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One-pot synthesis of biodegradable
polydopamine-doped mesoporous silica
nanocomposites (PMSNs) as pH-sensitive targeting
drug nanocarriers for synergistic chemo-
photothermal therapyf
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Nanomaterials have been widely used as drug carriers in the biomedical field. However, most of them have
limited application because of their poor biocompatibility, targeting, and degradability. Therefore, exploring
and developing novel drug nanocarriers to overcome these problems has widely attracted attention. In this
study, polydopamine-doped mesoporous silica nanocomposites (PMSNs) were controllably synthesized by
a one-pot oil-water biphase stratification approach. PMSNs showed good biodegradability in degradation
experiments and also proved to have superior biocompatibility toward hepatocellular carcinoma cells
(HepG2) compared with mesoporous silica nanoparticles (MSNs). And PMSNs loaded doxorubicin (DOX)
(PMSNs@DOX) exhibited a pH-responsive release effect. Meanwhile, compared with PMSNs@DOX, folic
acid-modified PMSNs@DOX (PMSNs@DOX@FA) displayed a targeted uptake and higher inhibition of
HepG2 cells. Additionally, PMSNs@DOX@FA had excellent ability to kill tumor cells under synergistic
chemo-photothermal therapy. Moreover, this synthetic strategy is promising for the fabrication of unique
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Introduction

At present, cancer is a serious threat to human health, and
traditional chemotherapy is still one of the most common
cancer therapy methods." However, chemotherapy drugs are
often considered to easily cause systemic side effects and
induce complications to patients when Kkilling cancer cells
because of their lack of specificity for cancer cells and their
serious toxicity to normal cells and tissues.>® With the devel-
opment of nanotechnology, nano-drug carriers provided new
routes for solving the problems of serious side effects from
chemotherapy.*® Targeted nano-carriers could indirectly
improve the therapy of drug-resisting cancer cells and reduce

“College of Life Science, Fujian Agriculture and Forestry University, Fuzhou 350025,
China

*Key Laboratory of Design and Assembly of Functional Nanostructures, Fujian Institute
of Research on the Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002,
China. E-mail: wangxd@fjirsm.ac.cn; zhangy@fjirsm.ac.cn

‘Department of Translational Medicine, Xiamen Institute of Rare Earth Materials,
Chinese Academy of Sciences, Xiamen 361021, China

“The United Innovation of Mengchao Hepatobiliary Technology Key Laboratory of
Fujian Province, Mengchao Hepatobiliary Hospital of Fujian Medical University,
Fuzhou 350025, China

T Electronic  supplementary
10.1039/c8ra07467d

information (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2018

nanocomposites with various functional cores with PMSNs shells for diverse applications.

the toxicity which chemotherapeutics agents bring to normal
cells. Various nanomaterials have taken important roles in the
field of drug delivery systems (DDS) such as liposomes,*” poly-
mers,*® silica,’ and so on. Nano-drug delivery systems can be
accurately targeted to transport cancer drugs to a tumor site
with effective release to the tumor cells, so that they can enrich
the tumor site, and then improve the chemotherapy effect.

Mesoporous silica nanoparticles (MSNs) have attracted great
attention as drug nanocarriers because of their advantages of
large specific surface area, adjustable pore size, and high drug
loading efficiency.’*™ MSNs-based functional nanomaterials
have emerged as a novel multifunctional platform for cancer
theranostics.'**® Moreover, MSNs can be often modified with
various functional groups as gatekeepers which are responsive
to a certain external stimulus for controllable release,'”*® such
as pH,"™° redox,”* light,>* temperature,> magnetic fields,*
and enzymes,*® enabling on-command delivery of therapeutic
agents. However, stimuli-responsive gated nanocarriers on
external surfaces of MSNs coating layer by layer often make the
preparation process more complicated along with increasing
cost and synthetic steps. Therefore, it is highly desirable to
develop novel drug delivery systems based on MSNs with facile
preparations, controllable release, and biodegradation for
cancer therapy.
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Polydopamine (PDA) is a novel mussel-inspired polymer
which can self-polymerize from the dopamine monomer in
weakly alkaline conditions. It can be widely used to coat
a variety of inorganic or organic materials, with adjustable
thickness, reliable stability, and excellent biocompatibility.>”**
PDA is often a useful photothermal agent for cancer therapy
because it also can convert NIR into heat for killing cancer cells.
Thus, PDA has great significance since photothermal therapy
can be combined with other therapeutic approaches, resulting
in improved therapeutic effects.*

