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Purpose: Malignant melanoma is one of the most devastating types of cancer with rapid
relapse and low survival rate. Novel strategies for melanoma treatment are currently needed
to enhance therapeutic efficiency for this disease. In this study, we fabricated
a multifunctional drug delivery system that incorporates dacarbazine (DTIC) and indocya-
nine green (ICG) into manganese-doped mesoporous silica nanoparticles (MSN(Mn))
coupled with magnetic resonance imaging (MRI) and photothermal imaging (PI), for achiev-
ing the superior antitumor effect of combined chemo-photothermal therapy.

Materials and Methods: MSN(Mn) were characterized in terms of size and structural
properties, and drug loading and release efficiency MSN(Mn)-ICG/DTIC were analyzed by
UV spectra. Photothermal imaging effect and MR imaging effect of MSN(Mn)-ICG/DTIC
were detected by thermal imaging system and 3.0 T MRI scanner, respectively. Then, the
combined chemo-phototherapy was verified in vitro and in vivo by morphological evalua-
tion, ultrasonic and pathological evaluation.

Results: The as-synthesized MSN(Mn) were characterized as mesoporous spherical nano-
particles with 125.57+£5.96 nm. MSN(Mn)-ICG/DTIC have the function of drug loading-
release which loading ratio of ICG and DTIC could reach to 34.25+2.20% and 50.00+3.24%,
and 32.68+2.10% of DTIC was released, respectively. Manganese doping content could
reach up to 65.09+2.55 wt%, providing excellent imaging capability in vivo which the

~!. And outstanding photothermal

corresponding relaxation efficiency was 14.33 mM 's
heating ability and stability highlighted the potential biomedical applicability of
MSN(Mn)-ICG/DTIC to kill cancer cells. Experiments by A375 melanoma cells and
tumor-bearing mice demonstrated that the compound MSN(Mn)-ICG/DTIC have excellent
biocompatibility and our combined therapy platform delivered a superior antitumor effect
compared to standalone treatment in vivo and in vitro.

Conclusion: Our findings demonstrate that composite MSN(Mn)-ICG/DTIC could serve as
a multifunctional platform to achieve a highly effective chemo-photothermal combined
therapy for melanoma treatment.

Keywords: Mn-doped mesoporous silica, drug delivery, magnetic resonance imaging,
combination therapy

Introduction

Melanomas are among the most life-threatening skin malignancies. Concretely,
although they account for only 4% of all types of skin cancers,' the odds of full
recovery for melanoma patients is extremely low, and therefore melanoma accounts
for 80% of all skin cancer mortalities. It is crucial to improve the success of patient
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treatment. Although numerous studies have explored alter-
native treatments for melanoma, few of them have
achieved satisfactory effects to improve the overall survi-
val of patients.” Therefore, novel and more effective ther-
apeutic platforms are essential for melanoma treatment.

Chemotherapy is the earliest but still important treatment
option. Dacarbazine (DTIC) is the only chemotherapeutic
agent for melanomas that has been approved (in 1976) by
the US Food and Drug Administration (FDA).* However, its
low water solubility results in a low and partial absorption
rate, which limits its effectiveness in melanoma therapy.*
Moreover, DTIC is a non-specific drug and therefore also
exhibits toxicity to healthy cells. The balance between effi-
ciency and safety in chemotherapeutic agents is particularly
challenging to achieve. Moreover, the lack of imaging gui-
dance for therapeutic procedures can reduce efficiency. To
address these drawbacks, a nanoparticle-based drug delivery
system with multitherapeutic and imaging properties can be
used as an effective approach.’

Various such as

drug delivery nano-systems

liposomes,®  copper  particles,’  graphene  oxide
nanoparticles,® and silica nanoparticles have been actively
developed to improve the in vivo stability and pharmaco-
kinetics of therapeutic compounds. Among these, meso-
(MSNs) possess

properties, such as controllable particle size and volume,

porous silica nanoparticles unique
outstanding loading capability, easy functionalization, and
good biocompatibility, which makes them ideal nanocar-
riers for drug delivery and imaging.”'°

Photothermal therapy (PTT) causes irreversible damage
to cancer cells via the heat generated from the near-infrared
(NIR) absorption of PTT materials, and therefore many
studies have recently focused on this promising therapeutic
strategy.'"'* Additionally, photothermal heating is also
known to improve chemotherapy efficacy by enhancing the
cellular uptake of chemotherapeutics and triggering intracel-
lular drug release.'*'* Photodynamic therapy (PDT),
employing a NIR laser to excite a photosensitizer to generate
reactive oxygen species (ROS) and kill tumor cells. The co-
delivery of chemotherapeutics and heat for synergistic mel-
anoma treatment has great potential. Indocyanine green
(ICQG) is an ideal near-infrared light absorber for PTT and
photosensitizer for PDT. Therefore, our study sought to load
ICG and DTIC onto MSNs to assess the chemo-photother-
mal effects of this combined therapy. Moreover, the encap-
sulation of ICG in the MSNs could improve its stability and
reduce its degradation rate. On the other hand, various
imaging methods for physiological functions have attracted

wide attention for guided therapy.'>'® Among these, mag-
netic resonance imaging (MRI) has several advantages,
including its excellent temporal resolution, contrast, sensi-
tivity, and safety. Most traditionally, gadolinium-based MRI
contrast agents applied in clinics feature relatively low pro-
ton relaxation efficiency even at high concentrations (eg
mM), thus resulting in toxicity risk.'”?* To address this
problem, integration of metal ions, such as Mn, Zn, and
Fe, in a nanoparticle system has recently been explored
in vivo to enhance the quality of deep bioimaging.?' >
Manganese ion-doped mesoporous silica nanoparticles
(MSN(Mn)) can either be applied for drug delivery or for
imaging guidance.

