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ABSTRACT Photothermal therapy (PTT) is an emerging treatment modality
that is under intensive preclinical investigations for the treatment of various
medical conditions, including cancer. However, the lack of targeting function of
PTT agents hampers its clinical application. An effective and nontoxic delivery
vehicle that can carry PTT agents into tumor areas is still needed urgently. In this
study, we developed a multifunctional nanocomposite by loading copper sulfide
(CuS) into Cy5.5-conjugated hyaluronic acid nanoparticles (HANP), obtaining an
activatable Cy5.5—HANP/CuS (HANPC) nanocomposite. In this system, Cy5.5
fluorescent signal is quenched by CuS inside the particle until the whole
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nanocomposite is degraded by hyaluronidase present in tumor, giving strong 3 Cy5.5 (Activated state)
fluorescence signals delineating the tumor. Importantly, CuS with strong NIR

absorbance appears to be an excellent contrast agent for photoacoustic (PA) imaging and an effective PTT agent. After intravenous administration of
HANPC into SCC7 tumor-bearing mice, high fluorescence and PA signals were observed in the tumor area over time, which peaked at the 6 h time point
(tumor-to-normal tissue ratio of 3.25 4= 0.25 for optical imaging and 3.8 + 0.42 for PA imaging). The tumors were then irradiated with a laser, and a good
tumor inhibition rate (89.74% on day 5) was observed. Our studies further encourage application of this HA-based multifunctional nanocomposite for

image-guided PTT in biomedical applications, especially in cancer theranostics.
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activatable probes,”? activatable therano-

o date, the development of multi-
Tfunctional nanoplatforms that pro-

vide both diagnostic and therapeu-
tic features has attracted great interests.
Typically, nanoplatforms for theranostic
purposes require biocompatibility, imaging,
drug transport and targeting capabilities.
An ideal multifunctional nanoplatform will
provide: (i) early visualization of tumors or
other disease sites, (ii) effective delivery of
drugs into the site of interest, (iii) distribution
of the theranostic agent in vivo, and (iv)
optimized therapeutic strategy to reduce
adverse side effects.'® Among multifunc-
tional nanoplatforms, activatable nanoparti-
cles offer great benefits for theranostic
applications. Similar to classic peptide-based
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stic nanoparticles keep an intact form before
reaching the target, generally a molecular
biomarker for dysfunction, such as overex-
pressed proteinase in a tumor.'® Well-
designed activatable theranostic nanopar-
ticles are also able to selectively kill cancer
cells by carrying a photosensitizer,'' photo-
thermal agent'*' or chemotherapeutic
drug." These types of activatable nanopar-
ticles will not only make imaging-guided
phototherapy possible, but also provide
accurate disease detection and an opti-
mized therapeutic strategy.

In recent decades, increasingly compli-
cated efforts have been put to fabricate
hyaluronic acid (HA) based nanoparticles.
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Scheme 1. Design and function of targeted nanocomplex. (a) Synthesis of targeted nanocomplex, HANPC. (b) In vivo
applications of HANPC for NIR fluorescence and PA image-guided photothermal therapy.

HA, when chemically conjugated with a hydrophobic
moiety like 55-cholanic acid (53-CA), can self-assemble
into nanoparticles.”>~'” HA nanoparticles are an ideal
carrier polymer for in vivo targeted delivery of imaging
agents,'® drugs,® and other biomedical materials.
Compared with other nanoparticles, HA nanoparticles
have greater cancer cell targeting efficiency via both
passive and active targeting pathway. Specifically,
when intravenously injected into tumor-bearing
mouse model, HA nanoparticles accumulated in tumor
effectively through the enhanced permeation and
retention (EPR) effect and specifically bound to cancer
cells those overexpressed cluster determinant 44
(CD44) or lymphatic vessel endothelial hyaluronan
receptor-1 (LYVE-1)."?° Next, HANP will be interna-
lized into tumor cells through receptor-mediated en-
docytosis, degraded into short saccharide units by
hyaluronidases (mainly Hyal-1 and Hyal-2)>'** and
released the cargo inside the cell. The active and
passive targeting characteristics make HA nanoparti-
cles ideal materials for in vivo applications, especially in
cancer theranostics.

