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ARTICLE INFO ABSTRACT

Keywords: Multimodal treatment modalities hold great potential for cancer therapy, thus current efforts are focusing on the
Microfluidics development of more effective and practical synergistic therapeutic platforms. Herein, we present a novel trans,
Hydrogel microparticle trans, trans-[Pt(N3)2(OH)2(py)2] (Pt(IV)) prodrug-initiated hydrogel microparticles (Micg.py) with indocyanine
E:zzﬁ;::f;y green (ICG) encapsulation by microfluidics for efficiently synergistic chemo-, photothermal (PTT) and photo-
Photodynamic dynamic therapy (PDT). The employed Pt(IV) could not only serves as an initiator to generate azidyl radical (N3)

for photo-polymerization of methacrylate gelatin (GelMA) matrix, but also be reduced to high cytotoxic platinum
(ID) (Pt(ID) species for tumor chemotherapy. The laden ICG with highly photothermal heating ability and
intrinsic reactive oxygen species (ROS) productivity endows the Mjcg.pr with effective PTT/PDT performances
upon near-infrared (NIR) light irradiation. In addition, benefiting from the production of oxygen during the
photo-activation process of Pt(IV), the PDT efficacy of ICG-laden Mjcg.p: could be further enhanced. Based on
these advantages, we have demonstrated that the Mjcg.p; could significantly eliminate cancer cells in vitro, and
remarkably suppressed the tumor growth in vivo via synergistic chemotherapy, PTT, and PDT. These results
indicate that such Pt(IV)-initiated hydrogel microparticles are ideal candidates of multimodal treatment plat-
forms, holding great prospects for cancer therapy.

Cancer therapy

1. Introduction

Cancer is one of the leading causes of death worldwide, which seri-
ously threatens human health and life [1,2]. As a primary clinical
treatment modality, chemotherapy uses cytotoxic chemical agents to
directly eliminate cancer cells [3-6]. In this aspect, platinum-based
drugs have been widely employed for treating a broad spectrum of
malignant tumors, while their clinical application suffers from several
drawbacks such as drug resistance and severe toxic side effects [7-12].
As an alternative, phototherapies, such as photothermal (PTT) and
photodynamic therapy (PDT), have gained intensive attention owing to
their minimal invasiveness, high spatiotemporal selectivity and
controllability [13-18]. In particular, by combining phototherapies with
traditional chemotherapy, various multimodal therapeutic systems have
been developed based on polymers encapsulation, such as alginate, poly
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(lactic-co-glycolic acid), gelatin, cellulose, silk fibroin, and chitosan
[19-23]. However, due to the lacking of elaborate design, most of these
polymer-based systems not only require complicated and tedious prep-
aration processes but also can hardly achieve multimodal therapeutic
functions [24,25]. In addition, the polymerization of these systems
commonly requires additional initiators, extra metal ions, and/or other
crosslinkers, resulting in potential side effects in patients [26]. Thus, it is
still highly anticipated to develop a facile multimodal therapeutic
platform with simple structures but multiple functions for efficient
synergistic chemo-, PTT and PDT.

In this paper, we present novel Pt(IV) prodrug-initiated photo-
polymerized hydrogel microparticles (Mjcg.p) by using droplet micro-
fluidics with the desired multiple functions for tumor combination
therapy, as schemed in Fig. 1. Microfluidic technology with high pre-
cision and controllability has been widely used to prepare
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multifunctional microparticles or microcapsules for various biomedical
applications including drug/cell delivery, cell culture, and tissue engi-
neering [27-32]. Especially, the resultant microparticles or microcap-
sules with tunable sizes, dispersity, structures, and components could be
employed as delivery systems of multimodal tumor therapy [33-36].
Although with many successes, the generation of most of these polymer
microcarriers often requires additional extra initiators. In contrast, the
photo-activatable platinum(IV)-azide complexes (Pt(IV) prodrugs) have
been previously encapsulated in nano/microcarriers for tumor therapy
due to its transformation to highly cytotoxic Pt(Il) species [37-41].
During this photo-activation process, the N3 could also be generated
from Pt(IV). Given the radicals triggered photo-crosslinking in many
photo-cross-linkable hydrogels [42-44], we envision that the polymer-
ization of these hydrogels could be initiated by N3. Besides, oxygen
could also be generated during this process; which is crucial for ROS
production by photosensitizers (PSs) [45,46]. Hence, it is conceivable
that Pt(IV)-initiated polymerized microcarriers could be directly
generated from microfluidic droplets without additional initiators and
chemotherapeutic drugs, which simultaneously provides a versatile
platform for loading PSs or photothermal agents (PTAs) to achieve the
multiple functions for efficiently synergistic tumor therapy.

