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ABSTRACT

Photodynamic therapy (PDT) efficiency is directly affected by the reactive oxygen species (ROS) generated by
photosensitizers. However, ROSs’ ultrashort life span and limited diffusion distance restrict the PDT efficiency.
Therefore, it is important to control the delivery strategy of photosensitizers for PDT treatment. Herein, the core-
satellite nanoreactors were fabricated with oxygen generation and ROS diffusion properties. The hollow CuS
encapsulating horseradish peroxidase (HRP) was combined with the cationic photosensitizers (PEI-Ce6). The
unique photosensitizers delivery strategy makes the nanoreactors achieve ROS diffusion-enhanced PDT effect.
First, HRP in “core” (HRP@CuS) can decompose hydrogen peroxide (H203) to O,, increasing O, levels on the
surface of the nanoreactor. Second, the Ce6 molecules covalent-linked with PEI are uniformly dispersed on the
surface of CuS as a “satellite”, avoiding Ce6 aggregation and causing more Ce6 molecules be activated to produce
more 10,. Due to the Ce6 was on the surface of the CuS nanocages, the generated ROS may ensure a larger
diffusion range. Meanwhile, the inherently CuS nanocages exhibit photothermal and photoacoustic (PA) effect.
The photothermal effect further enhances the ROS diffusion. Under the guidance of PA imaging, nanoreactors
exhibit highly efficient hypoxic tumor ablation via photodynamic and photothermal effect. Overall, the core-
satellite nanoreactors provide an effective strategy for tumor therapy, further promoting the research of pho-
tosensitizers delivery.

1. Introduction

carrier, such as liposomes, polymeric micelles, etc. However, these
carriers hard to achieve the PDT process in tumor effectively due to the

Photodynamic therapy (PDT) has the advantage of being able to
deliver precise and effective treatment with minimal side effects,
compared to conventional oncology treatment [1,2]. PDT process
generally uses photosensitizers to ablate tumor cells by the conversion of
oxygen (O3) molecular into reactive oxygen species (ROS) under laser
light irradiation [3,4]. Therefore, the effective contact of photosensi-
tizers with sufficient O; is important for Os-dependent PDT treatment.
Generally, the photosensitizers are non-tumor specific and hydrophobic,
and low molecular weights (<1000 Da) [5,6]. Many delivery strategies
have been developed based on encapsulating photosensitizers in the
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aggregation-caused quenching (ACQ) and premature release behavior of
photosensitizers. Moreover, ROS itself has short lifespan (<2 ms) and
limited diffusion distance inevitably reduces the therapeutic effect
[7-9]. The rapid oxygen consumption decreases the PDT effect during
the ROS reaction progresses in the hypoxic microenvironment of the
tumor [10-12]. Therefore, it is exigent and indispensable to fabricate a
unique nanoreactor with an Oy supply for the stable delivery of photo-
sensitizers as well as enhancing the ROS diffusion.

Recently, different strategies have been developed based on the
conversion of tumor-abundant endogenous HyO; to sufficient Oq for
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hypoxia tumor therapy [13-15]. Therefore, it is important to develop
the catalytic decomposition strategy of HyO9 to improve tumor hypoxia.
Due to the excellent catalytic efficiency and selectivity, natural enzymes
have been widely used in the fields of biocatalysts. For example, the
horseradish peroxidase (HRP) exhibits the ability to decompose the
endogenous H»O5 near the mitochondria to Oy [16-18]. However, the
wide applicability of HRP is hindered by the poor stability in physio-
logical environments. Carriers play an important role in improving HRP
stability and tumor hypoxia reversion process. The construction of
nanocarriers (mesoporous materials, MOFs, etc.) loading HRP is urgent
and necessary. Especially the porous structure of the nanoreactor pro-
tects the stability of the enzyme while achieving efficient diffusion of
H20, and oxygen within and beyond the skeletons simultaneously
[19-21].

The O, is converted to ROS by photosensitizer during PDT process.
Therefore, the effective contact of photosensitizers with sufficient O is
important for Op-dependent PDT treatment. However, limited physio-
logic stability of photosensitizer still impedes the application in PDT
[22,23]. Many strategies have been developed to deliver non-targeted
hydrophobic photosensitizers to the tumor, such as liposomes, poly-
meric micelles, etc. [24-26]. As the promising photosensitizer, Ce6 has
been frequently applied for tumor therapy. However, like most photo-
sensitizers, Ce6 has the drawbacks of limited water solubility, liable to
aggregation in physiologic environments, and less accumulation in
tumor tissues. A delivery strategy is urgently needed to achieve
dispersion of Ce6 and improve the stability in physiological environ-
ments. Notably, cationic polymer-modified photosensitizers with spe-
cific structures have demonstrated the ability to separate individual
photosensitizers and effectively avoid aggregation [27-29], thereby
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remarkably enhancing the conversion efficiency and diffusion range of
ROS. The cationic polymer polyethylenimine (PEI) is a very distinctive
water-soluble polymer. The primary, secondary, and tertiary amines
contained in the molecule endow PEI with excellent chemical reactivity
and internalization capability [30,31]. The combination of PEI and Ce6
by covalent bond enables efficient Ce6 dispersion and cellular accu-
mulation. Thus, the above strategy hopefully improves the availability
of Ce6 in PDT process.