Photothermal therapy (PTT) is a modality that takes
advantage of electromagnetic radiation to treat a
variety of diseases, including cancer, without causing
thermal injury to normal tissues.”>~?® Copper sulfide
(CuS) nanoparticles are extensively investigated for
PTT,?*~31 photoacoustic tomography (PAT), >33 drug
delivery®* and DNA detection,®® due to the low cost,
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low cytotoxicity, and excellent optical and electrical
properties.3® However, CuS nanoparticles alone have
limited applications in cancer diagnosis and therapy
because of their poor tumor targeting property.>’

To combine targeted PTT with fluorescence and
photoacoustic (PA) imaging capabilities for treatment
under NIR laser irradiation, we designed a multifunc-
tional nanoparticle, which is a Cy5.5-conjugated HA
nanoparticle loaded with CuS, and denoted as HANPC
(Scheme 1). HANPC is hypothesized to accumulate in
the tumor in a time dependent manner and provides
structural PA imaging of biological tissues, such as the
blood vessels in the tumor site. Meanwhile, the origin-
ally quenched HANPC will be degraded by hyaluroni-
dases at the target site and is expected to boost strong
optical signals, providing complementary information
on PA from the whole body. Both PA and fluorescent
imaging modalities are able to provide obvious tumor
contrast in this study. At 6 h postinjection (p.i.), optical
and PA signals reached peak intensity in the tumor,
indicating a high tumor uptake of HANPC. Next, PTT
was conducted on SCC7 tumor bearing mouse model,
and therapeutic response was monitored for 2 weeks.
Compared with control groups, effective ablation
of SCC7 tumors was achieved in vivo. Our results
greatly motivate the application of HANPC as a con-
trast agent for PA imaging and whole body optical
imaging and simultaneously as therapeutic agents
against tumors in vivo.
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RESULTS AND DISCUSSION

Preparation and Characterization of HANPC. Hyaluronic acid
(HA) nanoparticles (Supporting Information Figure S1)
were synthesized as reported before'” and labeled with
a near-infrared dye, Cy5.5, for imaging purpose. The
dye labeled HA nanoparticles was named as HANP.
For photothermal therapy (PTT) with near-infrared
laser irradiation, CuS was loaded into HANP by high
pressure homogenizer. To optimize the ratio between
CuS and HANP, different amounts of Cu$S (10%, 20%, and
40% w/w) were loaded into HANP and loading efficiency
was calculated (Supporting Information Figure S2 and
Table 1). We found that the highest loading efficiency
was achieved when 20% CuS was applied. The mean
particle size of HANP was 198.1 £+ 11.5 nm and the
size of HANPC was 227.2 4 20.8 nm (Figure 1c) measured
by transmission electron microscopy (TEM) and dy-
namic light scattering (DLS). There is about 30 nm size
increase after CuS was loaded. Moreover, compared
to HANP, HANPC demonstrated a remarkably higher

TABLE 1. CuS Loading Efficiency at Different Conditions

Cu$S to HANP ratio (wt %) loading content (wt %) yield (%)
19 7.86 786
1:4 17.47 87.35
23 20.07 50.18
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absorption, which was contributed by CuS and
was potentially favorable for PTT (Figure 1a). We also
noticed that the fluorescent signals of Cy5.5 were
nearly gone (Figure 1b) after CuS was loaded, indicat-
ing the high fluorescence quenching ability of CusS.
To recover the fluorescence of HANPC, different
amounts of hyaluronidase that degraded HA efficiently
were added and incubated with HANPC. In these studies,
fluorescent signals increased in a time-dependent
manner. As shown in Figure 1b, the fluorescent signal
increased 12.77-fold 2 h after adding hyaluronidase.
The increase in fluorescent signal was also rely on the
amount of hyaluronidase presents (Supporting Infor-
mation Figure S4). These results suggest that HANPC,
as an activatable nanoprobe, will efficiently respond to
hyaluronidase that is overexpressed in the tumor area.
Compared with free CuS, HANPC demonstrated excel-
lent solubility and stability in water, PBS, FBS and cell
medium (Figure 1d), supporting the idea that Cus is
mostly loaded into the interior of the HANPs. Photo-
acoustics (PA) signals of HANPC were measured also as
shown in Supporting Information Figure S6.