Therefore, our study sought to develop an effective plat-
form based on MSN(Mn), which provides excellent mag-
netic resonance and photothermal dual-mode imaging
performance, thereby constituting a promising chemo-
photothermal therapy for melanomas (Scheme 1). ICG (an
NIR dye) and DTIC (a chemotherapeutic agent) were suc-
cessfully loaded onto MSN(Mn), after which the photother-
mal effect and imaging capability of this combined system
was tested, and the combination therapy was verified in vitro
and in vivo. Importantly, our system features two unique
characteristics compared to other previously reported nano-
carriers for melanomas: (1) Mn-doped mesoporous silica
exhibited a uniquely high r1 value which was beyond our
expectations; (2) the MSN(Mn)-ICG/DTIC platform exhib-
ited a remarkable synergistic therapeutic effect compared
with ICG or DTIC treatment alone. Guided by MRI and
PI, a combined chemo-photothermal melanoma therapy was
successfully achieved. Thus, our findings demonstrate the
potential applicability of multifunctional drug delivery sys-
tems as effective drug delivery and imaging agents for the
combined treatment of melanoma.

Materials and Methods

Material

Cetyltrimethylammonium bromide (CTAB), tetraethyl
orthosilicate (TEOS), triethanolamine (TEA), manganese
sulfate monohydrate (MnSO, H,O), disodium maleate,
sodium hydroxide (NaOH), hydrochloric acid (HCI), etha-
nol, are purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China), Indocyanine green (ICG), dacar-
bazine (DTIC) are obtained from Aladdin Reagents Co.,
Ltd. (Shanghai, China). Dulbecco’s Modified Eagle
Medium (DMEM), trypsin-EDTA, fetal bovine serum

(FBS), 3-(4,5-dimethylthiazol-2-yl)-2, penicillin,
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Scheme | Schematic diagram illustration about preparation of MSN(Mn)-ICG/DTIC and dual-mode imaging-guided combination chemotherapy and photothermal therapy.

streptomycin and 5-diphenyltetrazoliumerma bromide
(MTT) assay kit are received from Nanjing KeyGEN
Biotech Co., Ltd. (Nanjing, China). Annexin V-FITC and
propidium iodide (PI) double staining cell apoptosis kit is
received from BD Pharmingen (CA, USA). All reagents
are of analytical reagent grade or the highest purity avail-
able and directly used without further purification.
Deionized water of 18 MQ cm is used throughout the
experiments.

Animals

Female Balb/c nude mice with 5—6 weeks old were pro-
vided by the Beijing Vitong Lihua Laboratory Animal
Technology Co., Ltd. (Beijing, China) and housed under
specific pathogen-free conditions by the Experimental
Animal Center, Weifang Medical University (Weifang,
China). All of the animal experiments were conducted in
strict accordance with the Guide for the Care and Use of
Laboratory Animals published by the Weifang Medical
University. The project was approved by the Animal
Experimental Ethics Committee of Weifang Medical
University. The treatment of experimental animals fol-
lowed the 3Rs principle. All experiments follow the

ethical principles of experimental animal welfare and
make every effort to minimize suffering.

Cells Line and Cells Culture

The A375 human melanoma cells line was obtained from
Procell Life Science & Technology Co. Ltd. (Wuhan,
China) and cultured in DMEM supplemented with 10%
fetal bovine serum, 100 U/mL streptomycin and 100 U/mL
penicillin. The cells were maintained at 37°C with 5%
CO; in a humidified incubator. The medium was replaced
every 2-3 days.

MSN(Mn) Synthesis and Doping

MSN(Mn) was synthesized in two steps: (1) synthesis of
MSN via the sol-gel method and (2) doping of Mn into the
MSNs framework via the hydrothermal process. The
detailed procedures are shown in the Supporting

Information (SI) (part 2).

Loading and Release

Photosensitizer ICG Loading

ICG, a NIR dye, is an FDA-approved photothermal agent.
To achieve ICG loading, different volumes of ICG solution
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(4.5 mg mL™" in DMSO) were mixed with 1.0 mg
MSN(Mn) in 1.0 mL of phosphate buffer (PBS). At ICG
concentrations of 100, 200, 300, 400, and 500 pg mL !,
the corresponding mass ratios of ICG:MSN(Mn) were 0.2,
0.4, 0.6, 0.8, and 1.0. The mixture was then shaken for 24
h at room temperature and the obtained nanoparticles were
collected by centrifugation. The ICG loading ratio (LR)
was calculated by determining the absorbance at 780 nm
of the supernatant filtrate. The product was then washed
and re-suspended with PBS, then stored at 4 °C until
required for downstream analyses. ICG LR is the mass
ratio of ICG to MSN(Mn) adsorbed on MSN(Mn):

LR = (MicG-Muic)/Mmsnvn*100%

where Mg is the total mass of the added ICG; Myqcg
is the mass of the ICG in the centrifugation supernatant;
Myisn(mny is the mass of the added MSN(Mn).