Herein, we fabricated the desired Pt(IV)-initiated photo-polymerized
methacrylate gelatin (GelMA)-based hydrogel microparticles with
indocyanine green (ICG) encapsulation via microfluidic electrospray for
synergistic tumor chemotherapy, PTT, and PDT. A typical Pt(IV) of trans,
trans, trans-[Pt(N3)2(OH)2(py)2] was chosen not only as the prodrug
generating high cytotoxic platinum(Il) (Pt(II)) species for tumor
chemotherapy but also as a novel initiator for the photo-polymerization
of GelMA matrix to form the microparticles. ICG was encapsulated as PSs
and PTAs in the microcarriers owing to its photothermal ability and ROS
productivity for synergistic PTT/PDT under near-infrared (NIR) light
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irradiation. Besides, benefiting from the production of oxygen during
the photo-activation process of Pt(IV), the PDT efficacy of the Pt(IV)-
initiated ICG-laden microparticles (Mjcg.pt) could be further enhanced.
Based on these features, it was demonstrated that the Mjcg.p; displayed a
significant killing effect on melanoma B16F10 cells in vitro, and sub-
stantially suppressed the growth of the melanoma and breast cancer
model in vivo via synergistic chemotherapy, PTT, and PDT. These results
indicate that such Pt(IV)-initiated hydrogel microparticles are ideal
candidates for tumor multimodal therapy, representing an effective and
versatile therapeutic platform for multiple biomedical applications.

2. Experiment section
2.1. Materials

Dipotassium tetrachloroplatinate (KoPtCls) was bought from Plat-
inum Energy. Co. Ltd, China. Pyridine (py), AgNO3, NaN3, and Hy04
(30%) were bought from Aladdin. Tryptophan (Trp), indocyanine green
(ICG), 1,3-diphenylisobenzofuran (DPBF), and dimethyl pyridine N-
oxide (DMPO) were bought from Macklin Inc. China. Calcein-AM/
propidium iodide (PI) staining assay kit was bought from Meilunbio,
Co., Ltd (Dalian, China). Tris(4,7-diphenyl-1,10-phenanthroline)
ruthenium(II) dichloride ([Ru(dpp)s]Cly) was bought from Bide Phar-
matech Ltd (Shanghai, China). Hematoxylin and eosin (H&E) and
Masson’s trichrome staining kit were purchased from Solarbio Science &
Technology Co., Ltd (Beijing, China). 2',7-dichlorodihydrofluorescein
diacetate (DCFH-DA), annexin V-FITC/PI apoptosis detection kit, and
cell counting kit-8 (CCK8) assay kit were brought from Beyotime
Biotechnology (Shanghai, China). GelMA was bought from Suzhou
Yongqinquan Intelligent Equipment Co., Ltd (Suzhou, China), and the
methacrylamide modification degree is 90 + 5%.
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Fig. 1. Schematic illustration of the Pt(IV) prodrug initiated photo-polymerized microparticles (Mjcg.py) from microfluidic electrospray for synergistic tumor chemo-,
photothermal and photodynamic therapy. (a) During the photo-activation of Pt(IV) to high cytotoxic Pt(II) species for chemotherapy, N3 and oxygen could also
simultaneously generated. The N3 could induce the polymerization of GelMA matrix, ensuring the successful encapsulation of Pt(II) and ICG into the GelMA mi-
croparticles during microfluidic electrospray. Meanwhile, the oxygen could enhance the PDT efficacy of ICG. (b) After injection into the tumor site, the Mjcg.pr could
efficiently eradicate the cancer cells for inhibiting the tumor growth via synergistic chemotherapy, PTT and PDT.

186



Q. Zhang et al.
2.2. Synthesis of trans, trans,trans-[Pt(N3)2(OH)2(py)2] (Pt(IV))

Briefly, KoPtCly (2 g, 4.82 mmol) and pyridine (7.5 mL, 96.5 mmol)
were dissolved into 50 mL of water, followed by heating to 75 °C for 90
min. Then, the solution was cooled to room temperature, filtered, and
evaporated to produce white salt. Thereafter, 50 mL of HCl (2 M) so-
lution was added, and the mixture was then heated for two days at 75 °C
to produce a yellow suspension. The reaction solution was cooled,
filtered, and then washed with cold minimum solvents (H5O, ethanol,
and ether) to produce the light yellow trans-[PtCla(py)2 product. 1.1 g of
trans-[PtCly(py)2] (2.6 mmol) was dissolved in 100 mL water, before
adding 954 mg of AgNOs (5.2 mmol) and stirring for 24 h. Then, the
solution was filtered and added with NaN3 (857 mg, 26 mmol). The
reaction solution was stirred for 6 h to produce a yellow precipitate.
Trans-[Pt(N3)2(py)2] was produced after the solution was filtered out
and the crude product was successively washed with minimum HyO,
ethanol, and ether. Trans-[PtCly(py)2]: 1Y nuclear magnetic resonance
(NMR) spectroscopy: 8 = 8.79 ppm (a, NCH), 7.53 ppm (b, CH), 8.02
ppm (c, CH). Trans-[Pt(N3)2(py)2l: 'H NMR: & = 8.63 ppm (a, NCH),
7.70 ppm (b, CH), 8.17 ppm (c, CH). The trans-[Pt(N3)2(py)2] was
oxidized by Ho05 (30%) for 4 h to get the final product of Pt(IV). Pt(IV):
'H NMR: 6 = 9.10 ppm (a, NCH), 7.85 ppm (b, CH), 8.26 ppm (c, CH).
13C NMR: & = 149.31 ppm (a, NCH), 126.48 ppm (b, CH), 142.19 ppm
(c, CH). ESI-MS (MeOH), m/z, M = Pt(IV): [M + Na]™ 494.1, [(M)y +
Na]™. 965.0.