CuS particles show strong potential in tumor therapy owing to the
powerful absorbance in the NIR area, high photothermal conversion
effectiveness (PCE), low cytotoxicity, and photoacoustic imaging capa-
bility [32-34]. In particular, the previously reported template sacrificial
method allows the CuS be constructed into hollow mesoporous structure
[35], which provides a channel for the O,. However, the combination of
cationic polymer modified photosensitizer and hollow CuS are infre-
quently utilized in the treatment of hypoxic tumors.

Considering the above problems, we fabricated core-satellite nano-
reactors based on hollow CuS nanocage and PEI-Ce6, further encapsu-
late HRP to obtain O self-supply for hypoxic tumor phototherapy. As
shown in Scheme 1, after tail vein injection, hyaluronic acid (HA) active
targets the overexpressed CD44 on the surface of tumor cells. The
nanoreactors with specific sizes (~120 nm) ensure the enhancement of
internalization through passive targeting. Furthermore, the HRP cata-
lyzes the conversion of Hy0y to Oy within tumor cells, effectively
enhancing the abundance of Os. At the same time, the photothermal
effect of CuS offers the possibility of PTT and PA imaging. PEI-Ce6, the
cationic polymer modified photosensitizer, is connected on the surface
of the Og-riched “core” (HRP@CuS) by thiol group. This “satellite” ar-
chitecture avoids unnecessary quenching of PS and improves the ROS
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Scheme 1. A scheme showing the preparation and application of HRP@CuS-PEI-Ce6@HA.
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production. Above all, ROS is generated on the surface instead of the
core of the nanoreactors, ensuring a larger diffusion range as the tem-
perature rises. Stimulated by external near-infrared light, this unique
nanoreactor (HRP@CuS-PEI-Ce6@HA, abbreviated as HRP@CPC@HA)
enables efficient phototherapy with precise guidance of PA imaging for
superb hypoxic tumor ablation.

2. Experimental section
2.1. Materials

Copper chloride dihydrate (CuCly-2H20) was obtained by Tianjin
Guangfu Chemical Agent Co., Ltd. (Tianjin, China). Vinyl pyrrolidone
polymer (PVP K30), sodium hydroxide (NaOH), hydrazinium hydroxide
solution (NyH4-H50), acetothioamide (CH3CSNH,), carbodiimide
hydrochL. (EDC-HCl), thiazolyl blue (MTT) and dimethyl sulfoxide
(DMSO) were bought from Aladdin Reagent (Shanghai, China). Poly-
ethylenimine (PEI), acid hyaluronic (HA), mercaptopropionic acid, tris
(4,7-biphenyl-1,10-phenanthroline) ruthenium dichloride (RDPP) and
Ce6 was obtained from J&K Scientific. (Beijing, China). DCFH-DA was
obtained from Sigma-Aldrich. Roswell Park Memorial Institute-1640
(RPMI-1640) culture medium, fetal bovine serum (FBS), Dulbecco’s
phosphate buffered saline (PBS), trypsin, and penicillin—streptomycin
were obtained from Invitrogen Corp.

2.2. Preparation of HRP@CPC@HA

All the following experiments were performed in triplicate unless
specifically mentioned.

Hollow CuS nanoparticles were prepared by the previously reported
sacrifice template method [35]. 0.3 g PVP was dissolved in 30 mL of
deionized water, 2 mmol/L CuSO4 was added into the PVP solution with
magnetic stirring for 1 h. 25 mL of fresh NaOH solution was then added
to adjust the pH value to 9. After stirring for 2 min, NoHy-Ho0 (2.0 mL,
0.10 mol/L) was added and reacted for 8 min to obtain CuO. Aceto-
thioamide (0.266 mmol, final molarity) was infused to the CupO and
reacted at 40 °C for 2 h to obtain the hollow CuS. The obtained hollow
CuS was then rinsed with distilled water and collected by centrifuging at
8000 rpm for 5 min before being vacuum dried.

The HRP and CuS (weight ratio, 1:1) were mixed with distilled water
and sonicated for 30 min, then stirred overnight and collected via
centrifuge at 8000 rpm for 5 min. The precipitate was washed with
distilled water and dried at 25 °C under vacuum to obtain HRP@CuS.
The product of the previous step was dispersed in deionized water with
mercaptopropionic acid (weight ratio, 1:1) and stirred slowly overnight.
The precipitate was collected by centrifuging at 8000 rpm for 5 min,
then washed 3 times with deionized water to obtain HRP@CuS-COOH.
HRP@CuS-PEI was prepared as described below. Briefly, excess EDC
and NHS were dispersed in DMSO, HRP@CuS-COOH was slowly added
and stirred at room temperature for 3 h to complete the activation of the
carboxyl groups. Then a solution of DMSO and PEI (1 mg/mL) was
added drop by drop and stirred overnight. The next day the whole sys-
tem was transferred to a 2000 Da dialysis bag for 72 h against water to
remove unreacted chemicals and organic solvents. HRP@CPC is also
prepared using a similar EDC/NHS method; the reaction and dialysis
process needs to be carried out in the dark. Finally, the complexation of
HRP@CPC and HA was formed by mixing HRP@CPC and HA (mass ratio
1:0.6) in deionized water. After stirring overnight, the precipitate was
collected by centrifugation at 8000 rpm for 5 min and stored in PBS at
—4°C.

