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ABSTRACT

Multimodal combinatorial therapy merges different modes of therapies in one platform, which can overcome several clinical
challenges such as premature drug loss during blood circulation and significantly improve treatment efficiency. Here we report a
combinatorial therapy nanoplatform that enables dual photothermal therapy and pH-stimulus-responsive chemotherapy. By
super-assembly of mesoporous silica nanoparticles (MSN) with metal-phenolic networks (MPN), anti-cancer drugs can be loaded
in the MSN matrix, while the outer MPN coating allows dual photothermal and pH-responsive properties. Upon near-infrared light
irradiation, the MSN@MPN nanoplatform exhibits excellent photothermal effect, and demonstrates outstanding pH-triggered drug
release property. In vitro cell experiments suggest the MSN@MPN system exhibits superior biocompatibility and can effectively kill
tumor cells after loading anti-cancer drugs. Consequently, the MSN@MPN system shows promising prospects in clinical application

for tumor therapy.
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1 Introduction

Despite the significant progress made in the diagnosis and
treatment of cancer, it still remains as one of the serious diseases
that threaten humanity with an increasing morbidity and
mortality [1-3]. Traditional single-mode therapy is considered
inefficient for completely curing or inhibiting the solid tumors
[4, 5]. It remains an unmet challenge to develop therapies to
cure cancers more effectively. Thus, combinatorial nanotherapy
that integrates multiple therapeutic functions into one nano-
platform has been proposed as a promising multi-modal
cancer therapy. Combinatorial therapy highlights not only
high specificity and low risk of recurrence but also shows the
advantage by integrating multiple therapeutic functions into
one nanoplatform [6-9].

Due to the heterogeneous microenvironments found in
tissues, such as different pH or GSH levels, stimuli-responsive
chemotherapy has recently attracted much attention [10-12].
A range of triggers including pH [10, 11, 13], enzyme [14, 15],
temperature [16, 17], redox [18], light [19] and magnetic [20]

have been exploited in stimuli-responsive chemotherapy nano-
systems. Because of the acidic microenvironment (pH 5.6-6.5)
that has been found in tumor tissues [21, 22], pH-responsive
chemotherapy is generally regarded as the most reliable and
promising technique for stimuli-responsive tumor therapy.

So far, chemotherapy combining with some emerging therapy
techniques such as photothermal therapy [23-27], magnetocaloric
therapy [28-30] and immunotherapy [31-34] have proven to
be advantageous. Among them, photothermal therapy (PTT)
shows great potential in clinical settings due to its properties of
high selectivity, noninvasiveness, minimal damage to adjacent
normal tissues and fast recovery [35]. The mechanism of PTT
mainly includes two aspects: (i) selective aggregation of photo-
thermal agents at the tumor tissue and (ii) the photothermal
agents absorb and covert near infrared (NIR) incident light into
localized thermal energy to damage or kill tumor cells [2, 36].
However, the poor bio-safety, complex synthetic process and
toxic additives of PTT agents limit their advanced applications.
It is imperative to develop a new type of PTT reagent to conquer
these challenges.

Address correspondence to bkong@fudan.edu.cn

TSINGHUA
2 UNIVERSITY PRESS

@ Springer

o
0
t
<
<
8]
—_
@
L)
)
o)
o




1014

In this work, a dual pH and photothermal-responsive nano-
carrier was fabricated via a simple and rapid super-assembly
approach. As shown in Fig. 1, a core-shell nano-composite
composed of a mesoporous silica nanoparticle (MSN) as the
porous matrix for hosting small molecular drug and a pH and
photothermal-responsive metal-tannic acid complex shell is
developed (MSN@MPN). Tannic acid (TA) is a dendritic
polyphenol extracted from green tea, which can be rapidly
deposited and complexed with metal ions (Felll/Allll) to
form a coordination film on the surface of MSN. This complex
coating can act as not only pH-responsive gatekeeper for targeted
drug release, but also as an excellent PTT agent for photothermal
therapy. Overall, the MSN@MPN nanoplatform shows outstanding
drug loading capacity, photothermal property, pH-dependent
drug release ability, as well as prominent bio-safety.
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Figure 1 Schematic illustration of the multifunctional MSN@MPN for
combinatorial pH-sensitive drug delivery and photothermal therapy.