2.3. Photo-degradation of Pt(IV)

Before recording the changes of absorbances of Pt(IV) via
UV-vis-NIR spectrometer (Agilent, CARY5000, USA), the solution
containing 20 pg mL ! of Pt(IV) was irradiated by UV light for different
time intervals. The valence state of Pt elements before and after irradi-
ation was detected by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250). Power intensity of UV light: 365 nm, 1.25 W em 2.

2.4. Azidyl radical (N3) generation from Pt(IV)

Briefly, to a D20 solution containing Pt(IV) (10 mM), DMPO (20 mM)
along with or without Trp (2 mM) was added. Then, one of the solutions
was irradiated by UV light for 1 min and the others were maintained in
the dark. Subsequently, the solutions were detected by 'H NMR spec-
troscopy (Bruker AVANCE DRX 400, Germany).

2.5. Pt(IV)-initiated photo-polymerization of GelMA hydrogel

For the preparation of GelMA hydrogel, a GelMA solution (30%, w/
v) containing Pt(IV) (0.1% w/v) was firstly added in a vial, followed by
UV light irradiating for 2 min. The photographs of the solution before
and after gelation were taken by a camera. The storage modulus (G') and
loss modulus (G”) of GelMA hydrogel were investigated. In addition, the
Pt(IV) initiated the polymerization of methacrylate alginate (AlgMA,
2.5%, w/v), polyethylene glycol diacrylate (PEGDA, 20%, w/v), and
methacrylate silk fibroin (SilMA, 10%, w/v) was also investigated using
the same method.

2.6. Preparation of the Pt(IV)-initiated photo-polymerization hydrogel
microparticles from microfluidic electrospray

For the preparation of microfluidic electrospray hydrogel micro-
particles, a pregel solution containing Pt(IV) (2 mg mL™1), ICG (100 pg
mLfl), and GelMA (30%) was firstly prepared. Then, the solution was
transferred to a capillary microfluidic device using a cylindrical glass
capillary tube with an orifice diameter of 300 pm. Finally, the pregel
solution was pumped into the collection oil solution under electric force
together with gravity. The flow rate of the syringe pump was set at 2 mL
h™!, and the voltage of the high-voltage power supply was set at 4 kV.
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During the preparation process, the ICG and Pt-drug-loaded micropar-
ticles were exposed to UV light for 2 min for gelatinization, and then the
microparticles were washed with n-hexane three times before collection
in a tube containing PBS for further use. Other microparticles with either
ICG or Pt-drug loading were prepared as a control. To detect the drug
loading capacity of microparticles, the microparticles were treated with
collagenase solution for 7 days. Then, the Pt-drug and ICG release from
the microparticles were measured by inductively coupled plasma optical
emission spectrometry (ICP-OES) and UV-vis-NIR spectrometer,
respectively.

2.7. Characterizations

A stereomicroscope (Olympus BX51, Tokyo, Japan) was applied to
image the optical photographs of the microparticles. A field emission
scanning electron microscope (SEM, SU8010, Hitachi, Japan) was used
to observe the surface morphology and structure of the microparticles.
Before imaging by SEM, the microparticles were firstly gradient dehy-
drated by 70%, 80%, 90%, and 100% ethanol, and then dried by su-
percritical drying.

2.8. Drug release in vitro

The microparticles (Mp; or Mjcg.pt) were placed into 10 mL PBS and
incubated in an oscillating incubator for 192 h. At predetermined in-
tervals throughout this procedure, 1 mL of the release medium was
taken out and replaced with PBS solution in the same amount. The Pt
contents of the collected medium were detected by inductively coupled
plasma mass spectrometry (ICP-MS).

2.9. Photothermal effects

A series of ICG solutions with different concentrations were irradi-
ated with 808-nm (0.6 W cm’z) for 180 s. Then, the temperature ele-
vations of the solutions were measured by an infrared thermal imager
(FLIR E5-XT). Similarly, the microparticles (200 mg) with or without
ICG loading were irradiated, and the temperature changes were
measured in 180 s. Furthermore, the Mjcg.p; received 808-nm laser
irradiation at various power intensities (0.3, 0.6, and 1.0 W cm’z) was
also investigated. Pure deionized water was irradiated as a control under
the same condition. To detect the photothermal stability, the Mcg-pt
(200 mg) and free ICG (88.5 pg mL 1) were irradiated by NIR light (0.6
W cm~2) for 3 min (laser On), then naturally cooled for 3 min (laser Off).
This On/Off cycle of NIR irradiation was repeated 5 times.

2.10. Detection of oxygen

The oxygen generated from Pt(IV) was detected by using [Ru(dpp)s]
Cl, (an oxygen probe) under UV light irradiation. The solution con-
taining Pt(IV) (200 or 500 pg mL’l) and [Ru(dpp)slCly (5 pM) was
irradiated by UV light for different time intervals. Then, the fluorescence
spectra from 500 to 800 nm of [Ru(dpp)s3]Cl, were recorded under a
fluorescence spectrophotometer (Excitation wavelength: 470 nm).
Power intensity of UV light: 365 nm, 1.25 W cm™2.

To detect the oxygen stored in the microspheres, the Mjcg.pt (1.0 g)
was dispersed in 5 mL of water containing collagenase at days 0, 1, 3, 5,
and 7. After the degradation of the microparticles, the released oxygen
dissolved in water was recorded by using an oxygen detection
microsensor.