HS-PEI and HS-PEI-Ce6 were obtained by using a similar EDC/NHS
method without the CuS nanocages. The weight ratio of PEI and mer-
captopropionic acid was 15:1, and the weight ratio of HS-PEI and Ce6
was 5:1.
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2.3. Singlet oxygen production by HRP@CPC@HA

1,3-Diphenylisobenzofuran (DPBF) was chosen as a detector to
measure the production of singlet oxygen in HRP@CPC@HA nano-
reactors under 671 nm irradiation, as DPBF is susceptible to oxidation by
ROS to alter its structure, resulting in a sluggish decrease in its peak
value of absorption (410 nm). In a representative procedure, 50 pL of
DPBF (1 mg/mL, ethanol solution) was infused with the HRP@CPC@HA
solution. UV-visible absorption spectra of DPBF were recorded and
contrasted over time under the 671 nm laser irradiation (10 mW/cm?).

The ROS content in cells was measured using 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) as a probe of ROS. The DCFH-DA is
oxidized by intracellular ROS and emits a vivid green fluorescence, thus
showing the ROS content in cells. 4T1 cells purchased from the CAS cell
bank were incubated with HRP@CPC@HA dispersion (50 pg/mL) at
37 °Cfor 12 h. After, the cells were washed with PBS. Then 10 pM DCFH-
DA was infused and incubated for 30 min. Cells were then washed 3
times with PBS to take out the extracellular indicators. Finally, the cells
were irradiated with a 671 nm (0.15 W/cm?) laser for 10 min and then
observed on a confocal fluorescence microscope.

2.4. Cellular uptake

Pre-treated coverslips were UV irradiated, dried, and laid on the
bottom of 6-well plates. Digest 4T1 cells to form a cell suspension,
migrate into 6-well plates and control the number of cells per well to
approximately 2.0 x 10°. After 24 h of incubation, the medium was
taken out and a concentration of HRP@CPC@HA dispersion or the same
amount of free Ce6 was infused. After 24 h, the cells were washed 3
times with PBS to take out extracellular nanomaterials or photosensi-
tizers Finally, the cells were fixated with 3.7 % paraformaldehyde
(POM) for 15 min at 20 °C and washed 4 times carefully with PBS. Af-
terwards, 1 pL of DAPI (1 mg/mL) was infused to each well at 37 °C for
15 min to stain the nuclei, then washed again three to five times with
PBS. The coverslips are gently taken out and set on a slide with glycerol,
shaded for 10 min, sealed, and stored at 4 °C. The cells were observed
and the uptake of the dye was detected by laser confocal microscopy.

2.5. Cytotoxicity and enhanced PDT in cells of HRP@CPC@HA

Thiazolyl blue (MTT) reagent was chosen to examine the cytotoxicity
of HRP@CPC@HA. 4T1 cells were diverted into 96-well plates and
cultured for 24 h. Then the HRP@CPC@HA dispersion with different
concentrations (i.e., 0, 50, 75, 100, 150, 300 ppm) was infused and
incubated at 37 °C for 24 h. Subsequently, 10 pL of MTT (5 mg/mL) was
added to each well of the 96-well plate and co-incubated at 37 °C for 4 h.
Finally, remove the liquid from each well, and 150 pL of DMSO was
infused to each well, then carefully shake the plate at 25 °C for 20 min.
The relative viability of the cells was recorded and the cytotoxicity of
each group was calculated by monitoring the absorbance of MTT.

4T1 cells were diverted into a 96-well plate and incubated for 24 h (5
% COy, 37 °C). Then, the RPMI 1640 medium containing different
concentrations of materials were infused for 12 h. After the cells were
washed 3 times with PBS to take out excess materials, the cells were
irradiated (671 nm laser, 0.15 W/cm? or 808 nm laser, 0.15 W/cm?).
Then, the cells were delivered to a fresh medium for 12 h and the cell
viability was calculated by typical MTT assay.

2.6. Live/dead cell staining test

The cells were cultured for 12 h in a 6-well plate, then treated with
CuS, PC, CPC, or HRP@CPC. After 4 h, the treated cells were irradiated
by laser (0.2 W/cmz, 3 min). The treated cells were co-stained with
Calcein AM (2 pM) and PI (4 pM) following the protocol of Live/Dead
viability/cytotoxicity kit before an examination by confocal laser scan-
ning microscopy (CLSM).
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2.7. Blood circulation and biodistribution of HRP@CPC@HA

Female Balb/c mice (weight ~20 g) were obtained from Beijing
Charles River Laboratory Animal Technology Co., Ltd. All animal ex-
periments were treated in line with the animal experiments ethical
committee for caring. We chose the 4T1 cell line as the mouse breast
cancer subcutaneous tumor model. After the cells were cultured to a
certain amount, the cells were digested by trypsin and washed 3 times
using PBS before being redispersed in PBS with a concentration of 1.0 x
107/mL. A 50 pL cell dispersion was inoculated subcutaneously in the
right hind leg of each mouse body, and about two weeks later, the mice
were used for the following experiments.