2 Results and discussion

2.1 Synthesis and characterization of mesoporous silica
nanoparticles

Three-dimensional (3D)-MSNs were synthesized by the method
of Zhao et al. [37]. Various MSNs with different pore structures
were synthesized by using different organic solvents as the upper
oil phase, for instance, 1-octadecene, decalin, and cyclohexane.
Briefly, the 3D dendritic MSN utilizes cyclohexane as the upper
organic phase, while the worm-like MSNs are synthesized using
1-octadecene as the upper organic oil phase.

The morphologies and surface properties of MSNs were inves-
tigated by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The typical low-magnification
TEM image in Fig. 2(a) showed the synthesized MSNs were
monodisperse nanospheres, which has a dendritic pore structure
and highly uniform morphology (Fig. 2(b)). SEM image of
3D dendritic MSNs (Fig. 2(c)) confirmed that the as-prepared
nanoparticles are nearly spherical shape, which consisted of
closely packed pattern. The diameter of 3D dendritic MSNs
shows a narrow size distribution at about 95 nm (Fig. 2(d)),
which is in good agreement with the results of the TEM and
SEM observation (Figs. 2(a) and 2(c)). On the other hand, MSNs
synthesized by 1-octadecene as the upper organic oil phase
resulted in monodisperse spheres with a worm-like pore structure
(Fig. S1 in the Electronic Supplementary Material (ESM)), which
has an average diameter of 110 nm (Fig. S2 in the ESM).

Brunauer-Emmett-Teller (BET) gas sorptometry measure-
ments were used to investigate the surface areas of the MSNs
(Fig. S3(a) in the ESM). The adsorption-desorption isotherms
were considered to be type IV, which demonstrates that the
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Figure 2 (a) and (b) TEM image of MSNs. (c) SEM image of MSNGs. (d) Size
distribution of MSNs.

as-prepared MSNs have the typical characteristics of mesoporous
materials. BET specific surface area of the sample was determined
to be 526.26 m?/g, and the total pore volume is 0.973 cm’/g
(Fig. S3(b) in the ESM). Large specific surface area and large
pore size are conducive to the adsorption and loading of drug
molecules [38-40]. These results suggest the 3D dendritic MSN
could be used as an excellent drug carrier.

2.2 Characterization of MSN@MPN

MSN@MPN was synthesized via a simple and versatile super-
assembly approach. By simply mixing the 3D dendritic MSNs
with aqueous solutions containing TA and metal ions, the
strong adhesion of TA and complexation between TA and metal
ions induced rapid MPN film formation on the surface of
MSNs. TEM image of MSN@MPN NPs (Figs. 3(a) and 3(b))
confirmed a thin layer of complex coating was formed on the
MOSN surface. The size distribution (Fig. 3(c)) indicates that
the particle size of MSN@MPN NPs is slightly larger than that
of MSN due to the coating of MPN complex.
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Figure 3 (a) and (b) TEM images of MSN@MPN NPs. (c) Size distribution
of MSN@MPN NPs. (d) UV-vis spectra of MSN, MPN and MSN@MPN.
((e) and (f)) FTIR spectra of MSN and MSN@MPN.
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The UV-Vis spectra (Fig. 3(d)) showed the MPN coating
has a broad absorption peak at about 560 nm, which is due to
the formation of Felll-TA tri-complexes accompanied by the
charge transfer from tannic acid to iron ions [41, 42]. MSN@MPN
has a similar absorption peak, indicating that MPN coating
has been formed in the presence of MSNs. In addition,
MSN@MPN exhibits a dark purple color instead of lacte color
of pure MSNs (Fig. S3 in the ESM), further confirming the
formation of MPN coating on the MSNs. FT-IR analysis provides
the evidence of MSNs surface modification (Figs. 3(e) and 3(f)).
The peaks from 1,410 to 1,450 cm™ could be designated to the
stretching vibration of -C-O- in TA, while the stretching
vibration of ~-C=0- could be confirmed by peaks from 1,630
to 1,740 cm™. These results reveal that the MPN complex was
successfully coated on the surface of MSNs. Further evidence
for MSN coating with MPN was confirmed by EDS (Fig. S4 in
the ESM). The main elements of silicon (Si), oxygen (O),
carbon (C) were observed before coating with MPN film, while
the iron (0.38%) and aluminum (0.13%) signals can be detected
after the MPN coating procedure.