Cell Internalization of HANP. After characterization, the
HANP targeting ability was further investigated on
both CD44 positive and negative cell lines by confocal
microscopy. CD44 is a cell-surface receptor for HA and
it is frequently overexpressed on the surface of tumor
cells. After bound with CD44, HA will be internalized
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Figure 1. Characterization of HANPC. (a) UV/vis/NIR spectra of HANP, CuS and HANPC. (b) Fluorescence signal recovery of
HANPC in the presence of hyaluronidase at indicated time points. Cy5.5 (ex/em: 670/690 nm) signals were monitored and
recorded. A time-dependent increment was observed. Inset is fluorescent images of HANPC at different time points after
degradation by hyaluronidase. (c) Particle size distribution of HANP and HANPC. Inset is TEM image of HANPC. (d) Stability of
HANPC in water, PBS, fetal bovine serum (FBS), and cell medium. No precipitation was observed at 7 days after incubation.

Free CuS was not dissolvable in water.
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into the cells through a CD44 mediated pathway. As
shown in Figure 2, strong fluorescence signals in CD44
positive SCC7 cells were observed, while little fluores-
cent signal was found in CD44 negative NIH3T3 cells.
To investigate the binding specificity of HANP, we also
performed a competitive binding study. CD44 recep-
tors on SCC7 cells were first blocked by excess amount

HANP

Scc7

Block

NIH3T3

HANP

Figure 2. Cell internalization of HANP at different time
points by SCC7 and NIH3T3 cells. HANP is effectively inter-
nalized by SCC7 cells via a CD44 mediated pathway. Due to
the lack of CD44 expression, little HANP was internalized
into NIH3T3 cells. The CD44 mediated cell internalization
can be effectively inhibited by excess amount of free HA.
The red color is from Cy5.5 (ex/em = 670/694 nm) on HANP
representing its intracellular location and the blue color is
from DAPI for nuclei staining. The scale bar is 20 um.
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of free HA and treated with HANP. After 3 h incubation,
much less fluorescent signal was observed in this study
than SCC7 cells without CD44 blocking. These results
suggested that HANP has a specific and strong binding
ability with CD44 receptor and therefore can target the
tumor area by both receptor mediated targeting and
also the EPR effect. The dual-targeting property makes
HANP a good candidate as an anticancer drug carrier.