Photosensitizer ICG Release

The release behavior of ICG was evaluated in 2.0 mL PBS
(pH 7.4). The obtained MSN(Mn)-ICG was shaken at 37 °
C in the dark, and 0.5 mL of the supernatant was recov-
ered at different time points (3, 6, 12, 24, 48, and 72 h)
after centrifuging. The release efficiency of ICG was cal-
culated by determining the 780 nm absorbance of the
supernatant filtrate. The MSN(Mn)-ICG was re-suspended
with 0.5 mL of fresh PBS buffer for further releasing tests.

Drug DTIC Loading

DTIC (an effective chemotherapeutic agent for melanomas)
was further loaded onto MSN(Mn)-ICG. To achieve this,
1.0 mg MSN(Mn)-ICG was mixed with different volumes
of DTIC solution (2 mg mL™") to obtain different mass ratios
(0.2, 0.4, 0.6, 0.8, and 1.0). The mixtures were diluted to
1.0 mL with pH 7.4 PBS buffer (pH 7.4) and shaken for 24
h at room temperature. MSN(Mn)-ICG/DTIC was obtained
by centrifuging the mixtures and recovering the supernatant.
The absorbance of the supernatant was measured at 323 nm
and LF was calculated based on the Beer—Lambert law, in
which LF is the mass ratio of DTIC to MSN(Mn)/DTIC. The
calculation was conducted as follows:

LF (%) = (Wpric—Wrpric)/ Wmsnny-1c6 X 100%,

where Wpryc is the total mass of DTIC added; WrpTic
is the mass of DTIC in the centrifugation supernatant;
Wnmsnvny-icg 18 the mass of the added MSN(Mn)-ICG.

DTIC Release

To study the DTIC release behavior, the MSN(Mn)-ICG/
DTIC complexes were dispersed in 2.0 mL PBS at pH 7.4
and pH 5.5. The obtained complex was shaken at 37 °C in
the dark, and 0.5 mL of the supernatant was moved out at
different time points (3, 6, 12, 24, 48, and 72 h) after
centrifuging. The absorbance of the supernatant was then
detected at 323 nm with a spectrophotometer, after which
the ICG release efficiency was calculated. The MSN(Mn)-
ICG was then resuspended with 0.5 mL of fresh PBS
buffer for further releasing tests.

Photothermal Properties, Photodynamic

Effect and Photothermal Imaging
Photothermal agents can convert NIR light to heat
energy, which is crucial to study the NIR absorption
properties of ICG and evaluate its photothermal effects.
Concretely, our study characterized the photothermal
heating curves of ICG. Aqueous solutions of MSN,
MSN(Mn), and MSN(Mn)-ICG/DTIC (1.0 mg mL™';
pH 7.0) were placed in centrifuge tubes and analyzed
with an infrared camera coupled with 808-nm laser at
0.8 W/cm?. Equal volumes of PBS and ICG solution were
used as controls. The temperature signals recorded at
different time intervals (0, 1, 2, 3, 4, and 5 min) were
analyzed with a photothermal imaging system. To verify
the thermostability of ICG, MSN(Mn)-ICG/DTIC was
irradiated for five cycles (15 min per cycle) with the
aforementioned laser, after which the temperature was
recorded.

NIR-laser with an 808 nm wavelength is used to perform
the singlet oxygen generation ('O,) by the effect of photo-
dynamic therapy (PDT). The generation of 'O, is detected by
using DPBF as a 'O, sensor. Two millilitres of MSN(Mn),
ICG and MSN(Mn)-ICG (60 ug mL™" for MSN(Mn) and 1
ug mL™" for ICG) in DMSO are mixed with 20 uL of DPBF
(8 mM, DMSO), respectively. After stirring and irradiating
using a NIR laser (808 nm; 0.8 W/em?) for 10 min, the UV-
vis absorption spectra of these mixtures are recorded.

To evaluate the photothermal effect of MSN(Mn)-ICG/
DTIC, tumors were exposed to laser radiation, after which
photothermal imaging was obtained by recording the tem-
perature variation of the tumor. MSN(Mn)-ICG/DTIC
(10 mg/kg for DTIC, 2.3 mg/kg for ICG) were injected
into the tumor sites of mice, following irradiation with the
808-nm laser at 0.8 W/cm? for different time intervals o, 1,
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2,3, 4, and 5 min). Thermal imaging was conducted with an
IR thermal camera.

MR Imaging

Different amounts of MSN(Mn) nanoparticles were dis-
persed in DI water to obtain different Mn®" concentrations
(0.0225, 0.045, 0.09, 0.18, 0.36, and 0.72 mM). T1-
weighed imaging of MSN(Mn)-ICG/DTIC suspensions
was conducted under a 3.0 T MRI scanner (GE Signa,
USA). Next, we explored the effect of MRI on the drug
delivery system in mice. Nude BALB/C mice with sub-
cutaneous A375 melanoma xenografts were used as mod-
els, and an MSN(Mn)-ICG/DTIC suspension (2 mg~kg71)
3). Tl-
weighted animal MRIs were performed using an MRI

was intravenous injected into the mice (n =

scanner equipped with an animal coil. Images were col-
lected before and after injection.