The female Balb/c mice were injected intravenously with
HRP@CPC@HA (n = 3), and 20 pL blood was collected at different time
points (5 min, 10 min, 20 min, 40 min, 60 min, 120 min, 480 min, and
1440 min). The content of Cu in the blood samples was measured by ICP-
AES. The pharmacokinetic model was chosen to calculate the blood half-
life of HRP@CPC@HA.

4T1 tumor-bearing mice were chosen as the animal model to perform
the biodistribution of HRP@CPC@HA (n = 3). Mice were sacrificed at
different time points (4-12 h) after intravenous injection (200 pL of
HRP@CPC@HA, [Cu] = 10 mg/kg in PBS). The major organs (heart,
liver, spleen, lung, and kidney) and tumor were harvested, weighed, and
homogenized. HRP@CPC@HA in various organs and tumor was
expressed as a percentage of the injected dose per gram of tissue (%ID/

g)-
2.8. Tumor treatment

Thirty 4T1 tumor bearing mice were picked out and divided into 6
groups i) PBS, ii) Ce6 + 671 nm, iii) HRP@CuS-Ce6@HA + 671 nm, iv)
HRP@CPC@HA + 671 nm, v) CPC@HA + 808 nm + 671 nm and vi)
HRP@CPC@HA + 808 nm + 671 nm). After the intravenous injection
for 24 h (200 pl of HRP@CPC@HA, [Cu] = 10 mg/kg in PBS), the mice
were treated according to Fig. 7a. The tumor volume was calculated
every 2 days as length x (width)? x 1/2. The relative tumor volume was
calculated as V/V(, where Vj and V represent the tumor volume on the
first day and on the day of measurement.

2.9. Organ tissue H&E staining

To evaluate the safety of the nanoreactor treatment, pathological
analysis of the major organs (heart, liver, spleen, lung, and kidney) was

CuS + HSV\OWOH ——» CuS-COOH
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performed. The dissected fresh organs were washed with PBS and
soaked in 4 % paraformaldehyde. The organs were sealed by paraffin
embedding. Each tissue was cut into 5 pm sections and treated with
Hematoxylin and Eosin (H&E) staining was performed, and H&E-stained
sections were photographed and pathologically analyzed with a fluo-
rescence microscope.

3. Results and discussion
3.1. Synthesis and characterization of HRP@CPC@HA

The synthetic route for the fabrication of CuS-PEI-Ce6 is present in
Scheme 2. Cuz0 nanoparticles were firstly obtained by a solvothermal
approach. Then, hollow CuS may be formed based on the sulfidation
with acetothioamide. Fig. 1a shows the transmission electron micro-
scope (TEM) image of CuS. The prepared CuS was monodisperse with an
overall diameter of ~100 nm. The dark edge and the pale center
demonstrate the hollow structure. After being coated with HA, the TEM
image shows a transparent layer on the surface of CuS (Fig. 1b). As
shown in Fig. 1c, the hydrodynamic diameter of CuS nanocages is about
100 nm. The HRP@CuS shows similar size with CuS nanocages. This
suggests the HRP was encapsulated by CuS. After surface modification of
PEI-Ce6 (abbreviated as PC) and coating of HA, the particle size in-
creases to 160 nm. The crystalline structure of the synthesized hollow
CuS nanocage was identified by using powder X-Ray diffraction (XRD)
(Fig. 1d). The characteristic peaks appear at 20 = 29.3, 31.7, 47.9 and
59.3°, corresponding well to (102), (103), (110), and (116) crystal
planes of the hexagonal covellite structure (JCPD file No. 06-0464). To
demonstrate the covalent linkage between Ce6 and PEI, the FTIR spec-
trum spectra of HS-PEI and HS-PEI-Ce6 were measured (Fig. le).
Characteristic peaks of the amide bond were measured in the PEI-Ce6
spectrum, the peak at 1660 em™! (C=0) and 1410 cm™! (C—N) are
attributed to the stretching vibration of the amide bond, distinguishing
it from unreacted PEL The 'H NMR spectrum further reveals the above
conclusions (Fig. 1f). Compared with unreacted PEI and Ce6, the char-
acteristic peaks of Ce6 appeared in the 'H NMR spectrum of PEI-Ce6
(1.19 ppm, 1.85 ppm, 3.25 ppm). Simultaneously, the peaks of Ce6
appeared at 1.67 ppm, 1.66 ppm, 3.28 ppm respectively. The change of
chemical shift confirmed that the chemical reaction between Ce6 and
PEI occurred due to the formation of amide bonds. The ultra-
violet-visible (UV-vis) absorption spectra were performed to further
explain the fabrication of the HRP@CPC@HA. HRP exhibits the absor-
bance at 410 nm (Fig. 1g), while spectrum of HRP@CuS shows almost no
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Scheme 2. The synthetic route of CuS-PEI-Ce6.
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Fig. 1. Transmission electron microscope (TEM) images of (a) hollow CuS nanocage (scale bars: 50 nm), (b) HRP@CuS-PEI-Ce6@HA (scale bars: 100 nm), (c) size
distribution of CuS, HRP@CuS, HRP@CuS-PEI-Ce6 and HRP@CuS-PEI-Ce6@HA. (d) X-ray diffractograms of hollow CuS. (e) The FTIR spectra of HS-PEI-Ce6 and HS-
PEL (f) The 'H NMR of Ce6, PEI and PEI-Ce6. (8) Absorption spectra of HRP, CuS, and HRP@CuS. (h) Absorption spectra of PEI-Ce6, HRP@CuS, HRP@CuS-PEI-Ce6,
and HRP@CuS-PEI-Ce6@HA. (i) Zeta Potential of CuS, PEI-Ce6, CuS-PEI-Ce6, and CuS-PEI-Ce6@HA.