In Vitro Photothermal Ablation Test of HNPC. In view of the
broad absorbance in the near-infrared region and high
thermal capacity of CuS, CuS was loaded into HANP for
tumor diagnosis and therapy. The final product was
expected to provide the dual-targeting ability (CD44
binding and EPR effect), activatable optical imaging
(quenching between Cy5.5 and CuS) function and PTT
effect (CuS). First, the photothermal property of HANPC
was checked under the irradiation of an 808 nm laser.
HANPC (0.35 mg/mL) demonstrated a rapid tempera-
ture increase from 27 to 90 °C in 3 min (808 nm laser,
1 W/cm?), suggesting a potential of HANPC in ablating
cancer cells (Figure 3a,b and Supporting Information
Figure S4). Furthermore, therapeutic activity of HANPC
was evaluated in vitro by monitoring the viability of
SCC7 cells after treatment with free CuS and HANPC
with and without the presence of a laser (Figure 3¢,d).
HANPC showed significantly more suppression of SCC7
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Figure 3. (a) In vitro photothermal ablation test. Real-time thermal imaging of HANPC, CuS, HANP, and water with laser
irradiation (808 nm, 1 W/cm? for 3 min). (b) In vitro temperature change curve of HANPC, CuS, HANP, and water with laser
irradiation (808 nm, 1 W/cm? for 3 min). (c). Cell viability studies with HANPC and free CuS with and without laser irradiation on
SCC7 cells. Elevated cytotoxicity was found with increased amounts of HANPC in the presence of laser irradiation (808 nm,
1 W/cm? for 10 min). No significant cell death was found for both CuS and HANPC. (d) Calcein AM/PI staining to visualize SCC7
cell viability treated by HANPC with and without laser irradiation (808 nm, 0.5 W/cm? for 10 min). Green is propidium iodide
(PI; ex/em = 535/615 nm) staining of dead cells and the red color is Calcein AM (ex/em = 490/515 nm) staining of live cells.
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Figure 4. (a) NIR fluorescent imaging of CD44-positive SCC7 tumor-bearing mice received HANPC iv treatment. Images were
acquired at indicated time points, and fluorescent signals were normalized by the maximum average value. The color bar
indicates radiant efficiency (low, 0; high, 0.209 x 10°). White circles were used to indicate tumors location. (b) Tumor/muscle
(T/M) ratio of SCC7 tumor-bearing mouse model. Means + SD (n = 5 per group). (c) Photoacoustic tomography imaging of
blood vessels in SCC7 tumor-bearing mice intravenously received HANPC or free CuS. (d) Photoacoustic intensity of tumor

tissues at different time points.

cell proliferation in a dose-dependent manner com-
pared to those of HANP and free CuS under the same
laser irradiation condition.

In Vivo Photoacoustic and Fluorescence Imaging of HANPC.
We then studied the in vivo biodistribution and tumor
selectivity of HANPC in a subcutaneous (s.c.) SCC7
tumor model. HANPC (5 mg HANPC/kg) were intrave-
nously (iv) administered, and fluorescence images
were acquired at different time points postinjection.
Excitation and emission wavelengths were set as 670/
690 nm for Cy5.5. After injection, HANPC was degraded
by hyaluronidase in the tumor area and the quenching
effect between CuS and Cy5.5 was lessened, resulting
in fluorescence signal recovery over time. Tumor-to-
Muscle tissue (T/M) ratios were measured to be 1.86 £+
0.21,2.52 +£0.47,2.94 + 0.39,and 2.37 £ 0.24 at 1, 2, 6,
and 12 h postinjection (p.i.), and suggesting good
tumor targeting (Figure 4a,b=) by HANPC. Compared
to NIR fluorescent imaging, photoacoustics (PA) ima-
ging was a newly developed biomedical imaging
modality with increased imaging depth and improved
resolution that had attracted great interest recently. It
was developed on the base of PA effect of certain
materials with strong light absorbance. Although optical
imaging allowed whole-body imaging, PA imaging is
specifically helpful for analyzing the information in
tumor area, for example tumor blood vessel distribution
and the distribution of imaging agent. We applied PA
imaging to observe the blood vessel distribution in the
tumor area. As shown in Figure 4c,d, the PA contrast at
the tumor site increased over time (1.41 &+ 0.15, 2.59 +
042, and 3.27 + 035 at 1, 2, and 6 h p.i.) compared
to that before injection. The PA contrast decreased to
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2.09 + 0.47 due to the clearance of CuS in vivo at 12 h
post injection. Moreover, when free CuS without HANP
was injected, only a slight increase of PA signal was
observed due to the lack of targeting capability of CusS.
Ex vivo imaging was performed as shown in Supporting
Information Figure S5 by optical and PA imaging tech-
nic. In addition to accumulation in the SCC7 tumors, we
found a high level of fluorescence activity and increased
PA signals in the kidneys due to the degradation of
HANPC. The uptake in other organs was much lower
determined by both optical and PA imaging ex vivo
(Supporting Information Figure S5). These results con-
firmed that the tumor specific accumulation of HANPC
was mediated by the HANP. Our imaging results suggest
that the 6 h time point is most appropriate for HANPC-
mediated PTT because maximum accumulation of
HANPC in the tumor area is achieved.