2.3 Photothermal performance of MSN@MPN

2.3.1 Photothermal performance of MSN@MPN with different
coating layers

To investigate the effect of MPN coating numbers on photo-
thermal performance of MSN@MPN, aqueous suspensions of
MSN@MPN with different coating cycles were prepared and
investigated. Figure S6 in the ESM shows the temperature
profiles of MSN@MPN aqueous suspension at different coating
numbers upon near-infrared laser irradiation, the temperature
of MSN@MPN5 (5 MPN coating cycles) aqueous suspension
can be gradually raised to 66.3 °C, while MSN@MPN1 (1 MPN
coating cycle) aqueous suspension can only be raised to 37.9 °C
under the same conditions. This result indicates that the tem-
perature of MSN@MPN aqueous suspension increases rapidly
with the coating time. It also reveals that the MPN complex is
a vital factor in the photothermal conversion of MSN@MPN.

The thickness of the MPN film increases with the number of
coating cycles, which could affect the cumulative release of the
drugs. Therefore, it is necessary to control the number of coating
cycles to ensure that a good photothermal effect is achieved
while the drug can be cumulatively released. MSN@MPN4 can
rise up to 60.9 °C (Fig. S6(a) in the ESM), which can effectively
kill cancer cells (cancer cells can be killed at 42 to 47 °C).
Therefore we further research the drug release performance
and photothermal properties of MSN@MPN4.

2.3.2  Photothermal performance

In order to evaluate the photothermal performance of MSN@MPN,
the temperature elevation profiles for samples at different
nanoparticle concentrations were measured by laser irradiation
at 808 nm (Fig. 4(a)). At a 2 W/cm? laser irradiation for 10 min,
the temperatures of MSN@MPN suspensions at a concentration
of 0.8, 0.4, 0.2 and 0.1mg/mL can reach up to 61.1, 57.2, 53.1
and 47.1 °C, respectively, while no significant change was
observed for pure aqueous solution. Figure 4(b) shows the
corresponding infrared (IR) thermographic images acquired
for MSN@MPN NPs with different concentrations at 0-10 min.
These results indicated that the MSN@MPN possess outstanding
photothermal properties.

2.3.3  Photothermal stability

To assess the photothermal stability of MSN@MPN, 1 mL of
MSN@MPN aqueous suspension (0.4 mg/mL) was irradiated
under 808 nm NIR laser for 10 min, then the laser was turned off.
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Figure 4 (a) Photothermal curve of MSN@MPN. (b) Corresponding IR
thermographic images for MSN@MPN with different concentrations. (c) Irra-
diation for 600 s followed by the cooling period, the temperature change
of MSN@MPN (The inset shows the time constant for heat transfer in this
system). (d) Photothermal curve of MSN@MPN with five irradiation on/
off cycles.

The time constant (ts) for MSN@MPN system heat transfer
was calculated by applying the linear time-dependent data
collected during the naturally cooling time. As shown in Fig. 4(c),
when irradiated at 808 nm laser for 10 min, the temperature
increment of MSN@MPN aqueous solution was 21.6 °C. The
time constant for heat transfer from the MSN@MPN system is
determined to be 554 s. The photostability of MSN@MPN was
researched by using laser irradiation every 25 min over five
on/off cycles. As show in Fig. 4(d), the photothermal conversion
performance of the MSN@MPN was well maintained after
five continuous laser-on/laser-off cycles. In addition, there was
no significant change in the temperature increment profiles
of MSN@MPN after five cycles. The excellent photothermal
conversion performance and prominent photothermal stability
indicate MSN@MPN as an effective photothermal agent.