absorbance at 410 nm. This indicates the HRP was largely encapsulated absorbance at 670 nm, similar to the characteristic absorption peak of
by CuS. As shown in Fig. 1Th, HRP@CPC@HA does not show an obvious Ce6. This suggests that the Ce6 was on the surface of the nanoreactor
absorption peak. In sharp contrast, HRP@CPC exhibits a narrow and HRP@CPC was encapsulated by HA. Fig. 1i shows the zeta potential
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Fig. 2. (a) Photothermal heating curves of CuS-PEI-Ce6 at different concentrations with the same power density of 1 W/cm? (25-500 pg/mL). (b) Photothermal
elevating curves of 500 pg/mL CuS-PEI-Ce6 solution with different power densities (0.2-1.3 W/cm?). (¢) Plot of time vs. -In(0) [0 is the driving-force temperature]
from the data measured during the cooling period shown in Fig. 2b.
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of CPC is positive (ca. +20.4 mV), demonstrating the cell internalization
ability of the CPC. Antithetical, the {-potential of CPC@HA in an
aqueous solution was negative (ca. —18.7 mV), ensuring the blood cir-
culation capacity of the CPC@HA. The above results indicate
HRP@CPC@HA was successfully synthesized and the nanoreactors were
fabricated with a core-satellite structure.

3.2. Photothermal process of CPC

The photothermal ability of the obtained CPC with the 808 nm laser
irradiation was measured. As shown in Fig. 2a, the photothermal effect
could increase monotonically with CPC concentration (25-500 pg/mL).
The temperature elevation and reduction curves at different power
densities (0.2-1.3 W/cm?) were shown in Fig. 2b. The temperature el-
evates to 32.4 °C at a power intensity of 0.2 W/em? irradiation, while
the temperature elevation increased to 53.7 °C at 1.3 W/cm?. The above
results indicate that CPC could generate heat efficiently, even under a
low power intensity irradiation. Obviously, the temperature could in-
crease monotonically with the content of CPC and irradiation power
density. As shown in Fig. 2¢, according to the heating-cooling curve (1.3
W/cm?) and interrelated time constant, the photothermal conversion
efficiency () of CPC was calculated (ca. 34.91 %). The above results
reveal that the CPC produces significant local heat at 808 nm irradiation.
This proves that CPC exhibits promising photothermal effect.

3.3. The Oy generation and enhanced ROS process of HRP@CPC

The O, content in the tumor microenvironment is essential for PDT.
However, the Oy content is extremely limited in the hypoxic tumor.
Fortunately, the endogenous H02 could be decomposed by HRP,
further increasing the Oj level in tumor cells. Therefore, the O, gener-
ation capability of HRP@CPC was determined via a portable dissolved
oxygen meter. Fig. 3a shows the O concentration gradually increased
with time after adding HRP@CPC to the HyO solution. Almost no Oy
generation occurred in HRP@CPC group, CPC + H50, group, and CPC
group. The above results reveal that the nanoreactor supplies Oj
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efficiently based on the decomposition of HoO5 by HRP. The O mole-
cules are converted to ROS by photosensitizer during PDT process.
Moreover, the efficiency of PDT is largely limited to the diffusion ca-
pacity of generated ROS. To detect the generation of ROS during PDT
process, 2,2,6,6-tetramethylpiperidine (TEMP) was chosen as a probe
for capturing ROS. The electron spin-resonance (ESR) spectra were
measured to determine the species of ROS, as shown in Fig. 3b.
Compared to the control group (H20), three signal peaks appear in the
ESR spectra of PC, Ce6 with an area ratio of 1:1:1, suggesting the gen-
eration of 10, under laser excitation. Furthermore, the DPBF was used to
further characterize the 10, production ability of CPC. The change in the
absorption peak of the DPBF was examined at 410 nm by UV-Vis ab-
sorption spectroscopy (Fig. 3c-e). The absorption shows ignorable
decrease for HyO group. However, for Ce6 and CPC groups, the ab-
sorption peaks of DPBF were decreased. This indicates DPBF was
oxidized by the generated '0,. Furthermore, compared with the Ce6
group, the CPC group shows more obviously reduction in the absorption,
indicating that more !0 generated. This is due to the fact that PEI can
separate Ce6, preventing aggregation. These results reveal that the
unique structure (Oy-riched core and photosensitizer-suspended satel-
lite) of our nanoreactor leads to Oy generation and ROS diffusion
augment, thereby enhancing of PDT.