In Vivo Photothermal Therapy. For photothermal treat-
ment, SCC7 tumor mice were divided into eight groups
randomly (n = 5/group): mice treated with PBS without
laser irradiation, mice treated with PBS with laser
irradiation, mice treated with HANP without laser
irradiation, mice treated with HANP with laser irradia-
tion, mice treated with CuS without laser irradiation,
and mice treated with CuS with laser irradiation, mice
treated with HANPC without laser irradiation, and mice
treated with HANPC with laser irradiation. To verify the
in vivo photothermal effect caused by CuS, we used an
IR thermal camera to monitor the temperature increase
in the tumor area. IR thermal graphic images indicated
that in the HANPC group the tumor temperature rose
rapidly to 42 °Ciin 1 min and continued to rise to about
50 °C at 4 min after laser irradiation. The laser power
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Figure 5. In vivo photothermal therapy (PTT). (a) Thermal images of SCC7 tumor-bearing mice iv treated with PBS, HANP, Cu$,
and HANPC (left row, 5 mg/kg of HANPC, illuminated at 6 h p.i.) with 808 nm laser illumination taken at indicated time points.
The injected amount of HANP and CuS were calculated according to the loading efficiency. The laser power density was 1.5 W/cm?,
(b) Quantitative analysis of temperature changes in tumor area at different time points. (c) SCC7 tumor growth rate in each
groups after indicated treatments. Tumor volumes were normalized to their initial size (n = 5 per group). For therapeutic
groups, mice were intravenously received with HANPC and subjected to 808 nm laser irradiation (1.5 W/cm 2 10 min)at6 h
postinjection. Seven groups of mice were set as controls: PBS group with and without laser irradiation. free CuS group with
and without laser irradiation. HANP group with and without laser irradiation. and HANPC group without laser irradiation.
Error bars were based on standard error of mean (SEM). (d) Body weight curves of SCC7 tumor-bearing mice for each group.

was set as 1.5 W/cm? at 808 nm for 10 min. On the
contrary, the PBS group only had a slight increase in
temperature (33 to 37 °C) after 10 min irradiation
(Figure 5a,b). Although a slight temperature increase
was observed after HANP or CuS alone was injected at
the same concentration as in the HANPC group along
with laser irradiation, the temperature in the tumor
area was not high enough to kill the cancer cells
effectively. To verify the photothermal therapeutic
effect of HANPC, we continued to monitor and record
SCC7 tumor growth rates. The tumors on mice received
HANPC treatment with laser irradiation demonstrated
serious empyrosis resulting in ablation of tumor after
NIR laser irradiation. In marked contrast, other control
groups with laser irradiation at this power density or
HANPC injected without laser irradiation did not show
significant tumor suppression as shown in Figure 5c.
These results suggested that PTT may have potential
for cancers those are not deep in the tissue, for
example breast cancer, skin tumors or cervical intrae-
pithelial neoplasia. The development of special fiber
optic probe instrument is required for translating PTT
into clinic for deep primary tumor therapy in the future.

To further investigate HANPC-mediated PTT effect,
we harvested the tumor tissues and main organs
treated with PBS, HANP, CuS and HANPC with and
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without NIR irradiation. The tumors and organs were
analyzed by H&E staining. Compared with control
groups, the HANPC administrated group clearly
showed tumor necrosis and destroyed blood vessels
after laser irradiation treatment (Figure 6a), suggesting
that HANPC effectively delivered CuS into the tumor
tissue and induced tumor cell death with laser irradia-
tion. No obvious destruction in tumor was found in
either control groups or HANPC groups without laser
irradiation. The major organs from SCC7 tumor-bearing
nude mice of each group, including heart, liver, spleen,
lung and kidney were analyzed. We did not observe
any noticeable organ damage based on H&E stained
organ slices (Figure 6b), showing that HANPC did not
have toxic side effects in SCC7 tumor-bearing nude
mice. Collectively, our results verified that HANPC was
not toxic to mice and could serve as a promising
optical/PA image-guided tumor PTT agent. The HANP
particle could be an ideal platform for image guided
therapy by loading different agents.