Cell Toxicity and in vitro

Chemo-Phototherapy

The cell toxicity of MSN(Mn)-ICG was assessed by test-
ing cell viability via the MTT assay. Various concentra-
tions (0, 2.5, 5, 10, 20, 40, 80, and 160 pg mL™") of
nanomaterials were incubated with A375 and HaCaT
cells for 24 h. The untreated cells were selected as control
groups. Afterward, 10 uL of MTT solution was added to
each well, followed by 100 pL of dimethyl sulfite after 4
h. The absorbance at 490 nm was measured with
a microplate reader after shaking for 10 min. The absor-
bance of the plate itself was recorded as a blank to assess
the survival rate of cells in each experimental group [Cell
survival rate = (OD experimental group-OD blank)/(OD
control group-OD blank) 100%].

Given the efficient phototherapy effects of
MSN(Mn)-ICG/DTIC in vitro, the MTT assay was con-
ducted to investigate its chemo-phototherapeutic effects
in A375 cells. To achieve this, five groups were exposed
to the following conditions: DTIC, DTIC + Laser,
MSN(Mn)-ICG/DTIC,  MSN(Mn)-ICG +  Laser,
MSN(Mn)-ICG/DTIC + Laser. The irradiation group
was irradiated with NIR laser at different power levels
(808 nm; 0.2, 0.4, 0.6, and 0.8 W/cmz) for 20 min.
Afterward, A375 cell viability was assessed via the
above-described MTT method.

In addition, for cell apoptosis analysis, A375 cells,
treated with DTIC, DTIC + Laser, MSN(Mn)-ICG/DTIC,
MSNMn)-ICG + Laser, MSN(Mn)-ICG/DTIC + Laser,

were collected after trypsinization and washed in PBS.
The irradiation group was irradiated with NIR laser (808
nm; 0.75W/cm?) for 10 min. Annexin V-FITC and propi-
dium iodide (PI) double staining were used. Cell apoptosis
was detected using the FACSuite on the BD FACSVerse
system.

Combined Therapy for Cancer Treatment
in vivo

To evaluate the efficacy of the combined therapy in vivo,
male Balb/c nude mice with A375 melanoma tumors were
bred. The tumor models in which the tumor volume
reached approximately 50 mm® were divided into five
groups (details provided below), and each group included
five mice to assess the mean and standard deviation of the
data.

Blank group (1): mice with injection of PBS and
808-nm laser exposure (laser only). Control group (2):
mice with injection of MSN(Mn)-ICG/DTIC without
808-nm laser irradiation (MSN(Mn)-ICG/DTIC only);
(3): mice with injection of MSN(Mn)-ICG with 808-
nm laser irradiation (MSN(Mn)-ICG + Laser); (4):
mice with injection of DTIC without laser exposure
(DTIC only); treatment group (5): mice injected with
the solution of MSN(Mn)-ICG/DTIC and exposed to
808-nm irradiation (MSN(Mn)-ICG/DTIC +
Laser). All mice received drug solutions via intratumor

laser

injection every other day for 2 weeks (dose = 10 mg/kg
for DTIC, 2.3 mg/kg for ICG). After injection for 4
hours, the animals of Group (1), (3), (4) and (5) were
irradiated with 808-nm laser with a power density of
0.75 W/cm? for 10 minutes and then repeated irradia-
tion once a day. After treatment, the sizes of the tumors
were monitored every day for 14 days and determined
by the following equation:

Volume = (tumor length) x (tumor width)?/2.

Relative tumor volumes were calculated as V/V, (Vo is
the initial tumor volume). Additionally, the body weights
and tumor weights of the mice were also evaluated for 14
days. The tumors were then stained with hematoxylin and
eosin (H&E) to further evaluate toxicity. Finally, the ther-
apeutic effect was further verified via ultrasound analysis
by treating the tumor-bearing mice with MSN(Mn)-ICG/
DTIC using the same amount of PBS injected in the
control group.
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Statistical Analysis

All data were statistically analyzed with SPSS 18.0 soft-
ware. All values are presented as mean + SD. Parametric
analyses performed by 2-tailed Student’s #-test or one-way
ANOVA and nonparametric analyses performed by Mann—
Whitney U-test. P-value <0.05 was considered statistically
significant in all cases (**p < 0.01; ***p < 0.001).

Results and Discussion

Characterizations
Our study developed an effective MRI- and PI-guided nano-
platform for melanoma treatment via chemical-photothermal
combination therapy. Scheme 2 illustrates the fabrication
procedure for the MSN(Mn)-ICG/DTIC nanocomplexes.
First, MSN was synthesized via a typical sol-gel approach.
Mn?* was then doped onto the MSN framework under mild
acidic and/or reducing conditions.'® The obtained MSN(Mn)
has a unique morphologic structure and contrast-enhanced
T1-weighted MIR capability for drug loading and imaging.
ICG and DTIC were then loaded onto the MSN(Mn) to
further assess their applicability in chemo-photothermal
combination therapy.