3.4. Cytotoxicity and cellular uptake of HRP@CPC@HA

The 4T1 cell line was chosen as the treatment model and the cyto-
toxicity of the samples was assessed using the MTT method, as shown in
Fig. 4a. The cells were treated with PC group, HRP@CuS group and
HRP@CPC group respectively. Each group shows negligible cytotox-
icity. Notably, the cell viability of HRP@CPC group was over 80 % even
at a concentration of 300 pg/mL. The results showed that HRP@CPC
was biosafe and biocompatible. The internalization capacity of the CPC
directly affects the therapeutic effect of PDT. According to the zeta po-
tential results (Fig. 1i), the internalization ability of CPC was investi-
gated. Photographs were taken using CLSM to verify the cellular uptake
of the samples, shown in Fig. 4b. PBS, Ce6, PC and CPC were added
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Fig. 3. (a) O, generation curve of CuS-PEI-Ce6 and HRP@CuS-PEI-Ce6 without and with H,O, addition (100 mM). (b) ESR spectra of PEI-Ce6, Ce6 and H,O after
671 nm laser irradiation (200 mW/cm?, 10 min) in the presence of TEMP. Decay curves of DPBF absorption in (¢) H,O, (d) Ce6 or (e) CuS-PEI-Ce6 solution after
different time of irradiation (671 nm, 10 mW/cm?). (f) Variation of absorption peak at 410 nm with different time in Fig. 3c-e.
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Fig. 4. (a) Cytotoxicity assays of 4T1 cells incubated with CuS, PEI-Ce6, CuS-PEI-Ce6 and HRP@CuS-PEI-Ce6 for 24 h. (b) CLSM images of 4T1 cells pre-incubated

with free Ce6, PEI-Ce6, CuS-PEI-Ce6 for 24 h. Scale bars: 50 pm.

respectively and then co-incubated with 4T1 cells for 4 h. The location of
the cells was verified using DAPI staining of the nuclei (blue) and the
fluorescence of Ce6 itself (red) was used to determine the intracellular
content to verify the internalization of each group. PBS was used as a
control group. The fluorescence intensity in each photo depends on the
Ceb6 concentration, so the PBS group shows no red fluorescence. For the
free Ce6 group, the hydrophobic aggregation of Ce6 in the culture leads
to quenching of the fluorescence. Compared with Ce6 group, PC group
shows obviously red fluorescence. This is due to the covalent linkage

a RDPP Bright Field Merge

between Ce6 and PEI allows Ce6 to be stably dispersed, avoiding
quenching due to aggregation. Moreover, the interaction between pos-
itive PC and negative-charged cell membrane further enhancing the
internalization of PC. CPC group exhibits the greatest fluorescence
brightness. Combining large-sized CuS and positively charged PEI pro-
motes the internalization of Ce6, thereby CPC exhibits the greatest
internalization ability. The above results reveal that our nanoreactor has
low cytotoxicity and excellent internalization capability.

b RDPP Bright Field Merge

Control

Fig. 5. Fluorescence images of 4T1 cells incubated with RDPP and then treated with (a) PBS or (b) HRP@CuS-PEI-Ce6 for different times (top to bottom). Scale bars:
500 pm. (¢) CLSM images of 4T1 cells cultured with DCFH-DA and then treated with PBS (control), Ce6, CuS, PEI-Ce6, CuS-PEI-Ce6 respectively for 24 h then

irradiated with a power density of 0.2 W/cm? for 3 min. Scale bar = 100 pm.
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3.5. Intracellular O, and ROS generation

RDPP was chosen as the intracellular O, probe. The O, generation
capacity of HRP@CPC was verified by fluorescence images, as shown in
Figure 5a-b. 4T1 cells were pre-incubated with RDPP for 24 h, then
incubated with HRP@CPC for 30 min. 4T1 cells were observed by a
fluorescence microscope. The red fluorescence of RDPP was strongly
reduced in Fig. 5b. This indicates the O, generation capability of
HRP@CPC. Comparatively, the fluorescence intensity of the PBS group
shows insignificant change. The above results reveal that HRP@CPC
could generate O effectively in the hypoxic tumor cells.

The ROS content in the tumor cells is also essential for PDT process.
DCFH-DA was chosen as the ROS probe to measure the content of ROS.
The ROS production capacity was examined by CLSM photographs, as
shown in Fig. 5c. 4T1 cells were pre-incubated with each group of ma-
terial for 24 h, then DCFH-DA was added and incubated for 30 min.
Subsequently, the petri dish was irradiated by 671 nm laser, and the
resulted image was recorded by CLSM. The image shows almost no green
spots appear in the control group and CuS group. The image of the Ce6
treatment group shows the weaker fluorescence intensity. This reveals
few ROS was generated after treated with Ce6. This is due to the ag-
gregation of free Ce6. The obviously fluorescence signals for PC and CPC
groups are evidence of significant ROS generation. The generated ROS
level depends on the CuS and PEI guided effective separation of Ce6,
further enhancing the diffusion of ROS. The genuine results are also in
treaty with internalization (Fig. 4b). The above findings suggest that the
CPC sample ensures the enhancement of ROS diffusion.

