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Carbon monoxide (CO) is regarded as a promising therapeutic agent for chemotherapy sensitization.
To simultaneously achieve controllable in situ CO production and efficient chemotherapeutics delivery is
of great significance. Here, we presented a polyvinylpyrrolidone (PVP) core—-shell microneedle (MN) sys-
tem that encapsulated the effervescent component, photocatalyst, and doxorubicin hydrochloride (Dox-
HCl) for CO-sensitized chemotherapy. Upon the insertion of MNs, the effervescent component,
composed of sodium bicarbonate and tartaric acid, was exposed to interstitial fluid, leading to the burst
release of carbon dioxide (CO,). The generated gas not only enhanced the diffusion of Dox-HCl but also
served as a substrate for the photocatalytic generation of CO. From the experimental results, the
photocatalyst CuS atomic layers (CAL) displayed an effective CO, photoreduction performance, which
could realize an irradiation time/intensity-dependent CO-controlled release. Ex vivo permeation studies
demonstrated that effervescent CO, production markedly enhanced the intradermal diffusion of Dox-
HCL Eventually, the robust antitumor efficacy of this versatile MN platform was proved in B16F10-
bearing nude mice. This CO-sensitized chemotherapeutic MN system offered a novel strategy for
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10th Anniversary Statement

As a researcher who has been working in biomaterials for 30 years, I have had the great honor of serving as an associate editor of the Journal of Materials
Chemistry B since 2018. I believe that our journal is on the right path and will be one of the leading journals for all bio-related materials. Besides the innovative
conceptual research, we should pay more attention to those contributions which can be translated into real applications, such as implant and interventional
medical devices, microneedle patches, advanced diagnostic systems and their combinations, etc. In an era of deep intersection of multiple disciplines, our
journal should also welcome the integration of biomaterial research and more innovative technologies, such as big data technology, artificial intelligence, high-
throughput experiment, 3D printing, stem cell and gene editing technology, to open up more possibilities in the future.

1. Introduction

Melanoma, a kind of tumor developing from melanocytes, is
considered to be the most dangerous type of skin cancer. It is
characterized by high malignancy, poor prognosis, and high
mortality, which pose a serious threat to people’s health and
lives."” In this regard, a series of anti-cancer treatments have
been explored in depth. However, for classical drug delivery
systems, the drug bioavailability of oral medication is often
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limited by the first-pass metabolism while an intravenous
injection also has a high degree of drug loss in the circulatory
system.® Microneedles (MNs) are an emerging drug delivery
system developed in recent years. They are capable of over-
coming the stratum corneum barrier and improving the trans-
dermal efficiency of most drugs.®*° The advantages of painless
implementation and self-administration also make MNs exhi-
bit an encouraging prospect in the field of drug delivery.*"** In
particular, MNs can be regarded as a more appealing platform
for melanoma treatment.”*™"* In terms of chemotherapy, MNs
show great superiority over oral medication and intravenous
injection owing to their substantial increase of drug bioavail-
ability as well as the significant reduction of systemic toxicity.
Nonetheless, MN-based chemotherapy is still limited by the low
therapeutic efficiency of conventional chemotherapy agents.'®™®

This journal is © The Royal Society of Chemistry 2023
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It is urgent to develop effective strategies and innovative designs
for boosting the therapeutic performance of MN-mediated trans-
dermal chemotherapy.

Carbon monoxide (CO), as one of the endogenous gaseous
molecules, has drawn extensive attention in the realm of cancer
treatment.'® As an important branch of gas therapy, CO can
adjust the physiological or pathological tumor environment
without drug resistance and adverse effects.”** Moreover, it has
been proved that CO can substantially improve the therapeutic
efficiency of chemotherapy.”>>* Given this, to achieve the safe
administration of CO, a range of CO-releasing molecules (CORMs)
have been reported.””® These CO donors are capable of carrying
and releasing CO under certain stimuli but are still hampered by
undesirable controllability and sensitivity. Recently, Zhang et al.
proposed a concept of CO, photoreduction, using a photocatalytic
nanomaterial (HisAgCCN) to transform CO, into CO for
improving cancer therapy.”’” Compared with CORMSs, such
light-triggered CO generation endowed the strategy with higher
responsiveness and accuracy, which might develop a new path
for controllable CO administration.