2.4 Loading of doxorubicin (DOX)

DOX is used as a model drug and was loaded into the MSN
pores via physical entrapment and electrostatic interaction
between the positively charged DOX and negatively charged
MSNs. To maximize drug encapsulation, DOX and MSNs were
mixed and stirred overnight at 37 °C. Then the drug-loaded
particle (MSN-DOX) was collected by centrifugation and washed
three times with DI water to remove the redundant DOX on
the surface of MSNs. Finally, MSN-DOX was re-dispersed
in aqueous solution for MPN coating. In Fig. S8 in the ESM,
the zeta potential of different materials shows the change of
functional groups on the surface of nanoparticles, which proves
the success of the above steps. However, the DOX loading
efficiency (LE) was determined to be as low as 10.3% and
encapsulation efficiency (EE) was 44.2%. To achieve high loading
and encapsulation efficiency, a modified MPN coating method
was developed by mixing the MSN-DOX suspension with FeCls,
AICl; and TA solution under ultrasonication. The obtained
DOX-MSN@Fe/Al-TA was collected by centrifugation and
then washed three times with DI water. The loading efficiency
and encapsulation efficiency of MSN@MPN for DOX was
determined to be 15.7% and 68.2%, respectively.

2.5 pH stimulus-responsive behavior

Felll-TA complex can degrade at a pH range of 3.0-4.0 [43, 44]
while the acidic microenvironment found in most of solid
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tumors is at a higher pH (5.0-6.5). Therefore, we introduced
AIIIT into the Felll-TA complex to adjust its degradation
profile at a pH range of 5.0-6.5 matching the solid tumor
microenvironments. The drug release behavior of the mixed
ion MSN@MPN was then studied in phosphate buffers at
different pH conditions. We first studied the decomposition
behavior of MPN films at pH 5.0, 6.0 and 7.4, which simulate
the environment of the lysosome, intracellular endosome, and
extracellular fluid, respectively [45, 46]. Figure 5(b) shows
in vitro release profiles at different pH phosphate buffers. The
cumulated amount of DOX release from MSN@MPN is less
than 25% within 60 h at neutral environment (pH 7.4), while
it can reach to 44.2% and 75.6% at pH 6.0 and 5.0, respectively.
The pH-dependent drug release of MSN@MPN can be explained
by previous reports, while at pH above 7.0, the dominate form
of TA-metal ion coordination is tri-coordinated complex, while
at pH values less than 7.0 a di-coordinated or mono-coordinated
complex was formed [43]. The results demonstrate that
MSN@MPN nanoparticles have a pH-triggered targeting drug
release behavior. Consequently, MSN@MPN nanoparticles can
not only reduce the loss of drugs before reaching the tumor tissue,
but also introduces the synergistic effect of chemotherapy and
photothermal therapy. The acidic pH environment promotes
drug release and significantly improves the efficiency for tumor

therapy.
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Figure 5 (a) Schematic illustration of MSN@MPN drug delivery system

for synergistic photothermal/chemotherapy of cancer. (b) Release profiles
of DOX from MSN@MPN at different pH values. (c) Cytotoxicity assay of
samples on A549 cells.

2.6 Cell viability studies

To assess the cytotoxicity of the nanoplatform, CCK-8 standard
tests were performed on the MSN@MPN system (Fig. 5(c)).
At the concentration of 41.7 ug/mL, MSN@MPN NPs did not
show significant cytotoxicity to A549 cells, which indicates
MSN@MPN nanoplatform has a good biocompatible potential.
At the same time, DOX-loaded MSN@MPN and DOX-loaded
MSN@MPN with laser irradiation can significantly inhibit the
proliferation of A549 cells at the same concentration. The half
maximum inhibitory concentration (IC50) of DOX-loaded
MSN@MPN and DOX-loaded MSN@MPN with laser irradiation
can be calculated as 23.89 and 19.82 pg/mL, respectively. The
experimental results showed that DOX-loaded MSN@MPN
has a significant inhibitory effect on A549 cells, and the
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auxiliary laser irradiation can promote the inhibition of A549
cells and enhance the therapeutic effect.

2.7 Cellular uptake studies

Inspired by the superior drug loading capacity and biocompatibility
of MSN@MPN NPs, we further researched the cellular uptake
and intracellular drug release behaviors using A549 cells.

A549 cells were incubated with DOX-loaded MSN@MPN
NPs. As shown in confocal microscopy images of A549 cells in
Fig. 6, the red fluorescence signals from DOX can be detected
in the cell nuclei, proving that DOX can enter into cells and
accumulate in the nucleus. The results revealed that the DOX-
loaded MSN@MPN NPs can effectively transport DOX into
cells and release the drug under the slight acidic intracellular
environments, allowing the drugs to enter the nucleus and
leading to programmed apoptosis.