As-synthesized MSN was 154.33+5.06 nm with
a polydispersity index (PDI) of 0.28, whereas that of the
MSN(Mn) NPs was 125.57+5.96 nm with a PDI of 0.20.
Zeta ({) potential was also used to monitor the preparation.
After doping with Mn, the { potential of MSN(Mn) decreased
from —9.36 + 0.09 mV to —16.19 £+ 0.20 mV (Figure S1). As
shown in Figure 1A and B, the morphology of MSN and
MSN(Mn) was analyzed via TEM. The as-synthesized MSN
particles were characterized as mesoporous spherical nano-
particles with a well-defined mesoporous structure (Figure
1A). After hydrothermal treatment in an Mn precursor-con-
taining solution, the MSN(Mn) surface became rough and
exhibited large amounts of small nanobubbles on its surface,

; :\W "

. .\ ,j/. p

-

.
.,

Hydrothermal
reaction

.
v v e
ol - - -,

MSN

Scheme 2 Construction of MSN(Mn)-ICG/DTIC.

which provides more space for drug loading (Figure 1B). The
reason for the morphological changes of nanoparticles doped
with manganese ions has been explored.”*?” Active sites
were generated on the surface of MSNs because a small
amount of silica hydrolyzed to H4SiO4 under hydrothermal
condition, followed by adsorbing Mn”" and carboxylate spe-
cies via disodium maleate decomposition. The absorption of
Mn?" decreased the activation energy for the chemical decom-
position of carboxylate, which decomposed into CO, and
other gaseous species under hydrothermal treatment. In addi-
tion, the reaction between Mn”" and H,SiO,4 species resulted
in Mn-doped silica deposition on the gas-liquid interface,
forming solid nanospheres.

Then, the elemental distribution of MSN(Mn) was
characterized via energy-dispersive spectrometer (EDS)-
elemental mapping (Figure 1C and D). The desired ele-
ments [ie, Si (green), O (red), Mn (yellow)] were found to
be spread homogeneously over the MSN, which further
confirmed the homogenous distribution of Mn. The Mn
content in MSN(Mn) was then further detected by induc-
tively coupled plasma-mass spectrometry (ICP-MS), with
values of up to 65.09+2.55 wt%.

As shown in the FTIR spectra in Figure 2A, the bands at
around 1082cm !, 795 cm ™! and 463 cm ! were attributed to
the asymmetric stretching, symmetric stretching, and bending
modes of Si-O-Si, respectively.”® The peak at 960-970 cm '
is generally attributed to the stretching vibrations of a SiO4
tetrahedron perturbed by the presence of a metallic group
ensemble.”” However, the MSN(Mn) band at 960 cm ™' dis-
appeared with the doping of Mn, which might suggest the
incorporation of Mn into the silica framework (Mn-0-Si).*

Moreover, XPS analysis of MSN(Mn) was also con-
ducted to verify the valence state of Mn. As illustrated in
Figure S2, our results validate the existence of the desired
elements (ie, Si and O for MSN, and Si, O, and Mn for
MSN(Mn)). Moreover, as shown in Figure 2B, the Mn 2p

W . P
AR @ IcG 199 >
' - 190 =.
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/ \
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Figure | (A) TEM images of MSN (scale bar: 100 nm); (B) TEM images of MSN(Mn); (C) element mapping of a single MSN(Mn) sphere, (Si, O, and Mn are indicated in green,

red, and yellow, respectively); (D) element mapping of multiple MSN(Mn) spheres.

orbital signal exhibited two peaks. The peak at 641.48 eV
is attributed to the orbital of Mn 2p3/2,*! whereas the one
at 658.08 eV represents the orbit of Mn 2pl/2. The main
peak of Mn 2p3/2 could be divided into three character-
istic peaks at 641.2 eV, 642.3 eV, and 643.5 eV, corre-
sponding to Mn?*", Mn®*, and Mn*", respectively.’
Therefore, the XPS results confirmed that Mn was suc-
cessfully doped into the MSN structure.

According to the N, absorption desorption isotherm and
pore size distribution showed in Figure 2C and D, the as-

synthesized MSN exhibited a well-defined mesoporous struc-
ture with two distinct pore sizes of 2.1 and 3.2 nm. After
doping with Mn, MSN(Mn) still exhibited a well-defined
mesoporous structure. However, the 2.1 nm pores disappeared
and the main pore size increased to 3.3 nm, which was con-
sistent with the TEM images. Interestingly, the surface area,
pore volume, and average pore size of MSN(Mn) increased, as
summarized in Table S1. These results strongly suggest the

occurrence of Mn components in the silica frame.
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Figure 2 (A) FTIR spectrum of MSN and MSN(Mn); (B) XPS spectrum of MSN for Si 2p, O Is, and Mn 2p; (C) BJH pore size distributions of MSN and MSN(Mn); (D) N,

adsorption and desorption isotherms of MSN and MSN(Mn).

Loading and Release

Different drug ratios, ie, the mass ratio of the loaded
ICG to MSN(Mn), can be easily obtained by mixing
the components at different LRs and incubating the
mixture in an aqueous solvent overnight. The loaded
ICG is then steadily released from the complex. As
shown in Figure 3A, the drug LR increases with the
increase in the loaded amount of ICG. At an ICG

concentration above 400 mg mL™', the drug LR
reaches a maximum value of 34.25+2.20%. The cumu-
lative release profiles of ICG from MSN(Mn) in PBS at
37 °C are presented in Figure 3B, showing only a very
small amount of loaded ICG (ie, 8.27+1.44%) released
from MSN(Mn) after incubation with PBS buffer.
However, this small loss would not affect the photo-

thermal performance of ICG.
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Figure 3 (A) Loading profile of ICG to MSN(Mn); (B) cumulative release profile of ICG to MSN(Mn); (C) loading profile of DTIC to MSN(Mn); (D) cumulative release

profiles of DTIC to MSN(Mn) at different pH levels and pure DTIC.