Based on its unique advantages, CO, photoreduction may
also afford a novel choice for transdermal chemotherapy sensi-
tization. However, the cutaneous CO, content is likely to
become a crucial factor hindering the efficiency of in vivo CO
production. Effervescent tablets are an intriguing product of
pharmaceutical and dietary industries. Upon coming in contact
with water, the tablet will start disintegrating immediately and
release a large amount of CO,. It is a result of a chemical
reaction that occurs between a carbonate or bicarbonate salt
(e.g., sodium bicarbonate) and a weak organic acid (e.g:, citric
or tartaric acid).”®*° Through MN-based delivery, such an
effervescent component can take effect in the presence of
interstitial fluid. It may render a simple but distinctive way of
achieving exogenous supplements for CO, photoreduction.
More interestingly, the vigorous gas can provide an extra force
to promote the delivery of other payloads in MNs, which has
the potential to enhance the permeation and distribution of
chemotherapeutics in the fibrotic tumor stroma.****

Here, we presented a unique effervescent MN system for
photocatalytic CO generation, endowed with controllable
release of CO and enhanced permeation of chemotherapeutics
for melanoma treatment (Scheme 1). The MN system was
designed with a core-shell structure, consisting of a polyvinyl-
pyrrolidone (PVP) shell and a mixed powder core. Among these,
the mixed powder contained effervescent component sodium
bicarbonate (NaHCO;) and tartaric acid (C4H¢Og), CO, photo-
reduction catalyzer CuS atomic layers (CAL), and chemotherapy
drug doxorubicin hydrochloride (Dox-HCl). When applying
MNs to the lesions, with the dissolution of the PVP shell, the
mixed powder was quickly exposed to the interstitial fluid.
NaHCO; and C,H¢O, would react instantaneously and lead to
a rapid generation of CO,. Once receiving 660 nm irradiation,
CAL would transform CO, into CO in situ, which could signifi-
cantly increase chemotherapeutic sensitivity. Additionally, the
vigorous gas resulted in enhanced diffusion and deeper pene-
tration depth of Dox-HCI to further improve the curative effect.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic illustration of photocatalytic CO-generating effer-
vescent MNs for transdermal implantation and enhanced chemotherapy.

The photocatalytic performance of CAL was investigated
in vitro. The drug diffusion behavior of effervescent MNs was
studied in isolated skin tissue. The efficacy of CO-sensitized
chemotherapy and its corresponding mechanism were explored
in B16F10-bearing nude mice.

2. Experimental
2.1 Materials

Polyvinylpyrrolidone (PVP, M, = 360 kDa) was purchased from
Sigma-Aldrich (Shanghai, China). Sodium bicarbonate (NaHCO;),
pr-tartaric acid (C4HgOg), doxorubicin hydrochloride (Dox-HCI),
cuprous chloride (CuCl), oleylamine and octylamine were obtained
from Aladdin (Shanghai, China). Sulfur (S) was purchased
from Sinopharm Chemical Reagent (Shanghai, China). High-
temperature resistance photosensitive resin master molds for MN
fabrication (1400 um height, 700 um base width, 2 mm needle
spacing, and 5 x 5 array) were provided by BMF Precision Tech
(Shenzhen, China). Polydimethylsiloxane (PDMS, SYLGARD™
184 Silicone) was purchased from DOWSIL (USA). Optimum cutting
temperature (OCT) compounds were purchased from Sakura
Finetek (Hamacho, Japan). The phospho-histone H2A.X(Ser139)
(y-H2AX) rabbit monoclonal antibody and growth arrest and DNA
damage-inducible 45A (GADD45A) rabbit polyclonal antibodies
were obtained from Cell Signaling (Shanghai, China) and ABclonal
(Wuhan, China), respectively.