2.11. ROS generation

DPBF was employed to detect ROS generation from ICG. The solution
containing Pt(IV) (10 pg mL™1), ICG (10 pg mL™}), and DPBF (15 pg
mL 1) received 808-nm laser irradiation for indicated time intervals.
Then, the absorption spectra of DPBF were measured. To evaluate the
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ROS generation increased by oxygen, the Pt(IV) was firstly irradiated by
UV light (365 nm, 1.25 W cm ™) to generate oxygen molecules, then the
ICG and DPBF were added, and the solution was irradiated by the 808-
nm laser before detection under the UV-vis-NIR spectrometer.

2.12. Intracellular ROS detection

A 24-well plate with 5 x 10* B16F10 cells per well was seeded, and
cell attachment was then allowed to overnight. Following that, different
microparticles were added to the cells and cultured for a further 12 h.
Following the removal of the microparticles, Mjcg or Mjcg.pt treatment
groups received 5 min of 808-nm laser irradiation. After that, the me-
dium was taken out and replaced with new media containing DCFH-DA
(10 M) for 30 min, before imaging by fluorescence microscopy.

2.13. In vitro antitumor effects

A 24-well plate with 5 x 10* B16F10 cells per well was seeded, and
cell attachment was then allowed to overnight. Various microparticles
were added and cultured for 12 h (Pt-content was 30 pg in Mp¢ or Mcg-pt
treatment group). Then, Mjcg or Micg.pt treatment group was partially
irradiated by the NIR laser for 5 min, followed by incubating for another
12 h. Other control groups were incubated for 24 h and maintained in
dark. Thereafter, using live/dead staining, CCK8, and annexin V-FITC/
PI apoptosis assays, the cytotoxicity of microparticles against cancer
cells was investigated. Calcein-AM and PI were treated with the cells for
live/dead staining, which was then viewed under a fluorescence mi-
croscope. For the CCK8 experiment, the cells were treated with the CCK8
reagent for 2 h, followed by measuring the absorbance at 450 nm using a
microplate reader. For apoptosis evaluation, the cells were co-stained
with Annexin V-FITC and PI and assessed for apoptosis by flow
cytometry.

2.14. In vivo anti-tumor evaluation

After subcutaneously injecting 1 x 10° B16F10 cells into the mouse’s
right flank, the tumors were allowed to grow until their volume was
close to 100 mm>. Then, to detect the photothermal performance of the
microparticles in vivo, the tumor sites were intratumor injected with
PBS, Mg, Mp, Micg, and Micg.pt, followed by irradiating with 808-nm
laser for 5 min and monitoring temperature changes by an infrared
thermal imager. Subsequently, the mice were randomized into seven
groups (n = 3) at random: PBS (without irradiation, —), Mg (without
irradiation, —), Mp; (without irradiation, —), Mjcg (without irradiation,
—), Micg.pt (without irradiation, —), Mjcg (with irradiation, +), and
Micg.pt (With irradiation, +). The injection dose of Pt was 3.00 mg per kg
body weight. Every two days, the mice’s body weights and tumor vol-
umes were noted. The mice were euthanized after 14 days. The primary
organs and tumors were collected, fixed in 4% (v/v) paraformaldehyde,
and sectioned into 5 m-thick sections for H&E and terminal-
deoxynucleoitidyl transferase-mediated nick end labeling (TUNEL)
staining. In addition, immunofluorescence staining HIF-la was per-
formed to observe hypoxia conditions in the tumor tissues. Power in-
tensity of 808-nm laser: 0.6 W cm™2, 10 min.

To further evaluate the anti-tumor efficacy of the prepared micro-
particles, 4T1 cells (1 x 10° cells per mouse) were subcutaneously
injected into the right mammary of the mice, and then the tumor vol-
umes were allowed to grow to approximately 100 mm?>. Before the anti-
tumor experiments, the in vivo photothermal performance was also
investigated. After the intratumor injection of different microparticles,
the tumor sites were irradiated by 808-nm laser for 5 min and the
temperature changes of the mice were observed by the infrared thermal
imager. Subsequently, the mice have randomly divided into seven
groups and each group has 6 mice (n = 6): PBS (without irradiation, —),
Mg (without irradiation, —), Mp, (without irradiation, —), Mjcg (without
irradiation, —), Mjcg.p; (Without irradiation, —), Mjcg (with irradiation,
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+), and Mjcg.p; (with irradiation, +). The injection dose of Pt was 3.00
mg per kg body weight. The tumor volumes and body weights of the
mice were measured every other day. The tumor volumes were recorded
as the following equation: length x width? x 0.5. At the end of the ex-
periments, the tumors were collected for H&E and TUNEL staining.

All experimental designs and protocols involving animals were
approved by the Animal Ethics Committee of the Wenzhou Institute,
University of Chinese Academy of Sciences (approval WIU-
CAS21031002) and complied with the recommendations of the aca-
demy’s animal research guidelines.