Meanwhile, PDA also exhibits pH-sensitive release behavior
that is attractive for wide use in biomedical applications.****
Therefore, it is significant to integrate the advantages of MSNs
and PDA in a simple way. In most reported studies, PDA was
chosen to coat the surface of mesoporous silica to control drug
release.**** Herein, we developed a facile method for synthesis
of PMSNs, which directly doped PDA into MSN nanostructure by
a one-pot method. The obtained PMSNs have controllable sizes
and pores, and high specific surface areas. Moreover, the
PMSNs also display biocompatibility and biodegradability
compared to MSNs. Our method can be further applied for
coating different cores for core-shell nanostructures synthesis.
The surfaces of tumor cells contain many folate receptors, and
an exogenous folic acid (FA) could specifically bind to a folate
receptor on the surface of a tumor cell and enter the cell by
endocytosis. Therefore, the as-prepared nanocomposites can be
used as nanocarriers and their surfaces can be further func-
tionalized using the targeting molecule folic acid (FA).*®
Meanwhile, the drug loading and targeting molecules of
modified PMSNs display drug delivery, pH-sensitive drug
release, and most importantly, the therapeutic nanoparticles
are degradable, indicating that they have potential application
for cancer therapy.

Experimental
Materials

Hexadecyl trimethyl ammonium chloride (CTAC, 99.0%) was
purchased from Energy Chemical, China. Triethanolamine
(TEA, 99.0%), dopamine hydrochloride (DA-HCl, 98%),
ammonium nitrate (NH4,NO;, AR), cyclohexane, sulfuric acid
(HySO4, 98%), sodium nitrate (NaNOjz, 99.0%), potassium
permanganate (KMnO,, AR), H,O, (AR, 30%), ammonia solu-
tion (NH; H,O, 25-28%), hexadecyl trimethyl ammonium
bromide (CTAB, 99.0%), ascorbic acid (99.99%), and methanol
were all obtained from Aladdin Industrial Corporation,
Shanghai. Tetraethyl orthosilicate (TEOS, 99%), (3-amino-
propyl) triethoxysilane (APTES, AR), IGEPAL (CO-520), silver
nitrate (AgNO;, 99%), sodium borohydride (NaBH,, 99.0%),
Gold(m) chloride trihydrate (HAuCl,-3H,0, 99.0%), and doxo-
rubicin (DOX) were purchased from Sigma. Folic acid (FA, AR)
was obtained from Xiya reagent. Graphite powder (99.9995%)
was purchased from Alfa Aesar. HepG2 cells (hepatocellular
carcinoma) were purchased from ATCC (Manassas, VA, USA).
DMEM/HIGH glucose and penicillin-streptomycin solutions
were purchased from HyClone. Fetal bovine serum (FBS) was
obtained from Excell Bio. Phosphate buffered saline (PBS, 10x)
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was purchased from Solarbio. Cell Counting Kit-8 (CCK-8) and
4’ ,6-diamidino-2-phenylindole (DAPI) were purchased from
Dojindo Laboratories (Japan). Ultrapure water with a resistivity
of 18.2 MQ cm obtained from Milli-Q Gradient System (Milli-
pore, Bedford, MA, USA) was used for all experiments.

Characterization

The morphology structure of nanocomposites was character-
ized by a transmission electron microscopy (TEM) Hitachi H-
7650 system at an accelerating voltage of 100 kV. Field emis-
sion scanning electron microscopy (FE-SEM) images were taken
on a Hitachi S-4800 microscope. UV-Vis spectra were recorded
with an Agilent Cary 5000 UV-Vis-NIR Spectrophotometer.
Thermal analysis was measured by a Mettler-Toledo TGA/DSC 1
with the heating rate at 10 °C min~'. The zeta potential of
nanocomposites was measured by a Brookhaven Omni
analyzer. Nitrogen adsorption-desorption isotherms and pore
size distribution curves were performed at 77 K with a Quan-
tachrome Autosorb iQ2 gas adsorption analyzer; the sample was
degassed under vacuum at 200 °C for 6 h prior to measurement.