CONCLUSION

In summary, we successfully constructed an activa-
table nanocomplex, HANPC, for optical and photo-
acoustic image-guided PTT of SCC7 tumors. Due to
the EPR effect and receptor-mediated endocytosis,
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Figure 6. (a) Representative photos of mice after different treatments. H&E stained tumor sections collected from different
groups of mice at indicated time points. Severely damaged tumor tissue was observed in HANPC treated group after
irradiation. Arrows indicate the damages of blood vessels in the tumor. (b) H&E staining of major organs. No noticeable
abnormality was found in the heart, liver, spleen, lung, or kidney.

HANPC demonstrated enhanced uptake in tumor tis-
sue. The overexpressed hyaluronidase expression in
tumor cells can efficiently degrade HANPC and there-
fore boost strong fluorescent signals to indicate tumor
presence in the whole body. On the other hand, PA
imaging is able to offer images with high resolution and
sensitivity in the tumor area specifically. For example, PA
imaging can monitor blood vessel distribution in the
tumor region and the dynamic HANPC accumulation,
which are very helpful for understanding the tumor

MATERIALS AND METHODS

Reagents. Sodium hyaluronic acid (HA, molecular weight =
2.34 x 10? kDa) was bought from Lifecore Biomedical company
(Chaska, MN), and applied in our experiments after dialyzed
against ultrapure water and lyophilized. Ethylenediamine (EDA),
1-ethyl-3(3-(dimethylamino)propyl)carbodiimide (EDC), and N-
hydroxysuccinimide (NHS) were obtained from J&K company
(Beijing, China). 55-Cholanic acid (CA), tetrabutylammonium
hydroxide (TBA) and propidium iodide (Pl) were obtained from
Sigma-Aldrich Co. (St. Louis, MO). Amine-PEG-amine (molecular
weight = 2 kDa) was purchased from Shanghai Seebio Biotech
(Shanghai, China). A NIR dye, Cy5.5-NHS, was obtained from GE
Healthcare (Pittsburgh PA). Dulbecco's Modified Eagle Medium
(DMEM) was obtained from Thermo Scientific (Beijing, China).
Fetal bovine serum (FBS) and antibiotics were purchased from
PAA (Chalfont St Giles, UK.). Hyaluronidase, MTT assay kit and
4,6-diamidino-2-phenylindole (DAPI) were purchased form
Bioengineering Co., Ltd. (Shanghai, China). Calcein-AM was
obtained by Invitrogen (Grand Island NY). SCC7 (squamous cell
carcinoma) and NIH-3T3 (mouse embryonic fibroblast cells)
were bought from ATCC (Manassas, VA). Glass bottom cell
culture dishes were obtained from NEST Biotechnology Co.
LTD (Nanjing, China). Eppendorf tubes (1.5 mL), 6-well cham-
bers, 96-well flat-bottomed plates and cell culture dishes
were purchased from JET BIOFIL (Guangzhou, China). All the
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microstructures and the intratumoral behaviors of tar-
geting agents. After laser irradiation, tumors intrave-
nously injected with HANPC were effectively ablated
compared with control groups. Moreover, H&E staining
suggest that no obvious cytotoxicity was observed in
our study. Our results demonstrate that HANPC possess
great potential for optical/PA image-guided therapy
and the HANP system is expected to serve as a platform
for other therapeutic agents, supporting simultaneous
tumor diagnosis and treatment.

rest reagents were analytical grade and used with no other
purifications.