2.2 Cell culture and animals

B16F10 and B16F10-LUC mouse melanoma cells were obtained
from China Center for Type Culture Collection. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 1% (v/v) penicillin, 1% (v/v) streptomycin,
and 10% (v/v) fetal bovine serum under a humidified atmo-
sphere containing 5% CO, at 37 °C. Healthy female Balb/c nude
mice (4 weeks old, weighing around 20 g) were provided by the
Zhejiang Academy of Medical Sciences (Hangzhou, China).
All animal experiments were carried out strictly according to
the “Principles of Laboratory Animal Care” (NIH publication no.
86-23, revised 1985) and have received approval from the Lab
Animal Welfare and Research Committee, Zhejiang University.
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2.3 Synthesis and characterization of CAL

CAL was synthesized according to a previously reported
procedure.** Specifically, CuCl (300 mg) was dispersed with
10 mL of octylamine and 10 mL of oleylamine in a three-necked
flask. This mixture was heated at 100 °C for 0.5 h under flowing N,
and then heated at 130 °C for 3 h. After that, S powder (288 mg)
was mixed with 5 mL of octylamine and oleylamine, respectively,
in another beaker and was subsequently added into the CuCl
mixture with 5 h of heating at 95 °C. The as-obtained product was
washed with ethanol and cyclohexane to remove organic residues.
CAL was eventually obtained after vacuum drying. The successful
synthesis of CAL was confirmed by X-ray diffraction analysis
(X-pert powder, PANalytical B.V., Netherlands). The morphology
of CAL was characterized using a scanning electron microscope
(SEM, S-4800, Hitachi, Japan) and a transmission electron micro-
scope (TEM, HT7700, Hitachi, Japan).

2.4 Hemoglobin assay

The CAL-catalyzed CO generation was quantitatively determined
by the classical hemoglobin method.*® Firstly, hemoglobin
(4.2 pM final concentration) was dissolved in CO,-saturated PBS
and subsequently reduced by excess sodium dithionite. CAL
(100 pg) was added to the reduced hemoglobin solution (1 mL).
This system was rapidly sealed with liquid paraffin and then
exposed to a 660 nm laser. After irradiation at different times or
different intensities, the adsorption spectra of the solution were
collected using a UV-vis absorption spectrometer (UV2600, Shi-
madzu, Japan). CO was detected by quantifying the conversion of
hemoglobin (Hb) to carboxyhemoglobin (HbCO), which corre-
sponded to the transition of the absorption bands from 430 nm to
410 nm. According to the Beer-Lambert law, the conversion of Hb
to HbCO and the band intensity at 430 nm and 410 nm had the
following quantitative relationships:

410 __ EHbB(410) " @ + EHLCO(410

)b

130 B €Hb(430) * @ 1 EHbCO(430) * b

wherein, ;o and I3, represent the intensities of the collected
spectrum at 410 nm and 430 nm; a and b are the relative
proportion of Hb and HbCO in the system, assuming a + b = 1;
€Hb(410) €HDb(430) EHbcO@10) aANd Empcose) are molar extinction
coefficients of Hb and HbCO at 410 nm and 430 nm in water,
respectively.

Then the concentration of generated CO (Cco) could be
quantitatively calculated:

CCO = 4.2HM -b =

€Hb(430) * 1410 — €Hb(410) - 1430

4.2uM -
(erb(30) — enbco@30)) - 1410 — (enba10) — xpcoio)) - 1430

wherein, éup(az0) = 528.6 MM ' em™ Y, gip(a10)= 3040 mM ' em Y,
€Hb(430) — EHbco(430) = 216.5 mM ! Cm_l, &Hb(410) — €HbCO(410) =
—442.4 mM ™" em ™, which can be acquired from the tabulated
molar extinction coefficient.

5408 | J Mater. Chem. B, 2023, 11, 5406-5415

View Article Online

Paper

2.5 Photothermal properties of CAL

To evaluate the photothermal performance, CAL (100 pg) was
added to CO,-saturated PBS (1 mL) and then exposed to a
660 nm (or 808 nm) laser (0.4 W cm ™2, 5 min). The temperature
was recorded using a NIR thermal imager (FLIR E60, FLIR
Systems OU, Estonia).