2.15. Biodistribution of Pt

When the tumor sizes reached ~100 mm®, 4T1-tumor-bearing mice
were intratumor injected with Micg.p; (n = 3). The injection dose of Pt
was 3.00 mg per kg body weight. Tumors and major organs were
collected and weighed at predetermined intervals. Then, the samples
were treated with concentrated nitric acid to produce a transparent
solution before the Pt content was determined by ICP-MS.

2.16. Statistical analysis

Unless otherwise specified, the other experiments had triple repli-
cates (n = 3). All statistical data are expressed as the mean + SD. Sta-
tistical significance was calculated via unpaired Student’s t-tests. *p <
0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion
3.1. Synthesis and characterization of Pt(IV)

To start with, we synthesized the Pt(IV) prodrug step by step ac-
cording to the procedures in Fig. S1a. The intermediate product of trans-
[PtCla(py)2] and trans-[Pt(N3)(py)2] could be measured by 'H NMR
spectroscopy, and the successful synthesis of Pt(IV) was also verified by
'H NMR, '*C NMR spectroscopy and electrospray ionization mass
spectrometry (ESI-MS) (Fig. 2a,b and S1,52). Considering the photo-
sensitivity of the Pt(IV)—azide prodrugs, the photodegradation behavior
of the synthesized Pt(IV) was investigated via a UV-vis—-NIR spectro-
photometer. As observed in Fig. 2¢, the absorbance of Pt(IV) under UV
light irradiation significantly reduced with the extension of the irradi-
ation time. The photodegradation process was in accord with the first-
order kinetics by calculating the degradation rate of the absorption
value at 289 nm (Fig. 2d). Besides, the results of the X-ray photoelectron
spectroscopy (XPS) measurement indicated that following irradiation,
the Pt(IV) (Ptyrat 78.8 eV and 75.4 eV) was reduced to Pt(II) species (Pty¢
at 75.9 eV and 72.7 eV) with evidently changed binding energies
(Fig. 2e). The possible degradation process of Pt(IV) could be described
in Fig. S3. In addition to the Pt(II) generation, the N3 could also be
effectively generated from Pt(IV) during the photoreduction process. To
verify this, dimethyl pyridine N-oxide (DMPO) was employed as a
radical trap, and the mixed solution of Pt(IV) and DMPO after irradiation
for 1 min by UV light was measured through 'H NMR spectroscopy
(Fig. 2f). It could be found that the characteristic peaks of Pt(IV)
(denoted by shuriken) were gradually reduced, and the peaks of DMPO
capturing N3 (DMPO-Nj3, denoted by circle) were shown with relatively
high intensities. Evidently, the addition of tryptophan (Trp) as an N3
quencher could significantly inhibit the binding reaction between
DMPO and N3. The characteristic peaks of DMPO-N3 were obviously
decreased in the 'H NMR spectra, further confirming the efficient gen-
eration of N3 from Pt(IV). Furthermore, the oxygen generation capacity
of Pt(IV) after irradiation was detected by [Ru(dpp)s]Cly (an oxygen
detection probe), whose fluorescence would be sensitively dampened by
oxygen molecules. The fluorescence intensity of [Ru(dpp)s]Cly incu-
bated with Pt(IV) was obviously weakened after UV irradiation, and the
declination process was accelerated with the increase of Pt(IV)
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Fig. 2. Synthesis, photo-reduction, azidyl radical (N3), and O, generation of the Pt(IV) prodrug. (a, b) H NMR (2) and '3C NMR (b) specta of Pt(IV). (c) UV-vis
spectra of Pt(IV) after UV irradiation for indicated time intervals. (d) The first-order kinetics of Pt(IV) degradation under UV irradiation. (e) XPS analysis of Pt(IV)
before and after irradiation. (f) "H NMR spectra of Pt(IV) and DMPO in D,O: (i, iii) without Trp, (ii, iv) with Trp; (i, ii) without irradiation, (iii, iv) irradiation for 60 s.
Assignments: stars represent the peaks of DMPO; shuriken represent the peaks of Pt(IV); triangles represent the peaks of Pt(II); prismatic represent the peaks of Trp;
circles represent the peaks of DMPO-N3 photoproducts. (g) Fluorescence spectra of [Ru(dpp)3]Cl, incubated with Pt(IV) (200 pg mL 1) under UV irradiation at

different time intervals.

concentration (Fig. 2g and S4b). By contrast, it displayed negligible
changes in the absence of Pt(IV) after light irradiation (Fig. S4c),
demonstrating the oxygen generation during the photoactivation pro-
cess of Pt(IV). Collectively, the above data demonstrated the successful
synthesis of the Pt(IV), which could be degraded to Pt(II) species under
UV irradiation, concurrently generating N3 and oxygen.
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3.2. Preparation and characterization of hydrogel microparticles