Similarly, the Iloading efficiency of DTIC to
MSN(Mn)-ICG was assessed by mixing the components
at different mass ratios and allowing them to react over-
night. As shown in Figure 3C, the loading of DTIC
markedly increased with higher DTIC concentrations.
By means of electrostatic interaction and hydrophobic
interactions, DTIC can be loaded into nanoparticles
with a high loading capacity of up to 50.00+3.24%
(DTIC/MSN(Mn)-ICG, w/w) at a mass ratio of 1:5.
Loaded DTIC is then steadily released from the complex.
Figure 3D illustrates the cumulative release profiles of
DTIC from MSN(Mn) in PBS buffer with different pH
values (7.4 and 5.5) at 37 °C. A portion of the loaded
DTIC (32.68+2.10%) was released after incubation in
PBS buffer for 48 h. However, the release behavior was

barely affected by pH. As an insoluble drug, the

dissolution of pure DTIC was also examined. Here, we
found that 61.23+6.42% DTIC dissolved after 48 hours.
These findings indicate that DITC was released from the
MSN(Mn), thus highlighting its effectiveness as a drug
delivery system.

Photothermal Properties, Photodynamic
Effect and Photothermal Imaging

The temperature increase generated by NIR laser irradiation
is the most important parameter to evaluate the photothermal
effect of the multifunctional drug delivery system developed
herein. In our system, the temperature of MSN(Mn)-ICG/
DTIC quickly increased by 25 °C after laser irradiation for 5
min, whereas the temperature of nanoparticles without ICG
could only increase by 8 °C (Figure 4A). This result con-
firms that the photothermal conversion efficiency of this
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Dove

drug delivery system was greatly enhanced by the inclusion
of ICG. In contrast, the temperature of pure ICG began to
decrease after 5 min, indicating an unstable photothermal
effect. As shown in Figure 4C, after five 15-min cycles of
irradiation, photothermal heating efficiency remained robust
after five cycles of laser exposure. Therefore, our results
demonstrated that ICG encapsulation in the drug delivery
system could improve stability and reduce degradation rates.

Encouraged by the above-described photothermal
effects, photothermal imaging was then conducted in vitro
and in vivo. As shown in Figure 4B, the color of the photo-
thermal images changed from black (corresponding to low
temperature) to white (corresponding to high temperature),
revealing a significant exposure time-dependent temperature
rise. Under the same conditions, MSN(Mn)-ICG/DTIC also
exhibited a brighter image, indicating a higher temperature
compared with MSN and MSN(Mn). As shown in Figure
4D, after injecting MSN(Mn)-ICG/DTIC into the tumors,
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the tumor temperature rapidly increased by 25 °C within 5
min, which was high enough to kill the melanoma cells but
produced little damage to the surrounding normal tissues.
Moreover, there was no significant difference between the
mice injected with saline (control) after irradiation, thus
demonstrating that the nanoparticles MSN(Mn)-ICG/DTIC
played a crucial role in achieving photothermal heating and
not the laser irradiation itself. This outstanding photothermal
heating ability and stability highlighted the potential biome-
dical applicability of MSN(Mn)-ICG/DTIC as a PTT agent
to kill cancer cells.

1,3-Diphenylisobenzofuran (DPBF) was selected as
a probe to monitor the generated singlet oxygen to inves-
tigate the photodynamic effects of MSN(Mn)-ICG. As
shown in Figure S3, after 10 min of irradiation, the UV
absorption peak of NPs loading with ICG decreased
obviously compared with blank nanoparticles. The absorp-
intensity of DPBF gradually decreased with

tion

5 min

2 5 min

ICG-DTIC

Figure 4 (A) PBS, MSN, MSN(Mn), MSN(Mn)-ICG/DTIC, and ICG time-dependent photothermal curves. (B) Photothermal images of MSN, MSN(Mn) and MSN(Mn)-ICG/
DTIC after irradiation for different amounts of time. (C) Temperature changes of MSN(Mn)-ICG/DTIC under irradiation for five |15-min cycles. (D) Photothermal images of
tumor-bearing mice injected with MSN, MSN(Mn) and MSN(Mn)-ICG/DTIC under irradiation for different amounts of time. Laser irradiation: 808 nm at 0.8 W/cm?,
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Figure 5 (A) Tl-weighted MRI-signal intensity of solutions with different concentrations; (B) the T| relaxation rates of MSN(Mn)-ICG/DTIC aqueous solutions with
different Mn2* concentrations; (C) In vivo T|-weighted MR images of mouse taken before injection and 4 h post i.v. injection with MSN(Mn)-ICG/DTIC. A brightening effect

could be observed in the tumor region.

increasing irradiation time upon NIR laser irradiation,
implying the continuous production of 'O, and excellent
photodynamic effect of this nanoplatform.