DOX Cytomembrane Nucleus

Merge

C)

(b)

(c)

Figure 6 Confocal microscopy images of A549 cells incubated with
DOX@MSN@MPN for 6 h at the concentration of 10 pg/mL at pH 7.4
(scale bars: group (a) is 25 um; group (b) and (c) is 10 pm).

3 Conclusions

In summary, we have developed a new class of pH and
photothermal combinatorial therapeutic drug delivery system
based on a simple and rapid synthesis strategy of polyphenol-
metal ion complex. In vitro experiments demonstrated the
MSN@MPN system with extremely high drug loading capacity,
pH-triggered drug release property and excellent photothermal
property. In vitro cell studies verified that the MSN@MPN NPs
possessed excellent stability and outstanding biocompatibility at
physiological environment. This multifunctional nanoplantform
can not only be used as photothermal agent for photothermal
therapy, but also as an ideal drug carrier for pH-sensitive
therapy, allowing further biomedical applications to be explored.

4 Experimental sections

4.1 Synthesis of MSNs

3D-MSNs were synthesized in a biphase stratification method
reported by Zhao et al. [37]. In detail, tetraethyl orthosilicate
(TEOS) as the silicon source was mixed with hydrophobic
organic solvent as the upper oil phase. The lower aqueous
phase constitutes triethanolamine and cyltrimethylammonium
chloride (CTAC) aqueous solution, wherein CTAC as the
template-directing agent, triethanolamine (TEA) as the catalyst.
MSNs with different pore structure were prepared by changing
the hydrophobic organic reagent in the upper phase. 3D-MSNs
with dendritic pore structure were prepared using cyclohexane
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as an organic solvent. Briefly, 0.18 g of TEA and 24 mL of
CTAC aqueous solution (25 wt.% in H.O) was added into
36 mL of deionized water, successively. The obtained solution
was stirred for 1 h in oil bath at 60 °C. After mixing, 4 mL
of TEOS in cyclohexane (20 v/v %) was added to the mixed
solution carefully. Then the reaction was kept under magnetic
stirring at 60 °C for 12 h. The product was centrifuged at
12,000 rpm for 15 min and then washed with DI water for
several times to remove the residual reactants. 3D-MSNs with
worm-like pore structure were prepared using 1-octadecene as
the hydrophobic organic solvent. The surfactant was removed
by extraction three times. Briefly, the as-synthesized MSNs
were transferred to 50 mL of ethanol solution containing 0.3 g
of NH4NO:s and stirred in oil bath at 60 °C for 12 h.

4.2 Synthesis of MSN@MPN nanoparticles

The MSN@MPN nanoparticles were synthesized according to
previous reports [13, 43, 47]. Briefly, 10 puL of TA and 10 pL of
AlCls/FeCl; (24 mM) solution were added to 1 mL (0.5 mg/mL)
of MSN aqueous solution under vigorous vortex mixing.
Finally, 1 mL of MOPS buffer (20 mM, pH = 8.0) was added to
adjust the pH of the solution. Then MSN@MPN were collected
by centrifugation and washed with DI water three times.

To research the effect of coating layer on photothermal
performance of MSN@MPN, multi-layer coated MSN@MPN
were obtained by repeating the coating procedure several times.
The MSN coated with MPN complex once was named as
MSN@MPN1, MSN coated with MPN complex twice was
named MSN@MPN2, and so on. The effect for different coating
layer on the photothermal performance of MPN complex was
evaluated by recording the temperature change under laser
irradiation (808 nm, 2 W/cm?). The temperature change was
monitored every 30 s and the corresponding thermal images
at 0 to 8 min were recorded via a thermal FLIR C2 camera.

4.3 Photothermal properties of MSN@MPN

The aqueous solution of MSN@MPN at different concentrations
(0, 0.1, 0.2, 0.4 and 0.8 mg/mL) were placed in vials and
irradiated with NIR laser (808 nm, 2 W/cm?) for 10 min. The
temperature change and corresponding thermal images were

monitored via an infrared thermal camera (Thermal FLIR C2).