Subsequently, the N3-induced photo-polymerization of the GelMA
matrix was investigated. The Pt(IV) was added to the solution containing
GelMA (Fig. S5) and then irradiated by UV light. As shown in Fig. 3a, the
transformation process of the fluid solution to solid hydrogel could be
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clearly observed in a transparent vial after UV irradiation, indicating
that the N3 generated from Pt(IV) could effectively trigger the photo-
polymerization of GeIMA. Besides, the storage modulus (G') of GelMA
hydrogel was much higher than the loss modulus (G”), further con-
firming the formation of true gels (Fig. 3b). To verify the universality of
Pt(IV) prodrug as a photo-polymerization initiator, we used the Pt(IV) to
initiate the polymerization of methacrylate alginate (AlgMA), poly-
ethylene glycol diacrylate (PEGDA), and methacrylate silk fibroin
(SilMA) solutions. Similar to the GelMA, it could be found that the for-
mation of AIgMA, PEGDA, and SilMA hydrogels was clearly observed in
the transparent vials, indicating the universality of Pt(IV) to initiate
photo-polymerization of multiple matrixes (Fig. S6). Then, microfluidic
electrospray technology was employed to prepare Pt-drug and ICG-
loaded microparticles. The microfluidic chip was used as a micro-
fluidic electrospray head to be integrated into a microfluidic electro-
spray system (Fig. S7). Then, the mixture of Pt(IV), GelMA, and ICG was
pumped by a syringe pump to form droplets under the electric force
together with gravity. After that, the droplets were gelatinized in the
collection oil pool under UV light irradiation. The successful preparation
of microparticles was verified by a camera, photon microscope, and
scanning electron microscope (SEM) (Fig. 3c—e and S8-S10). As a
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control, the microparticles (Mp) without Pt-drug or ICG loading and the
microparticles (Mjcg) with only ICG loading were gelatinized using
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, a typical
photoinitiator). Because of their unique colors of Pt-drug and ICG, the
Mp;, and Mjcg respectively displayed yellow and green colors in the
tubes, while the Mg without Pt-drug and ICG appeared in white and the
Micg-pt presented both colors of Pt-drug and ICG (Fig. S8). All micro-
particles were spherical in shape as observed by optical microscope, and
the average diameters of Mg, Mpt, Micg and Mjcg.pt were 347.0 + 8.0
pm, 341.6 + 8.8 pm, 346.3 + 10.0 pm, and 351.7 + 7.8 pm, respectively
(Fig. 3c,d and S9). Before observation under SEM, the hydrogel micro-
particles were orderly dehydrated in a series of different concentrations
of ethanol and then dried using a supercritical drying method. Thus, the
spherical morphologies of the microparticles were maintained. But the
average diameter of microparticles significantly decreased to less than
300 pm after the dehydration (Fig. 3e and S10). The Pt-drug and ICG
contents of Mjcg.pt detected by ICP-OES and UV-vis-NIR spectrometer
were determined to be 1.8 mg g~! and 88.5 pg g~ !, respectively. Sub-
sequently, the Pt-drug release behaviors of Mp; and Mjcg.p; Were inves-
tigated, and their profiles indicated that the Mp; and Mjcg.p; displayed
similar drug release behavior. Quantificationally, 35% and 32% of Pt
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were released from Mp; and Mjcg.py within 24 h, and the cumulative
release amounts finally reached 64% and 62% in 192 h, respectively
(Fig. 3f). Taken together, these results indicated the successful prepa-
ration of Pt-drug and ICG loading microparticles, which maintained a
sustained drug release behavior in vitro.

3.3. Photothermal and photodynamic effects of hydrogel microparticles

As a well-known organic dye approved by Food and Drug Adminis-
tration (FDA), ICG has been widely used for PTT and PDT. As verified by
the photothermal heating curves, ICG can absorb NIR light and convert
it to heat energy (Fig. S11). The temperature of the ICG solution grad-
ually increased with the extension time of 808-nm laser irradiation,
which was exacerbated with the increase of ICG concentrations. Simi-
larly, the ICG-loaded microparticles of Mjcg and Micg.pt also displayed
photothermal heating effects under NIR light irradiation (Fig. 4a). A
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considerable temperature elevation was observed for both Micg
(A34.0 °C) and Mjcg.pt (A34.3 °C) under NIR light irradiation for 3 min,
in contrast to the negligible temperature increase for the microparticles
without loading ICG (A2.0 °C) under the same condition. The thermal
photographs could directly reveal the above NIR-induced photothermal
heating process of Mjcg.pt (Fig. S12). Besides, the photothermal tem-
perature of Mjcg.pr was evidently increased with the increase of laser
power density (Fig. 4b). Furthermore, compared with the noticeable
change in the photothermal effect of ICG solution under repetitive five
NIR-On/Off cycles, little temperature deterioration happened on Mjcg.pt
under the same conditions (Fig. 4c). Because of the saturated double
bonds on the conjugated chain, ICG molecules will be degraded and
photobleached under NIR light irradiation, resulting in the decrease of
NIR absorption capacity and photothermal conversion efficiency [47,
48]. In comparison, by evenly dispersing ICG molecules inside the mi-
croparticles, the hydrophobic interactions between free ICG might be
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Fig. 4. Invitro simultaneous PTT/PDT effects of Mjcg.p:. (a) Photothermal heating curves of different microparticles under 808-nm laser irradiation (0.6 W cm ). (b)
Photothermal heating curves of Mjcg.pt with different laser power densities. (¢c) Temperature variation of Mjcg.p; and ICG over five NIR-On/Off cycles (808-nm, 0.6 W