MR Imaging

Mn*" has been reportedly applied to MR imaging as a safe
contrast agent. As shown in Figure 5A, MSN(Mn)-ICG/
DTIC shows a significant concentration-dependent bright-
ening effect under T1-weighted MRI. The linear relation-
ship is shown in Figure 5B, and the longitudinal relaxivity
coefficient (r1) of MSN(Mn)-ICG/DTIC was calculated to
be 14.33 mM 's™', which is four times higher than that of

Table | R, Relaxivity of MSN(Mn)-ICG/DTIC and Other
Reported Regents
Nanoparticles Longitudinal Reference
Relaxivity rl
(mM's")
PEG/Mn-HMSNs 2.46 [24]
PDA-ICG-PEG/DOX(Mn) 14.15 [40]
Fe;0,@Gd,0; 791 [41]
CNMNs 5.01 [42]
Cu2-xS@MnS CSNPs 1.243 [43]
USMO@MSN 5.6l [44]
PMPDA NPs 6.55 [45]
HMONs-MnOx 4.51 [46]
FecGdePe 27 [47]
BPpb-HFI-Gd 272 [48]
Commercial Gd-DTPA 4.40 [33]
MSN(Mn)-ICG/DTIC 14.33 This article

the commercially available agent Gd-DTPA (4.40
mM 's™").3*** Therefore, our proposed system rendered
superior MR contrast ability compared to other reported
MRI agents, which are listed in Table 1. The excellent T1-
weighted MRI effect observed herein may be due to the
higher surface-to-volume ratio of MSN(Mn)-ICG/DTIC
after doping due to an increase in water molecules coordi-
nated with the metal ions (Mn”")in the doped material.*’
Encouraged by the excellent MRI properties of
MSN(Mn)-ICG/DTIC in vitro,
further evaluated in vivo. T1 images via intravenous injec-
tion of MSN(Mn)-ICG/DTIC in tumor-bearing mice are

shown in Figure 5C. An obvious brightening effect was

imaging capability was

observed in the tumor site (marked by red circles) 4 h after
injection compared with the pre-injected image. Our ima-
ging results confirmed the specificity of the drug delivery
system, as demonstrated by a localized accumulation in the
tumor sites. Based on these positive results, we concluded
that MSN(Mn)-ICG/DTIC was an effective nanoplatform
for MRI and thermal imaging-guided tumor treatment.

Cell Toxicity and in vitro
Chemo-Photothermal Therapy

To investigate the intracellular therapeutic effect of the
MSN(Mn)-ICG/DTIC drug delivery system, MTT assays
were conducted to test the viability of A375 cells and
HaCaT cells after incubation with various concentrations
of MSN(Mn)-ICG/DTIC. No obvious cytotoxicity was
observed after incubating the A375 cells and HaCaT
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Figure 6 (A) Relative viabilities of HaCaT cells and A375 cells after being incubated with various concentrations of MSN(Mn)-ICG for 24 h; (B) relative viabilities of A375
cells after being incubated with DTIC, MSN(Mn)-ICG, and MSN(Mn)-ICG/DTIC with/without laser irradiation at different power densities (808 nm; 0.2, 0.4, 0.6, and 0.8 W/
em?, 20min); (C) cell apoptosis and necrosis was analyzed via Pl and annexin V-FITC staining when A375 cells were treated with DTIC, MSN(Mn)-ICG, and MSN(Mn)-ICG/

DTIC with/without laser irradiation (808 nm, 0.75 W/cm2, 10 min).

cells in up to 160 ug mL™" of MSN(Mn)-ICG for 24 h,
which demonstrated the favorable biocompatibility of the
nanocarriers (Figure 6A).

The MSN(Mn)-ICG/DTIC + Laser group (Figure 6B)
exhibited remarkably lowest viabilities of A375 cells as the
laser power densities increased from 0.2 to 0.8 W/cm?,
resulting in a synergistic effect between chemotherapy and

photothermal treatment. However, the chemotherapy-only
group (treated with free DTIC at the same condition) exhib-
ited low cytotoxicity, without any effect of laser exposure.
Moreover, the photothermal effect from MSN(Mn)-ICG (ie,
without chemotherapy) was also not as effective as the
combined therapy. These results indicate that photothermal
heating can not only kills cancer cells but also enhances
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chemotherapy efficacy, which is consistent with previous
studies.*® Therefore, we conclude that combined therapy
based on MSN(Mn)-ICG/DTIC exhibits excellent promising
therapeutic effects for melanoma treatment in vivo.

To further confirm the effect of the synergistic group
on the necrosis and apoptosis of A375 cells, the annexin
V-FITC/PI apoptosis detection kit was used to assess the
effects of different treated groups on the induction of
apoptosis via FACSCalibur. The presence of necrosis
(annexin V—, PI+) and apoptotic (annexin V+, PIx) cells
was evaluated through flow cytometry and is shown in
Figure 6C. MSN(Mn)-ICG/DTIC nanoparticles and Laser
formulation caused a greater number of apoptosis than the
control. A375 cells treated with nanoparticles and laser
exhibited an apoptosis ratio higher than 59% after incuba-
tion for 24 h. Increased observed apoptosis may be attrib-

uted to intracellular ROS production. The ROS was

mainly generated by the ICG released from MSN(Mn)-
ICG/DTIC within cells, ICG is a photosensitizer, used for
photothermal therapy and photodynamic therapy of cancer.
The apoptosis ratio was higher for the MSN(Mn)-ICG/
DTIC + Laser group than the DTIC or the MSN(Mn)-
ICG + Laser group, implying the co-delivery of nanopar-
ticles produced a synergetic effect and promoted apoptosis
in A375 cells, as reported previously.>’® The result was
consistent with the result of the MTT assay.