The photothermal stability of MSN@MPN was evaluated
according to previous reports [48, 49]. Briefly, 1 mL of MSN@MPN
aqueous solution was irradiated under NIR laser (808 nm, 2 W/cm?)
for 600 s, then the laser was turned off for 25 min. The
temperature change of the solution was monitored by thermal
FLIR C2 camera. The time constant (ts) for heat transfer was
calculated by applying the linear time-dependent data collected
during the cooling period. The operation for laser “turn-on”
and “turn-off” cycles was repeated for five times to evaluate the
photothermal stability of MSN@MPN.

4.4 Loading of DOX

Briefly, 5 mg of DOX and 10 mg of 3D MSNs were soaked in 2 mL
DI water. Then the mixture was stirred at 37 °C for 12 h in
dark. Then the DOX-loaded MSN@MPN nanoparticles were
synthesized by the method reported in Refs. [13, 43, 47]. 10 pL
of TA (24 mM) solution and 10 uL of AICL:/FeCl; (24 mM))
solution was added to 1 mL (0.5 mg/mL) of DOX-MSN aqueous
suspension under vigorous mixing. Then 1 mL of MOPS buffer
(20 mM, pH 8.0) was added to adjust the pH of the solution.
Then DOX-MSN@MPN were collected by centrifugation and
washed with DI water 3 times. The final product was separated
by centrifugation, washed with DI water and dried. The DOX
loading capacity was determined by UV-vis spectrophotometer.
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The DOX loading efficiency and encapsulation efficiency were
calculated by Eqs. (1) and (2) as follows

Drug loading efficiency (%) = (quality of drug loaded)/
(quality of drug loaded nanoparticles) x100% (1)

Drug encapsulation efficiency (%) = (quality of drug loaded)/
(total quality of feeding drug) x100% 2)

4.5 Invitro drug release of MSN@MPN

In vitro drug release of MSN@MPN was studied by dispersing
DOX-loaded MSN@MPN nanoparticles in PBS buffer at different
pH (PBS, 0.01 M, pH= 7.4, 6.0 and 5.0). In brief, 5 mL of DOX-HCI-
loaded MSN@MPN nanoparticles (2 mg/mL) were added into
dialysis bags (MWCO 13,000) which were soaked separately
in 45 mL of PBS solution stirred at 140 rpm, 37 °C. Then, 5 mL
of external buffer solution was drawn out at appropriate intervals
for test and supplemented with the same volume of fresh
buffer solution. The concentration of DOX was measured by
fluorescence spectrophotometer.

4.6 In vitro cell viability assay of MSN@MPN NPs

In vitro cytoviability of MSN@MPN and DOX-loaded MSN@MPN
was evaluated by standard CCK-8 method using A549 cells.
Briefly, A549 cells were seeded in 96-well plates with an initial
density of 5,400 cells/well and incubated in 100 uL of DMEM
at 37 °C for 24 h. Subsequently, 10 uL of MSN@MPN, DOX-
loaded MSN@MPN solution at various nanoparticles concen-
trations were added into each well, respectively. Cells incubated
with free of nanoparticles and blank DMEM were used as
controls. After 24 h incubation, 10 uL of CCK-8 solution was
added to the cells followed by incubation at 37 °C for additional 4 h.
The optical density (OD) value of CCK-8 assay was determined
with a spectrophotometric microplate reader at 450 nm. The
relative cells viability was calculated with the equation:

Cell viability (%) = (A(DOX-loaded MSN@MPN) - A(blank1))/
(A(blank2) — A(blank3)) x 100%

Whereas A(DOX-loaded MSN@MPN) is the absorbance values
of medium that containing DOX-loaded MSN@MPN nano-
particles and cells. A(blank1) is the control group the medium
containing DOX-loaded MSN@MPN nanoparticles without
cells. A(blank3) is the absorbance values of blank medium.
Experimental group (A(DOX-loaded MSN@MPN) and
A(MSN@MPN) were presented as average + SD (n = 3)).

4.7 Cellular uptake of DOX-loaded MSN@MPN NPs

To investigate the cellular uptake efficiency of MSN@MPN NPs,
A549 (human lung cancer cell line) cells were seeded in DMEM
medium (1.5 mL) containing 10% fetal bovine serum (FBS) and
inoculated into confocal dish and cultured in an incubator
for 24 h. Subsequently, removed medium and equivoluminal
medium containing DOX-loaded NPs was added. After 6 hours
of incubation, the cells were imaged under a confocal laser
scanning microscope (CLSM).
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