2.6 Preparation and characterization of the core-shell MNs

The PDMS inverse mold was prepared by casting PDMS (base/
curing agent(w/w) =10:1) onto the master MN mold and cured
at 80 °C. On this basis, the core-shell MNs were fabricated by a
micro-molding technique. PVP aqueous solution (10% (w/v),
0.55 g) was firstly filled into the PDMS mold by centrifugation
(5000 rpm, 5 min) and dried at 35 °C for 6 h. The shell of MNs
with micro-cavity structures was thus obtained. To prepare the
effervescent MNs, NaHCO; and C,HO, were first mixed in a
mole ratio of 2:1 to form the effervescent component. CAL
(1 wt% of effervescent component) and Dox-HCl (5 wt% of
effervescent component) were subsequently added and mixed
thoroughly. Then the mixed powder (0.1 g) was centrifuged
(5000 rpm, 3 min, 25 °C) to fill tightly into the micro-cavities.
Finally, residual powder was removed with a spatula, and the
powder-filled MN array was sealed with an adhesive base and
peeled off from the mold for further use. For the non-
effervescent MNs required for diffusion studies, the efferves-
cent component was replaced with an equivalent PVP of low
molecular weight (M, = 40 kDa), and the remaining steps were
the same as above. For MNs with micro-cavities, no powder was
added and the PVP shell was sealed with an adhesive base
directly. The morphology of MNs was observed using a digital
microscope and SEM. To further confirm the core-shell struc-
ture, the fluorescence images were photographed using a
fluorescent inverted microscope (DS-Ri2, Nikon, Japan).

2.7 Mechanical strength and skin penetration tests

The mechanical strength of MNs was measured using an electro-
mechanical tester (UTM5000, SUNS, China). The MN array was
placed on the pallet of the testing machine and the force was
continuously monitored when the top plate compressed the needles
at a constant speed. The force-displacement curve was recorded.

The in vitro skin penetration test was performed. The efferves-
cent MN patch was applied to isolated rat skin for 5 min, and the
penetrating skin sample was instantly embedded in OCT com-
pounds. The sample was frozen sectioned by cryotome (Cryostar
NX50, Thermo, USA) and H&E staining was conducted. The H&E
stained sample sections were observed under the bright field of a
fluorescence microscope (TS2-S-SM, Nikon, Japan).

2.8 Drug diffusion studies

To evaluate the drug diffusion behavior of effervescent MNs,
1.5 wt% of agarose gel was used as an in vitro skin model, which
was pierced by effervescent and non-effervescent MNs for
different interval times (30 s, 1 min, and 2 min) and further
cross-sectioned for analysis, respectively. Isolated porcine ear
skin was pierced by effervescent and non-effervescent MNs for

This journal is © The Royal Society of Chemistry 2023
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20 min and immediately embedded in OCT compounds. After
being frozen sectioned, the samples were observed using a
fluorescence microscope.

2.9 Invitro cell viability and live/dead cell staining

To evaluate the in vitro cell-killing ability, the groups were firstly
divided as follows: (1) no treatment (Control); (2) CAL (CAL);
(3) CAL with laser irradiation (CAL(+)), representing the CO
therapy group; (4) Dox-HCl and CAL (DOX + CAL), representing
the chemotherapy therapy group; (5) Dox-HCl and CAL with
laser irradiation (DOX + CAL(+)), representing the synergistic
therapy group. For cytotoxicity assay, B16F10 cells were cul-
tured in 96-well plates (8 x 10° cells per well) for 12 h and then
given treatments (Dox-HCl: 2 pg mL ™", CAL: 100 g per well,
laser: 660 nm, 0.4 W cm ™2, 5 min). After incubation at 37 °C for
another 8 h, cells were tested by the CCK-8 assay to assess the
cell viability. For live/dead cell staining, B16F10 cells were
cultured in 24-well plates (1 x 10> cells per well) for 12 h and
then given analogous treatments. The Calcein-AM/PI staining
was performed. Cells stained green (alive) and red (dead) were
imaged under a fluorescence microscope.