3.6. Enhanced PDT by HRP@CPC in vitro

The 4T1 cell was selected as a treatment model for PDT investigation.
The cell viability was discovered by MTT analysis, as shown in Fig. 6a.
4T1 cells were pre-incubated with CuS, PC, and CPC for 24 h, then the
cells were irradiated using a laser at the wavelength of 808 nm and 671
nm, respectively. Meanwhile, the cell viability of the Ce6 + 671 nm
group decreased by 35 %, which was due to the PDT effect. Notably, the
cell viability of the HRP@CPC group was only 10 % under the 808 nm
and 671 nm irradiation, revealing the photothermal and ROS diffusion-
enhanced PDT process. The CuS, CPC, and HRP@CPC groups exhibit
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decrease in cell viability after the 808 nm irradiation. This reveals that
the photothermal effects of CuS are effective in increasing the temper-
ature of cells that leads to partial tumor cell apoptosis. The tumor
ablation of HRP@CPC in vitro was also examined by the Live/Dead
Staining. As shown in Fig. 6b, the red fluorescence indicates dead cells,
while the green fluorescence suggests living cells. As expected,
HRP@CPC group exhibits tumor ablation effect, almost all cells show
red fluorescence in HRP@CPC group. This is due to the photothermal
and ROS diffusion enhanced PDT effect. Conversely, PC group exhibit
partial cell apoptosis, which is caused by normal PDT. The above results
reveal that HRP@CPC is a unique nanoreactor for efficient tumor sup-
pression via ROS diffusion-enhanced PDT.

3.7. Antitumor effect by HRP@CPC@HA in vivo

The 4T1 tumor model was built for the in vivo anti-tumor investi-
gation of HRP@CPC@HA. The specific treatment protocol was shown in
Fig. 7a. 4T1 cells were 14 days post subcutaneous inoculation right
posterior side of each mouse body and the size of tumor can reach 100
mm® for the following experiments. To evaluate whether
HRP@CPC@HA is suitable for antitumor application in vivo, the phar-
macokinetics of HRP@CPC@HA was further evaluated by detecting the
[Cu] content in blood using ICP-AES (Fig. 7b). After 24-h postinjection,
18.7 pg/ml of [Cu] was determined in the peripheral circulating blood,
suggesting considerably long blood retention of HRP@CPC@HA after
intravenous injection. Moreover, the blood-circulation half-time of
HRP@CPC@HA in the bloodstream was calculated to be 28 min. To
evaluate the possible major organs (heart, kidney, lung, spleen, and
liver) and tumor distribution of nanoreactor, the biodistribution of
HRP@CPC@HA administered by intravenous injection at various time
points were obtained. As shown in Fig. 7c, nanoreactor enrichment in
the liver at 4-8 h, decreased rapidly over time. HRP@CPC@HA reached
a maximum amount (~23 % ID/g) at tumor tissues due to enhanced
penetration and retention (EPR) effect after about 24 h of intravenous
injection. The typical tumor-specific accumulation of nanoreactor was
attributed to the active-targeting tumor pathway of HA. The photo-
acoustic images of 4T1 tumor-bearing mice were obtained after tail vein
injection of HRP@CPC@HA (Fig. 7d). In agreement with the bio-
distribution results, the PA signal appeared at 4 h (red area), and the
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Fig. 6. (@) Cell viability of 4T1 cells pre-incubated with CuS, PEI-Ce6, CuS-PEI-Ce6, HRP@CuS-PEI-Ce6, then irradiated with a power density of 0.3 W/cm? for 5 min
(671 nm or 808 nm). (b) CLSM image of 4T1 cells cultured with CuS, PEI-Ce6, CuS-PEI-Ce6, and HRP@CuS-PEI-Ce6 for 24 h then irradiated with a power density of

0.2 W/cm? for 3 min. Scale bar = 500 pm.
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Fig. 7. (a) A scheme showing the 4T1 tumor-bearing
mice treatment protocol. (b) The blood-circulation
curve of intravenously injected HRP@CuS-PEI-
Ce6@HA (n = 3). (c¢) The biodistribution of Cu in
the main tissues after the intravenous administration
of HRP@CuS-PEI-Ce6@HA into tumor-bearing mice
(n = 3). (d) Photoacoustic imaging in 4T1 tumor-
bearing mice treated by HRP@CuS-PEI-Ce6@HA
with different lengths of time. (e) Thermal images
of 4T1 tumors in living mice with 24 h post i.v. in-
jection of PBS and HRP@CuS-PEI-Ce6@HA upon NIR
irradiation (808 nm, 0.5 W/cm?). (f) Relative tumor
volumes and (g) body weight of mice after 7 days of
various treatments (PBS, Ce6, HRP@CuS-Ce6@HA +
671 nm, HRP@CPC@HA + 671 nm, CPCC@HA + 808
nm + 671 nm and HRP@CPC@HA + 808 nm + 671
nm). (h) Representative tumor photographs after 7
days of various treatments: (i) PBS, (ii) Ce6 + 671
nm, (iii) HRP@CuS-Ce6@HA + 671 nm, (iv)
HRP@CPC@HA + 671 nm, (v) CPC@HA + 808 nm
+ 671 nm, (vi) HRP@CPC@HA + 808 nm + 671 nm.
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intensity of the signal gradually increased in 24 h. This result suggests
that HRP@CPC@HA could accumulate at tumor site effectively due to
the active targeting pathway of HA. Furthermore, the thermal images of
4T1 tumor bearing mice were obtained as displayed in Fig. 7e. The
tumor areas were treated with 808 nm laser irradiation after 24 h post
tail vein injection of HRP@CPC@HA. Compared with control group, the
HRP@CPC@HA induced the tumor temperature increases of 19.4 °C
under 180 s laser irradiation. This reveals that HRP@CPC@HA could
increase local temperature in solid tumor effectively.

