0.0 T T T
PBS AAu AAu+tLaser
24 0
?D ?" | ;lllglol’
&f idney
:22' . . ‘ . = Liver
fD § Spleen
‘S . ‘ ‘ ‘ 2 Lung
3 20+ o
e« @ o =
= g
T
=] =
16
& & .& & ¥
. > &
Time (day) SFTEF Y

Fig. 5 Evaluation of collagen-induced assembled AAu NPs for in vivo photothermal therapy. A Temperature
change in tumor under laser irradiation recorded by an infrared camera. B Tumor volume change in different
groups for 10 days after treatment. *P < 0.05. C Tumor weight of different group after 10 days post-treatment.
D Mouse weight change of different groups for 10 days after treatment. E Digital photograph of tumors
taken out from mice in each group on day 10 after treatment. F Au elemental content of different organs
taken from one mouse in the treatment group on the day 10 (i.e, 1 day after the last treatment). **P <0.01 or
*P<0.05 are significant differences
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after photosensitizer administration and laser irradiation. The unchanged tumor vol-
ume of the treatment group of mice for 10 days clearly shows that the AAu NPs-induced
PTT effectively ablates the tumor (Fig. 5B). In contrast, the tumor of the control group
administrated with AAu NPs starts to grow at a similar rate to that of the control group
administrated with PBS after 2 days, indicating an insufficient tumor ablation (Fig. 5B
and C). The stable weight of mice within 10 days indicates the excellent biosafety of AAu
NPs (Fig. 5D). Clear cancer cell destruction is observed in the hematoxylin and eosin
(H&E) staining and Ki-67 staining images of tumor slices after AAu NPs injection and
laser irradiation, but is absent in the tumor tissues administrated with AAu NPs and PBS
(Fig. 6A). The high PTT efficacy of AAu NPs could be due to three reasons including

A AAu+Laser

H&E

Ki67

AAu PBS

u+Laser

AA

Fig. 6 A H&E stained and Ki-67 stained images of tumor slices in different groups. Scale bar: 400 um. B H&E
stained tissue images of different organs taken from mice in different groups on day 10 (i.e,, 1 day after the
last treatment). Scale bar: 400 um
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(i) promoted accumulation and prolonged retention in tumor of AAu NPs aggregates
formed through collagen-induced self-assembly; (ii) enhanced NIR absorption of AAu
NPs aggregates and (iii) high PCE of AAu NPs. The biodistribution of AAu NPs after
injection for 10 days is evaluated. The histological analysis of different organs shows no
significant damage of AAu NPs to these organs (Fig. 6B). One day after last treatment
(i.e., day 10), a small portion of AAu NPs remains in tumor while most AAu NPs are
excreted from the body since the negligible amount is observed in other organs (Fig. 5F
and Additional file 1: Figure S9). These in vivo experiments further indicate that AAu
NPs have remarkable PTT performance on tumors with excellent biosafety and fast
clearance.

Summary

In summary, we have synthesized collagen-induced self-assembly gold photosensitizer
for PTT based on a biomolecule, AMP modification method. The NIR absorption and
PCE of AAu NPs after AMP modification are enhanced compared to the surfactant-free
Au NPs, enabling excellent and durable in vitro photothermal cell-killing effect. The
formation of AAu NPs aggregates through collagen-induced self-assembly promotes
its accumulation and retention within tumor and further enhances the NIR absorption,
which is beneficial for PTT application. Benefitting from the abundance of collagen in
the extracellular matrix and its strong interaction with our AAu NPs, our strategy mani-
fests high-efficiency stimuli-responsive aggregation with rapid aggregation time (i.e.,
within 1 min) and low agent dose (i.e., 80 pg/mL). The in vivo experiments show that
AAu NPs have high PTT efficacy, superior biosafety and fast excretion from the body.
This work may open a new avenue for the design and synthesis of effective therapeutic
agents with high biosafety in photothermal cancer therapy.
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PTT Photothermal therapy
AMP Adenosine monophosphate
FBS Fetal bovine serum

AAUNPs  AMP-modified gold nanoparticles
CAAU Collagen-induced AAu NPs aggregates
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NIR The near-infrared

PCE Photothermal conversion efficiency

LSPR Localized surface plasmon resonance

CLSM Confocal laser scanning microscopy

TEM Transmission electron microscopy

XRD X-ray diffraction spectrum

FTIR Fourier transform infrared spectrum

DLS Dynamic light scattering

ICP Inductively coupled plasma-optical emission spectrometry
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Pl Propidium iodide

SD Standard deviation
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Additional file 1: Figure S1. Zeta potential of AAu sample. Figure S2. Photothermal conversion efficiency of the
AAu sample at different laser powers and different AAu concentrations. Figure S3. Temperature changes of CAAu
NPs suspensions upon multiple laser on/off cycles (808 nm, 1.5 W). Figure S4. (A) The TEM image and (B) absorp-
tion spectrum of the CAAu after irradiation with 808 laser for 10 min. Figure S5. Snap photos of B16-F10 cells after
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co-incubation with AAu NPs for 24 h at different time intervals: (A) 0's; (B) 1's; (C) 2's; and (D) 3 s, showing that the
cell can actively grasp the AAu material, which indicates that the AAu NPs has good biocompatibility. Figure S6. The
cytotoxicity of AAu to B16-F10 cells under near-infrared radiation was evaluated. (A) Fluorescent images of B16-F10
cells co-incubated with AAu NPs at the concentration of 20 pg/mL for 2 h with or without irradiation of an 808 nm
NIR laser at various power densities (power: 0, 0.5, 1.5 and 2.5 W; spot size: 0.785 cm?). (B) Fluorescent images of B16-
F10 cells co-incubated with AAu NPs at various concentrations (i.e., 0, 5, 10, 20 and 40 pg/mL) for 2 h with or without
laser irradiation (power: 1.5 W; spot size: 0.785 cm?). (C) Fluorescent images of B16-F10 cells co-incubated with AAu
NPs at the concentration of 20 ug/mL for 2 h with or without laser irradiation (power: 1.5 W; spot size: 0.785 cm?)

for various time (i.e,, 0,0.5, 1, 2, 5, 10 min). The cells were stained to show living (green) and dead cells (red) under
fluorescence microscope. Figure S7. Fluorescent images of live (green) and dead cells (red) after co-incubation with
AAu nanoparticles with various concentrations (i.e., 0, 5, 10, 20 and 40 pg/mL) for different time: (A) 24 h or (B) 48 h.
Scale bar: 200 um. Figure S8. Schematic illustration of the animal experimental design of the photothermal therapy
for melanoma. Figure S9. The Au elemental concentration normalized to mass of different organs taken from one
mouse on the day 10 (i.e, one day after the last treatment). The relatively high Au amount in kidney indicates that
the AAu NPs can be excreted from the body through kidney due to its small size. Table S1.The calculated extinction
coefficients (L-mmol-1-cm-1) of AAu and CAAu [1].
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