Preparation and Characterization of HANPC. HANPC was prepared
by High Pressure Homogenizer (PhD Technology International
LLC, USA). In brief, hyaluronic acid (HA) was converted to the
tetrabutylammonium salt of HA (HA-TBA) using a previously
reported method,*® so that it can be dissolved in DMSO.
HA—5-cholanic acid conjugation was synthesized by linking
the carboxyl groups on HA-TBA with the amino groups on CA by
EDC and NHS. Amine-PEG-amine was chemically conjugated to
HA nanoparticles under the same conditions. Then, HA nano-
particles were labeled with Cy5.5-HNS dye in phosphate buffer
(pH 7.8). Free Cy5.5 was removed by dialyzing Cy5.5 conjugated
HA nanoparticles (HANP) in ultrapure water for 4 h. At last, HANP
loaded CuS (HANPC) was readily prepared by mixing CuS
dissolved in trichloromethane with HANP in ultrapure water
and homogenized for 15—20 min (20000—25000 psi). The
resulting mixture was added into the ultrafiltration tube
(50 mL) and centrifuged at 4000 rpm and 4 °C for 10 min to
remove free CuS, followed by freeze-drying.

(uS Loading Efficiency. First, CuS was dissolved in trichloro-
methane at concentrations of 0.2,0.4,0.6,and 0.8 mg/mL. A linear
proportion was found between the concentration of CuS and its
UV/vis/NIR absorbance with a regression equation of Y = 0.304 +
2.155X (R?> = 0.9014) (Supporting Information Figure S2b). Then,
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the amount of CuS in HANPC at different loading contents was
quantified using the standard curve (Table 1).

Cell Internalization of HANP. A total of 1 x10* of SCC-7 and NIH-
3T3 cells were, separately, seeded in a 6-well chamber at 37 °C
overnight. On the second day, cells were washed by PBS and
incubated with HANP (200 «g/mL) at 37 °C and 5% CO, atmo-
sphere for 3 h. In another group, to verify the specificity of HA
binding to CD44, free HA (2 mg/mL) was added to cells 30 min
before HANP. After incubation, the cells were thoroughly
washed three times with cold PBS. Then, cells were fixed in
cold ethanol for 15 min at —20 °C. After the wash step with PBS,
cells were mounted with mounting medium containing DAPI
for 10 min in the dark. Cell uptake of HANP was observed by a
confocal microscope (Leica, Germany), and the excitation and
emission wavelengths were set at 670 and 690 nm for Cy5.5,
respectively.

In Vitro Enzyme Activation of HANPC. In the presence of the same
concentration of hyaluronidase (Hyals), enzyme activation of
HANPC was determined using a fluorescence imaging tech-
nique. In brief, HAase (2000 unit/well) was added into different
concentrations (0—2 mg) of HANPC solutions in an acetate
buffer (pH = 4.3) and incubated for 0, 30, 60, and 120 min at
37 °C. Fluorescent signals and images of HANPC solutions
(0—2 mg/mL) were obtained at indicated time points using a
fluorescence spectrophotometer (Varian, Palo Alto, CA) and
Carestream FX PRO (Carestream Health Inc., Toronto, Canda).

In Vitro Photothermal Ablation Test. To test the photothermal
effect, HANP, HANPC, CuS and water solutions in 1.5 mL Ep-
pendorf tubes were each irradiated with a NIR laser (808 nm,
Stone laser, Shenzhen) at a power density of 1 W/cm? for 3 min.
The laser spot covered the entire surface of samples. Thermal
images of different solutions were acquired real-time by FLIR
Ax5 camera (FLIR Systems Inc., Wilsonville, OR) and quantified
by BM_IR software.

The SCC7 cells were cultured in DMEM/high glucose medium
containing 10% FBS and 1% antibiotic solution at 37 °C and 5%
CO,. For MTT assay, SCC-7 cells at a density of 1 x 10* cells/well
were seeded in a 96-well plate and cultured overnight. After
a wash step with PBS, the cells were incubated with free CuS
and HANPC solutions at different concentrations (5—1000
ug/mL, 100 uL/well) for 24 h at 37 °C and 5% CO,. Experimental
groups, which were replaced with fresh DMEM culture medium
(100 L), were irradiated with 808 nm laser for 10 min at a power
density of 1 W/cm?. The laser spot was adjusted to cover each
well. Then, cells were incubated in 37 °C containing 5% CO, for
24 h. Cells in control groups were incubated under the same
conditions without irradiation. Cell viability was evaluated by
MTT assay.