2, On or Off for 3 min). (d) Time-dependent UV absorption spectra of DPBF incubated with Pt(IV)&ICG (++) under 808-nm irradiation from O to 30 min (++)
indicated that the Pt(IV) was firstly irradiation by UV light before adding ICG and then irradiated by NIR laser. (e) Comparison of the decay rate of DPBF at 422 nm
after incubation with Pt(IV)&ICG (+) or Pt(IV)&ICG (++) solution under the 808-nm irradiation. (+) indicated that the Pt(IV) was not irradiation by UV light before
adding ICG. (f) Time-dependent UV absorption spectra of DPBF incubated with different microparticles with or without 808-nm laser irradiation for 30 min. (g)
Intracellular ROS detection by incubating DCFH-DA with different microparticles under the 808-nm laser irradiation at 0.6 W cm ™2 for 5 min.
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reduced, which would reduce the aggregation and protect the chemical
structure for improving the stability of ICG molecules. Therefore, the
photostability of ICG would be reasonably improved after being loaded
in the microparticles. All the above results indicated the good photo-
thermal performance of the ICG-loaded microparticles, which could
greatly facilitate the further photothermal ablation of tumors.

To further validate the photodynamic effects of the ICG, 1,3-dipheny-
lisobenzofuran (DPBF, an indicator) was employed to detect ROS gen-
eration. It was found that the absorbance at 422 nm of DPBF solution
containing Pt(IV) and ICG continuously decreased after NIR irradiation,
while the absorbance of pure DPBF solution displayed a minimal change
under the same irradiation condition (Fig. S13). As a contrast, before the
addition of ICG and DPBF, the Pt(IV) solution was firstly irradiated by
UV light for 1 min, and then the mixed solution was exposed to the NIR

PBS

Calcein AM &9

Merged

MICG (_)
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irradiation. A much higher decrease rate of DPBF absorbance could be
monitored, which is proper because the O, generated from Pt(IV) after
UV light irradiation and thereby promote the ROS generation from ICG
(Fig. 4d and e). Similarly, under the irradiation of NIR laser, the mi-
croparticles loading ICG could significantly influence the absorbance of
DPBF, and the decay rate induced by Mjcg.p; is evidently higher than
that of Mjcg, which could be attributed to the generation storage of Oy
molecules in the Mjcg.p; during the preparation process (Fig. 4f and
S14). Furthermore, the ROS generation in living cells was verified using
the 2/,7-dichlorodihydrofluorescein diacetate (DCFH-DA) as an indica-
tor because it could be oxidized by ROS to fluorescent dichloro-
fluorescein (DCF). As shown in Fig. 4g, a bright green fluorescence of
DCF appeared in Mjcg and Mjcg.p; treated cells under NIR irradiation,
indicating the ROS generation in living cells. On the contrary, negligible
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green fluorescence was seen in the other groups with or without NIR
irradiation. These results indicated the satisfactory photodynamic ef-
fects of Mjcg.ps under NIR irradiation.

3.4. In vitro antitumor efficacy

To further evaluate the in vitro antitumor efficacy of the prepared
composite microparticles, the live/dead detection by calcein-AM/
propidium iodide (PI) staining, apoptosis analysis by flow cytometry,
and cell viability by CCK8 assay were conducted by incubating different
microparticles with mouse melanoma B16F10 cells. Live/dead assay
showed that a large number of cells were dead after the treatment with
Mp; and Mjcg.p; even without NIR irradiation, indicating the strong
chemotherapeutic efficacy of Pt-drug-laden microparticles (Fig. 5a). By
contrast, the treatments of Mg and Mjcg without Pt-drug loading dis-
played no cytotoxicity against B16F10 cells, implying the good
biocompatibility of the pure microparticles and ICG molecules. How-
ever, when exposed to NIR irradiation, a considerable number of cells
were dead when incubated with Mjcg, confirming the phototherapeutic
effects of ICG. Furthermore, almost all cells were dead when incubated
with Mjcg.pt under NIR irradiation, indicating the excellent antitumor
effect of synergetic chemotherapy, PTT, and PDT. The flow cytometry
results showed that the apoptosis rates of Mp; and Mjcg.pt treated cells
without irradiation were 36.95% and 39.91%, respectively, and the
Mjcg treatment group with irradiation displayed an apoptosis rate of
31.76%. As expected, the Mjcgps with NIR irradiation had the best
killing effect against cancer cells with an apoptosis rate of 71.96%
(Fig. 5b and c). Consistently, CCK8 results also demonstrated the sig-
nificant tumor therapeutic efficacy of Mjcg.p with NIR irradiation
(Fig. 5d). All results above indicated that the Mjcg.p; could effectively
kill tumor cells via synergetic chemotherapy, PTT, and PDT under the
NIR irradiation.

PBS (+)

Micgp (F) Mg (H)
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3.5. In vivo antitumor efficacy and mechanism

Having confirmed the efficient in vitro antitumor capacity of Micg.pt,
the in vivo tumor inhibition experiments were carried out using a sub-
cutaneous B16F10 xenograft mouse model. Firstly, the in vivo photo-
thermal effects were investigated by irradiating the tumors at 12 h after
the intratumor injection of different microparticles. After receiving NIR
radiation for 5 min, the temperature elevation on the tumor treated with
PBS, Mg, and Mp; was only approximately 4.5 °C, whereas the temper-
ature in the Mjcg and Mjcg.pt groups could reach about 54 °C (Fig. 6a and
S15). After 14 days, the NIR-irradiated Mjcg.p; group showed the best
tumor inhibition efficacy with the lowest tumor volume of about 36
mm? and the lightest tumor weight of about 0.03 g among all groups
(Fig. 6b—d). Besides, all mice’s body weights increased steadily during
the experiment, and no obvious pathologic abnormalities could be
noticed in the major organs stained with H&E, demonstrating the min-
imal systemic toxicity of the microparticles (Fig. 6e and S16).