Combined Chemo-Photothermal

Therapy in vivo

The in vivo antitumor efficacy of MSN(Mn)-ICG/DTIC
was further investigated in melanoma tumor-bearing
BALB/c mice. Mice with 50-mm® tumor volumes were
divided into five groups as shown in Figure 7A. After
treatment, the tumors were collected for further analysis
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Figure 7 In vivo antitumor efficiency of A375 toward tumor-bearing BALB/c mice model. (A) The mice were intratumorally treated with (1) PBS + Laser; (2) MSN(Mn)-
ICG/DTIC; (3) MSN(Mn)-ICG + Laser; (4) DTIC; or (5) MSN(Mn)-ICG/DTIC + Laser (808 nm, 0.75 W/cm?, 10 min); (B) images of tumors stripped from mice after
different treatments; (C) tumor volume growth curves with different treatments; (D) relative tumor volume; (E) TGl after treatment; (F) body weight changes of different
groups; (G) H&E stain analysis of tumor sections after different treatments (**p < 0.01; **p < 0.001).

International Journal of Nanomedicine 2021:16

https:

3469

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al

on day 14, as shown in Figure 7B. The antitumor activity
in mice was evident in terms of tumor size. The tumors in
group 5 gradually shrank between days 2 and 14 at a faster
rate than that of the other groups, demonstrating the out-
standing antitumor activity of the proposed treatment. The
tumor volumes in the blank group 1 increased throughout
the entire experiment. The volume change curves of the
tumors were measured once every 2 days during the 14-
day period as shown in Figure 7C. On day 14, the relative
tumor volume of group 5 was only approximately 5.81%,
compared with 52.47% for group 3 and 24.89% for group
4. These findings highlight the superiority of the combined
therapy. Moreover, the tumor weight of the treatment
group was approximately 22.92% (p<0.01) that of group
4 and 11.48% (p<0.001) that of group 5 (Figure 7E),
which also suggested that MSN(Mn)-ICG/DTIC had better
therapeutic effects. At the same time, tumor growth inhibi-
tion (TGI) was calculated through tumor weight in Figure
7F, and the TGI of MSN(Mn)-ICG/DTIC reached values
as high as 94.19%, representing the highest melanoma
inhibition effects.

Systemic toxicity was evaluated based on body weight
fluctuations. As shown in Figure 7D, small differences in
body weight were observed between the treatment group
and control groups, indicating that there was no significant
systemic toxicity. The results of hematoxylin and eosin
(H&E) staining also confirmed the therapeutic effect of
the combined treatment (Figure 7G). The combination
treatment group ((MSN(Mn)-ICG/DTIC with laser irradia-
tion) exhibited much higher damage to tumor cells,
whereas the other four groups showed little to no damage
to tumor cells, which exhibited normal membrane mor-
phology and nuclear structures. These observations are in
close agreement with previous results,>® thus confirming
the excellent efficacy of the combined MSN(Mn)-ICG/
DTIC treatment for melanoma inhibition.

Finally, the ultrasound results in Figure 8 show that
the tumor treated with PBS + Laser was much larger
than the tumor treated with (MSN(Mn)-ICG/DTIC +
Laser, which was consistent with the above-described
anticancer activities observed in vivo. These results
further demonstrate that MSN(Mn)-ICG/DTIC exhib-
ited a satisfactory therapeutic effect for melanoma
treatment.

Conclusions
In summary, our study developed an innovative
MSN(Mn)-ICG/DTIC-based strategy that combined MRI

Figure 8 Ultrasounds of tumor-bearing mice treated with (A) PBS and (B)
MSN(Mn)-ICG/DTIC.

and PlI-guided (ie, chemo-photothermal) therapy to treat
melanoma. In this work, MSN(Mn) exhibited great bio-
compatibility and multifunctional loading properties. ICG
as a photothermal agent was absorbed by MSN(Mn)
obtaining ICG- and DTIC-loaded MSN(Mn) which
showed greatly enhanced photothermal conversion effi-
ciency compared with free MSN(Mn) nanoparticles, as
well as better photostability compared with free ICG. At
the same time, DTIC can be adsorbed by MSN(Mn)-ICG
nanoparticles for chemotherapy obtaining MSN(Mn)-ICG/
DTIC which exhibits a superior antitumor effect compared
with either chemotherapy or photothermal therapy, sug-
gesting a synergistic effect in the combined treatment. In
addition, chelation with Mn?" ions further offered those
nanoparticles great contrasts in MR imaging. Therefore,
guided by precise dual-modal imaging, the proposed drug
delivery system MSN(Mn)-ICG/DTIC offers a promising
platform for the development of efficient drug delivery
vehicles for melanoma therapy. The importance of study-
ing the overall biological effects of nanomedicines has
been widely recognized in this field. At present, the main
focus of preclinical research is to evaluate the therapeutic
efficacy of nanomedicines for proof-of-concept. However,
in-depth in vivo analysis, including their long-term toxi-
city, cannot be overemphasized. Better in vitro settings to
predict the biological activity of nanomedicines and the
selection of the best drug candidates for further in vivo
seem to accelerate their clinical

studies  also

transformation.
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