Calcein AM/PI Staining. SCC7 cells were plated in glass bottom
cell culture dishes with a density of 1 x 10° cell until grown to
80—90% confluency. After PBS washing, SCC7 cells were in-
cubated with HANPC for 3 h. Next, SCC7 cells were washed with
PBS for three times and immersed in 1 mL of fresh culture
medium. Control groups without NIR laser irradiation were
incubated in fresh DMEM medium at 37 °C. Experimental
groups were illuminated with the laser beam (808 nm, 0.5
W/cm?) for 10 min, followed by incubation for 2 h under
identical conditions as the control groups. After removing fresh
DMEM medium, SCC7 cells of all groups were added into
Calcein AM (4 umol/L) and PI solutions (4 umol/L) in PBS and
incubated for 30 min at 37 °C with 5% CO.. Finally, cells were
washed with PBS three times. Fluorescence images of cells were
acquired by confocal microscopy.

In Vivo Imaging of SCC7 Tumor. Animal experiments were con-
ducted under protocols approved by Animal Care and Use
Committee (CC/ACUCC) of Xiamen University. Subcutaneous
sites of athymic nude mice (7 weeks old, female, 16—18 g) were
injected a suspension of 4 x 10° SCC7 cells in PBS (80 uL). When
tumor grow up to an average volume of 60—70 mm?, 100 uL of
HANP (5 mg/kg), CuS (174 ug), or HANPC (5 mg/kg containing
174 ug CuS) was intravenously injected, respectively. The
fluorescent signals were observed using Carestream FX Pro
and PA imaging in the tumor sites were recorded on Endra
Nexus128 (Ann Arbor, Ml) at 1, 2, 6, and 12 h time points, At 1, 6,
and 12 h postinjection, tumors and normal organs including

heart, liver, spleen, kidney, pancreas and muscle from SCC7
tumor-bearing nude mice were collected and visualized with
Carestream FX Pro and Endra Nexus128.

In Vivo Photothermal Therapy of HANPC. SCC-7 cells (4 x 10° cells
per 80 uL of PBS) were injected in the right leg of nude mice
(7 weeks old). When tumor size reached an average size of
60—70 mm?, 100 uL of PBS, HANP (5 mg/kg), CuS (174 ug) and
HANPC (5 mg/kg containing 174 ug CuS) was injected into the
tail vein of the tumor-bearing mice, separetely. At 6 h post-
injection, the tumors were illuminated with the 808 nm laser
beam at a power density of 1.5 W/cm? for 10 min. Meanwhile,
thermal images in tumors were taken with a FLIR Ax5 camera
and quantified by BM_IR software.

The tumor-bearing mice were divided into eight groups
randomly: (a) PBS without laser, (b) PBS with laser, (c) HANPC
without laser, (d) HANPC with laser, (e) HANP without laser, (f)
HANP with laser, (g) CuS without laser and (h) CuS with laser.
When the tumor volume reached 60—70 mm? in size, 100 uL of
PBS, HANP (5 mg/kg), CuS (174 ug) or HANPC (5 mg/kg contain-
ing 174 ug CuS) was injected intravenously, separately. After 6 h,
the tumors in group of b, d, f, and h were irradiated by the
808 nm laser for 10 min at 1.5 W/cm?. The mouse body weight
was recorded. The following equation was used to monitor
tumor growth (volume change): tumor volume = A x B?%/2,
where A is the largest and B is the smallest diameter.>® Com-
pared to the original tumor volume, the relative tumor volumes
of all groups were calculated at 14 day after treatment. Hema-
toxylin and eosin (H&E) staining were applied for analyzing
HANPC toxicity to tumor tissues and main organs.

Statistical Analysis. Experiment results were presented as
mean =+ SD. Statistical analysis was performed using one-way
ANOVA followed by Bonferroni multiple comparison test. P <
0.05 was considered statistically significant.
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