2.10 In vivo anti-tumor experiment

To establish the tumor model, female Balb/c nude mice were
subcutaneously injected with B16F10-LUC cell suspensions
(5 x 10° cells, 100 uL) at the left outer thigh. After the tumor
volume reached around 50 mm?, these B16F10-bearing nude
mice were randomly divided into five groups (n = 3 per group):
(1) no treatment (Control); (2) MNs loaded with CAL, NaHCO;
and C,;HO, (CAL); (3) MNs loaded with CAL, NaHCO; and
C,HO, with laser irradiation (CAL(+)); (4) MNs loaded with
Dox-HCl, CAL, NaHCO; and C4H¢O, (DOX + CAL); (5) MNs
loaded with Dox-HCIl, CAL, NaHCO; and C,H¢O, with laser
irradiation (DOX + CAL(+)). The loading content of Dox-HCl
and CAL in MNs was determined using UV-vis absorption spectro-
metry and inductively coupled plasma-optical emission spectro-
meter (ICP-OES, 730-ES, Varian, USA), respectively. All treatment
groups received three times MN administration (laser: 660 nm,
0.4 W cm ™2, 5 min) on days 0, 3, and 6 and sacrificed on day 12.
The tumor growth was monitored through in vivo bioluminescence
and imaging (IVIS Spectrum, Xenogen, USA) on days 0, 3, 6, 9, and
12. Tumor volume (length x width® x 1/2) and body weight of mice
were also recorded on days 0, 3, 6, 9, and 12 using a digital vernier
caliper and scales, respectively. The isolated tumors were finally
obtained on day 12 for weight measurement and then fixed with
4% (w/v) paraformaldehyde for H&E, immunohistochemistry (Ki67,
TUNEL), and immunofluorescence (y-H2AX, GADD45A) staining.
The final tumor inhibition efficacy for each group was calculated by
the formula: tumor inhibition efficacy = (1 — W;/W,) x100%. W,
refers to the excised tumor weight of the treated groups and W,
refers to the excised tumor weight of the untreated group.

2.11 Statistics

For this study, all values in this study were analyzed by the
unpaired ¢-test. Statistical differences were considered to be
significant when *p < 0.05.

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion
3.1 Characterization of CAL

To build a photocatalytic CO-generating MN system, the
catalyzer of CO, photoreduction was first explored. CAL, an
ultrathin conductor system, was introduced to transform CO,
into CO under laser irradiation, which had great potential for
spatiotemporally controllable CO generation. CAL was success-
fully synthesized according to the reported procedure.** From
the SEM and TEM images shown in Fig. 1A and B, the
hexagonal sheet-like structures of CAL were observed with a
size of about 200 nm. Such nanostructures gave CAL a special
partially occupied band. It could satisfy the band edge position
for photoreduction potentials of CO, to CO. Moreover, the XRD
pattern for CAL in Fig. 1C matched well with the diffraction
patterns of hexagonal phase CuS (JCPDS Card No. 78-0877),
proving the successful synthesis of CAL.

To further verify the CO, photoreduction performance of CAL,
a classical hemoglobin assay was used to detect the generation of
CO. Theoretically, CO could bind to the Fe(u) center in the
reduced hemoglobin and then transform it into carboxyhemoglo-
bin, corresponding to the transition of the absorption bands from
430 nm to 410 nm.*” As shown in Fig. 1D, when CAL was added to
saturated CO, solution and irradiated under 660 nm, the band at
430 nm was gradually decreased, while the intensity of the
carboxyhemoglobin band at 410 nm was progressively increased,
indicating the successful generation of CO. The CO production
rate could also be quantified through this method (Fig. 1E). With
a 5 min irradiation under 0.4 W cm 2, the yield of CO reached
4.42 pM. The quantitative relationship between CO generation
and the irradiation intensity was detected in the same way
(Fig. S1, ESIt). Additionally, CAL showed negligible photothermal
performance under 660 nm irradiation (Fig. S2, ESIT). Therefore,
CAL could be considered as an effective photocatalyst under
660 nm irradiation and the CAL-catalyzed CO generation could
be precisely controlled by laser irradiation.