Subsequently, tumor suppression of HRP@CPC@HA was investi-
gated in 4T1 tumor-bearing mice. The 4T1 tumor-bearing mice were
randomly divided into 6 groups and treated with i) PBS, ii) Ce6 + 671
nm, iii) HRP@CuS-Ce6@HA + 671 nm, iv) HRP@CPC@HA + 671 nm,
v) CPC@HA -+ 808 nm + 671 nm and vi) HRP@CPC@HA + 808 nm +
671 nm respectively. According to the above PA imaging results, the
mice were irradiated with laser after 24 h post tail vein injection. After
different treatments, the tumor volumes and mouse body weights were
peri-odically monitored in all experimental groups (Fig. 7f-g). For mice
treated with PBS or free Ce6, the tumor volume exhibits obviously in-
crease and the mice body weight decrease gradually, indicating that PBS
or Ce6 alone shows negligible therapeutic effect. For the HRP@CuS-
Ce6@HA group with 671 nm laser irradiation, the tumor growth only

Splee

e, |
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showed partial suppression, with the relative tumor volume remaining
at 3.27. Conversely, HRP@CPC@HA with 671 nm laser irradiation
group exhibits more obviously tumor ablation (relative tumor volume
2.76). This indicates that the satellite structure (PEI-Ce6) enables the
separation of Ce6 and promotes the diffusion of ROS. To investigate the
effect of oxygen in PDT process, 4T1 tumor-bearing mice were treated
with HRP@CPC@HA and CPC@HA respectively. Compared with
HRP@CPC@HA group, the CPC@HA treated mice exhibits less tumor
ablation, indicating that the catalytic decomposition of hydrogen
peroxide by HRP and the produced Oy were crucial to PDT process.
Notably, upon 808 nm and 671 nm irradiation simultaneously, the
HRP@CPC@HA group achieved complete tumor inhibition. This in-
dicates promising therapeutic efficacy of photothermal and ROS
diffusion-enhanced PDT in vivo. Fig. 7h shows the collected tumor
pictures after 7 days of various treatments. HRP@CPC@HA group ex-
hibits obviously hypoxic tumor suppression. This suggests ROS diffusion
enhanced PDT is an effective strategy for hypoxic tumor therapy.

In addition, the histological evaluation of main organs (heart, liver,
spleen, lung, and kidney) slices of mice in each group after antitumor
treatment was investigated. The organs were H&E staining for patho-
logical analysis (Fig. 8). The main organs of each treatment group
showed relatively normal histological morphology and no obvious

n

Fig. 8. Tissue sections of major organs (heart, liver, spleen, lung, and kidney) of mice in different treatment groups: (i) PBS, (ii) Ce6 + 671 nm, (iii) HRP@CuS-
Ce6@HA + 671 nm, (iv) HRP@CPC@HA + 671 nm, (v) CPC@HA + 808 nm + 671 nm, (vi) HRP@CPC@HA + 808 nm + 671 nm).
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pathological abnormality was noticed. This indicated that
HRP@CPC@HA exhibited excellent biocompatibility. Taken together,
the as-prepared nanoreactor enables ROS diffusion enhanced PDT with
precise guidance from PA imaging for efficient and safe hypoxic tumor
ablation.

4. Conclusion

In this study, we present novel porous core-satellite nanoreactors
(HRP@CPC@HA) for hypoxia tumor therapy via ROS-enhanced photo-
therapy. The nanoreactors decompose intracellular HyO, by HRP to
generate endogenous Og, increasing Oz levels on the surface of the
nanoreactor via the porous structure of the hollow CuS nanocage. Due to
the covalent-linked PEI-Ce6 satellite, Ce6 is uniformly dispersed on the
surface of the nanoreactors and avoiding aggregation. With laser irra-
diation, the generated ROS on the surface of the nanoreactors ensure a
larger diffusion range. Meanwhile, the photothermal effect of CuS ac-
celerates the photodynamic process and causes thermal damage to the
tumor. In vitro experiments show that HRP@CPC@HA could ablate
tumor cells by photodynamic and photothermal effect. Our nanoreactor
can accomplish hypoxic tumor inhibition guided by PA imaging. The
design of HRP@CPC@HA provides unique strategy of PS delivery,
further promoting the application and research of associated
nanoreactors.
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