In order to investigate the synergistic anti-tumor mechanisms of
Micg.pt, H&E, TUNEL, and immunofluorescence staining on tumor slices
were studied. H&E analysis showed that the treatments of Mcg (+)
resulted in significant necrosis of tumor cells, which was more obvious
in the Mjcg.pt (+) treated group (Fig. 7a). In contrast, the tumor cells
were densely populated without obvious cellular nuclear shrinkage or
disappearance in the control, Mg and Mjcg groups without irradiation.
Quantitatively, the percentage of tumor cells in the Mjcg.p; (+) group
was 30.74%, evidently lower than that in PBS (98.41%), Mg (96.10%),
Mp; (50.42%), Micg (—, 96.73%), Micg-pt (—, 44.11%), Micg (+, 60.76%)
groups (Fig. 7b). The TUNEL staining revealed similar results that the
Micg.pt (+) group had the most apoptosis rate of 84.32%, significantly
higher than other groups (Fig. 7a,c). In addition, the hypoxia conditions
of tumors were evaluated by immunofluorescence staining of HIF-1a (an
indicator of hypoxia). Owing to the O generation from Pt(IV) during the
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microfluidic electrospray process, plenty of O, molecules were encap-
sulated in the Mp; and Mjcg.p;, which could alleviate the hypoxia con-
ditions in tumors. As shown in Fig. 7a, the red fluorescence of Mp; and
Mice.pt injection groups was evidently decreased. The mean fluores-
cence intensities of Mp; and Mjcg.p; treatments without irradiation were
13.46 and 13.99, respectively, obviously lower than those of control, Mg,
and Mg treatment groups with or without irradiation (Fig. 7d). During
the PDT process, many Oz molecules will be consumed. Therefore,
compared with the Mjcg (+) group without loading O, molecules, the Oy
content in Mjcg.pr (+) was higher. Thus, the mean fluorescence in-
tensities of the Mjcg.pt (+) treatment group were lower than that of the
Micg (+) group (Fig. 7d). All these findings suggested that the Mjcg.pt
could effectively suppress tumor growth by alleviating tumor hypoxia
and inducing necrosis/apoptosis of tumor cells in vivo.

To further evaluate whether our proposed microparticle-based
multimodal therapy platform could be broadly applicable, we per-
formed antitumor experiments on orthotopic breast cancer 4T1 tumor
mouse mode. The administration processes were consistent with those of
the B16F10 xenograft mouse model. Similarly, the in vivo photothermal
effects of Mjcg and Mjcg.p; injection groups could also be observed in the
orthotopic breast cancer mouse mode. The temperature could be
significantly elevated to 53.0 °C in Mjcg and Mjcg.p; treatment groups
under 808-nm irradiation for 5 min, in contrast to the only 4.1 °C in-
crease for the control group (Fig. 8a). As observed during the experi-
ments, the control, Mg and Mjcg (—) groups could hardly suppress the
growth of the tumors (Fig. 8b—d). Due to the PDT and PTT effects, the
Micg (+) administration could inhibit the growth of tumors to a certain
degree. Because of the sustained release of Pt-drug after microparticle
injection (Fig. S17), the Mp and Mcg.pt (—) groups could further control
the tumor growth via the sustained chemotherapy action. Notably, the
Micg-pt (+) led to the maximal inhibition of tumors with the smallest
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tumor volume (~150 mm®) and the lightest tumor weight (~0.12 g) due
to the synergistic chemotherapy, PTT, and PDT. As expected, the Mcg.pt
(+)-treated group induced the most severe histological damages and the
strongest apoptosis effects in tumor tissues among all groups as observed
in H&E and TUNEL staining, respectively (Fig. 8e). During the experi-
ments, the body weights of each group were all increased, indicating the
safety of the prepared microparticles (Fig. 8f). These results further
demonstrated that the developed microparticles are efficient composite
formulas for synergistic chemotherapy, PTT, and PDT with high safety
and potent efficacy.

4. Conclusions

In summary, we have presented Pt(IV) prodrug-initiated photo-
polymerized hydrogel microparticles (Micg.py) by using droplet micro-
fluidics for synergistic tumor chemo-, photothermal and photodynamic
therapy. The Pt(IV) prodrug could be transformed to cytotoxic Pt(II)
under UV irradiation for tumor chemotherapy, which simultaneously
generated N3 for the polymerization of GelMA and oxygen for enhanced
PDT, respectively. In addition, ICG was also encapsulated in the
microcarriers for synergistic PTT/PDT upon NIR irradiation. Therefore,
the obtained Mj¢g.pt could not only significantly kill cancer cells in vitro,
but also substantially inhibited tumor growth in vivo via synergistic
chemotherapy, PTT, and PDT. Our results indicated that such Pt(IV)-
initiated hydrogel microparticles provided an effective and versatile
therapeutic platform for various tumor treatments.
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