3.2 Design and characterization of the core-shell MNs

The core-shell MNs consisted of a PVP shell and a special core
filled with mixed powder. The MNs were fabricated by the micro-
molding technique (Fig. 2A). After filling PVP aqueous solution
into the inverse mold and conducting drying, micro-cavities were
obtained due to the shrinkage of PVP solution. Then the mixed
powder—NaHCO;, C4H(0,, CAL, and Dox-HCI were centrifugally
loaded into the micro-cavities, and the effervescent MN array was
finally sealed and peeled off through an adhesive base. As shown
in Fig. 2B, the MNs had clear needle shapes with ~1400 pm
height, ~700 um base width, and ~2 mm needle spacing, which
matched well with the specification of the master mold. The
structure of concave micro-cavity could also be observed from the
SEM image directly (Fig. 2C). In particular, the volume of
the micro-cavity could be easily controlled. With the concentration
of PVP solution increasing from 5% (w/v) to 20% (w/v), the volume
of MNs’ micro-cavity would decrease significantly (Fig. S3, ESI).
The PVP concentration of 10% (w/v) was ultimately chosen for the
subsequent preparation of MNs. Fig. 2D and E show photographs

J. Mater. Chem. B, 2023, 11, 5406-5415 | 5409


https://doi.org/10.1039/d2tb02613a

Published on 05 March 2023. Downloaded on 5/3/2024 8:10:27 AM.

Journal of Materials Chemistry B

O

4 === 0min
1 min

2 min

Absorbance (A.U.)

T T T T 1
375 400 425 450 475 500
Wavelength (nm)

View Article Online

Paper
JCPDS Card No. 78-0877
3
8
>
=
®
c
(]
&
£ SV, W, W,
al |I i 1 .
20 30 40 50 60 70
2-Theta (degree)
6—
—_— 5_
=
2 4
°
g ¥
>
o 27
[$)
1_
0 T T T 1
0 3 6 9 12

Irradiation time (min)

Fig. 1 The characterization of CAL. (A) SEM image, (B) TEM image, and (C) XRD pattern of CAL. (D) Hemoglobin assay for detecting CAL-catalyzed CO
evolution and (E) corresponding CO yield, under 0.4 W cm™2 660 nm irradiation, n = 3.

of MNs with micro-cavities and effervescent MNs, respectively. To
further confirm the core-shell structure, the morphology of
effervescent MNs was subsequently observed using the fluores-
cence microscope. As shown in Fig. 2F, the inner mixed powder
was tightly filled into the micro-cavities. This core-shell design
built a concept of “MN capsules”, which provided a feasible
scheme for the loading and transdermal delivery of solid prepara-
tions. Moreover, the drug loading could be easily controlled by the
volume of MNs’ micro-cavities as well as the proportion of multi-
components.

For successful transdermal drug delivery, MNs should have
sufficient mechanical strength to penetrate the stratum corneum
barrier. In this regard, a mechanical compression test was
conducted on solid PVP MNs, MNs with cavities, and efferves-
cent MNs. As shown in Fig. 2G, MNs with micro-cavities exhib-
ited an obvious yield during compression compared with solid
PVP MNs, which was ascribed to the collapse of the micro-cavity
structure. In comparison, the mechanical strength of efferves-
cent MNs was slightly improved after the first yielding, which
was probably due to the compaction of the powder core. Of note,
these MNs have a similar compression curve before the displace-
ment of 0.75 mm. Previous studies have indicated that the
minimum force required to penetrate human skin is 0.058 N.*®
According to the force-displacement curve, the fracture force of
all MNs met the requirement for skin penetration. Further
experiments were performed ex vivo in isolated rat skin, the
histological section indicated the successful penetration of rat
stratum corneum (Fig. 2H). Collectively, these results demon-
strated its ability to deliver the drug transdermally.

3.3 Drug diffusion behavior

NaHCO; and C,;H¢O,, the main components of effervescent
tablets, were innovatively introduced and encapsulated in MNs.

5410 | J Mater. Chem. B, 2023, 11, 5406-5415

The CO, release process of effervescent MNs was first mon-
itored using a digital microscope. As shown in Fig. 3A, after
getting in contact with PBS solution, the PVP shell dissolved
rapidly within 20 s. Uniformly mixed NaHCO; and C,HsO,
reacted immediately and resulted in a rapid and excess release
of CO, in 1 min, which would provide sufficient reactant for
CO, photoreduction.

Besides serving as a substrate, such explosive release of CO,
could make a great difference to promote drug diffusion in
melanoma tissue. To verify the prompted migration of Dox-
HC], the diffusion behavior was assessed in the hydrogel model
and isolated porcine ear skin, respectively. The effervescent
MNs and non-effervescent MNs were prepared with the same
loading content of Dox-HCI and simultaneously inserted into
the agarose gel (Fig. 3B). The digital microscope images taken
at different time intervals (30 s, 60 s and 120 s) confirmed the
faster diffusion of Dox-HCI under the effervescence (Fig. 3C).
Such improved permeation has been pronounced enough
within 1 min, where effervescent MNs led to an average
penetration depth of 1505.3 pm at 60 s versus only 357.3 pm
value observed with non-effervescent MNs (Fig. S4, ESIt). More-
over, the distribution of Dox-HCI on pierced porcine ear skin is
presented in Fig. 3D. With effervescent MNs pierced, Dox-HCl
showed a significantly accelerated permeation, while the Dox-
HCI delivered by non-effervescent MNs displayed negligible
diffusion after 20 min. These results demonstrated that the
vigorous release of CO, could markedly enhance the intrader-
mal diffusion of Dox-HCI, which could be expected to improve
the drug distribution in rigid tumor tissues.

3.4 Invitro cytotoxicity effect

The photocatalytic CO-generating effervescent MNs were designed
to co-deliver CO and chemotherapy drugs for synergistic

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The fabrication and characterization of MNs. (A) Fabrication process of core—shell MNs. (B and C) SEM images of the MN array and MN's micro-
cavity structure, respectively. Photographs of (D) MNs with micro-cavities and (E) effervescent MNs. (F) Fluorescence image of representative
effervescent MNs (merge: bright field + Dox-HCl displayed red fluorescence). (G) Compression force versus displacement plots of solid PVP MNs,
MNs with micro-cavities, and effervescent MNs. (H) H&E staining of effervescent MNs penetrated rat skin.

melanoma treatment. Taking B16F10 mouse melanoma cells as a
model, the anticancer effects of the scheme were first evaluated
in vitro. The B16F10 cells were divided into five groups: no
treatment (Control); CAL (CAL); CAL with laser irradiation
(CAL(+)); Dox-HCl and CAL (DOX + CAL); and Dox-HCl and CAL
with laser irradiation (DOX + CAL(+)). According to the photo-
catalytic performance of CAL, the irradiation condition was set to
660 nm, 400 mW cm 2, 5 min. The result of the cytotoxicity effect
is shown in Fig. 4A. No significant change in cell viability was
observed in the CAL group. However, the cell viability dropped to
67.5% when a 660 nm laser irradiation was applied. In view of
that the photothermal effect of CAL at this wavelength could be
ignored, this result indicated certain anticancer effects of the
generated CO. More importantly, compared with the DOX + CAL
group, the cell survival rate of the DOX + CAL(+) group decreased
sharply from 72.1% to 19.1%. The outstanding cell-killing effect of
synergistic treatment could also be directly observed from the

This journal is © The Royal Society of Chemistry 2023

Calcein AM/PI staining (Fig. 4B), which preliminarily proved the
enhanced chemosensitivity by CO.

3.5 In vivo tumor growth inhibition

Motivated by promising results in vitro, the in vivo antitumor
performance was then assessed. The treatment protocol is
illustrated in the schematic shown as Fig. 5A. In detail,
B16F10-bearing nude mice (implanted with B16F10-LUC cells)
were randomly divided into five groups: no treatment (Control);
MNs loaded with CAL, NaHCO; and C4H¢O, (CAL); MNs loaded
with CAL, NaHCO; and C,HO, with laser irradiation (CAL(+));
MNs loaded with Dox-HCl, CAL, NaHCO; and C,H¢O, (DOX +
CAL); and MNs loaded with Dox-HCl, CAL, NaHCO; and
C,HgO, with laser irradiation (DOX + CAL(+)). The loading
content of Dox-HCl and CAL in MNs was determined using
UV-vis spectroscopy and ICP-OES, and found to be 62.6 ug per
patch and 18.0 pg per patch, respectively. The irradiation
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settings were consistent with the parameters in vitro (660 nm,
400 mW cm ™2, 5 min). All treatment groups received 3 times of
MN administration on days 0, 3 and 6. The body weight and
tumor volume were recorded for 12 days.

The growth process of tumors was visualized by the biolu-
minescence signals of B16F10-LUC cells (Fig. 5B), and Fig. 5C
shows the image of isolated tumors on day 12. Simultaneously,
the antitumor efficacy was assessed by tumor volume (Fig. 5D)
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and isolated tumor weight (Fig. 5E). The final tumor volume in
the CAL group (1017 mm?®) was roughly similar to the Control
group (1043 mm?®), proving the biocompatible implementation
of CAL. The tumor growth was partly inhibited in the CAL(+)
group and the DOX + CAL group, but still finally reached
269 mm?® and 320 mm?® (anti-tumor efficiency of 61.4% and
59.4%) respectively. The DOX + CAL(+) group exhibited the best
antitumor effect, in which tumor growth was significantly
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Fig. 4 In vitro cytotoxicity evaluation of CO-sensitized chemotherapy. (A and B) Cytotoxicity effect of B16F10 cells after different treatments: (A) cell
viability (n = 5) and (B) Calcein-AM/PI staining (scale bar: 10 pm). ns, p > 0.05, **p < 0.01, ****p < 0.0001.
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Fig. 5 In vivo antitumor evaluation of CO-sensitized chemotherapeutic MNs in B16F10-bearing nude mice. (A) Schematic illustration of the treatment
protocol for MN application. (B) In vivo bioluminescence imaging of the B16F10 tumors of each group on days 0, 3, 6, 9, and 12 (n = 3). (C) Photographs of
excisional tumors of each group on day 12. (D) Relative tumor volume changes during different treatments. (E) Tumor weights of each group on day 12.
(F) Immunofluorescence staining of tumors of each group (red: y-H2AX/GADD45A, blue: nucleus, scale bar: 10 um). ns, p > 0.05, *p < 0.05, **p < 0.01,

***p < 0.001

inhibited and even completely cured (anti-tumor efficiency of
97.1%). H&E, Ki67 and TUNEL immunohistochemical staining
of the tumor showed the lowest tumor cell density, slowest cell
proliferation and highest cell apoptosis in the DOX + CAL(+)
group, further confirming the effective synergetic effect (Fig. S5,
ESIT). Body weight remained stable during the 12 day treat-
ment, which illustrated the good health conditions of treated
mice (Fig. S6, ESIT). Additionally, compared with the DOX +

This journal is © The Royal Society of Chemistry 2023

CAL group, the expressions of higher y-H2AX (phospho-histone
H2A.X, a marker of DNA double-strand breaks) and re-lowered
GADDA45A (growth arrest and DNA damage-inducible 45, related
to DNA repair) were observed in the DOX + CAL(+) group
(Fig. 5F). It is well known that doxorubicin, a typical topoi-
somerase II poison, exerts an antitumor effect by the produc-
tion of double-strand DNA breaks.>”*° It has been reported
that the enhanced DNA repair is one of the mechanisms for
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doxorubicin to acquire resistance and further leads to low
therapeutic efficiency for cancer chemotherapy.*** The
presence of CO successfully inhibited DNA repair of tumor
cells after Dox-HCI treatment and resulted in significantly
aggravated DNA damage, which could become a powerful proof
and reasonable explanation of the excellent therapeutic effec-
tiveness of CO-sensitized chemotherapy.

4. Conclusions

In summary, we introduced a photocatalytic CO-generating
effervescent MN system for effective CO-sensitized chemotherapy
to treat melanoma. The MNs with a core-shell structure were
successfully fabricated by a micro-molding method. Through the
fast dissolution of the PVP shell, the effervescent component
NaHCO; and C4H¢O¢ could react rapidly in the environment of
interstitial fluid. The generated CO, not only provided sufficient
reactant for CAL-catalyzed CO generation but also substantially
promoted the permeation of chemotherapy drug Dox-HCI, which
could jointly help to improve the effectiveness of chemotherapeu-
tic melanoma treatment. This versatile MN system exhibited
excellent synergistic effects to inhibit B16F10 tumor growth
in vivo. Overall, this photocatalytic CO-generating effervescent
MN platform offered a promising strategy for CO-sensitized
chemotherapy, which would provide a new insight into co-
therapies to fight cancer.
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