Synthesis of PMSNs

The PMSNs were synthesized by an oil-water biphase stratifi-
cation approach according to the method of MSNs with minor
modification.*® Briefly, 8 mL of 25% CTAC aqueous solution was
added to 12 mL of ultrapure water, and then 48 pL of TEA was
successively added to a 50 mL round bottom flask, while being
rapidly stirred in a water bath at 60 °C for 1 h. Then, 50 mg of
DA-HCl was added to the above solution. Subsequently, 10 mL
of 20% TEOS/cyclohexane solution was slowly added and gently
stirred for 12 h. Then, the solution was centrifuged at
16 000 rpm for 30 min and washed with water three times.
Finally, the product was dispersed in 0.6% NH,NOs/ethanol
solution in a 60 °C water bath for 12 h to remove extra template
CTAC. After centrifugation, the precipitate was washed with
ethanol and water several times, and then the obtained PMSNs
were dispersed in water.

Drug loading of PMSNs

To load the anticancer drug-DOX, 10 mL of PMSNs (1 mg mL™")
ethanol solution was mixed with 10 mL of DOX/methanol
solution (1 mg mL ') in a 50 mL round bottom flask and stir-
red for 24 h in the dark at room temperature. After centrifuga-
tion, all supernatants were collected and their absorption values
were measured by a UV-Vis spectrophotometer; additionally,
the precipitate was washed three times with ethanol and
dispersed in water to obtain a PMSNs@DOX solution with final
concentration of 1 mg mL™'. Each experiment was repeated
three times.

APTES-functionalization and FA-conjugation of PMSNs@DOX

Functional folic acid was bound to the surface of the PMSNs.
First, PMSNs@DOX was modified by APTES using a specific
method is as follows: 10 mL of PMSNs@DOX (1 mg mL )
ethanol solution was mixed with 50 pL of APTES and kept

This journal is © The Royal Society of Chemistry 2018
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stirring for 12 h in the dark. And then it was centrifuged and
washed several times with ethanol, which prepared it for the
next functional modification by folic acid. Then the folic acid/
ethanol solution was mixed with amino-modified
PMSNs@DOX and kept stirring for 12 h in the dark. Lastly, it
was centrifuged and washed several times with ethanol and
dispersed in water to obtain a PMSNs@DOX®@FA solution.

Drug release of PMSNs@DOX

Investigating the vitro release of DOX from PMSNs was carried
out through a dialysis method. Briefly, 5 mL of 1 mg mL ™"
PMSNs@DOX solution was centrifuged and redispersed with
1 mL pH 4.0 or pH 6.9 PBS buffer solution, respectively. Then, it
was transferred into a dialysis bag (MWCO = 3500 Da) and
immersed in 10 mL of the same release medium, pH 4.0 or pH
6.9 PBS buffer solution, and incubated at 37 °C under stirring at
120 rpm. To measure the amount of DOX that had been
released, all of the outside solutions were withdrawn and
replaced with equal volumes of corresponding fresh buffer
solutions at various time (0.5, 2, 4, 8, 12, 24, and 48 h). DOX
concentration in the withdrawn solution was measured by a UV-
Vis-NIR spectrophotometer (Agilent Cary 5000) with the absor-
bance at 480 nm, and the release experiments were conducted
in triplicate; the cumulative DOX release percentage as a func-
tion of time was recorded.

Photothermal property of PMSNs

To study the photothermal property of MSNs and PMSNs, 1 mL
of MSNs and PMSNs solution with the same concentration
(2 mg mL ") were added to each quartz cuvette and exposed to
808 nm laser radiation at 2 W cm > for 8 min, respectively.
Simultaneously, temperature data was recorded using a ther-
mocouple microprobe.

Cell viability

Cell toxicity of MSN and PMSNs of HepG2 cells were cultured in
DMEM high glucose medium containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C under 5%
CO,. The cells (1 x 10*) were incubated in each well of a 96-well
plate for 24 h, then incubated with MSN or PMSNs of different
concentrations (50, 100, 200, 300, 400, 500, and 600 pg mL ™)
for 24 h. Cell viabilities were studied using a Cell Counting Kit-8
(CCK-8). Enzyme dehydrogenase in living cells was oxidized
with this kit to orange carapace. The quality was assessed
colorimetrically by using a multi-reader (TECAN, Infinite M200,
Germany). The measurements were based on the absorbance
values at 450 nm and the following formula was used to
calculate the viability of cell growth:

Viability (%) = (mean absorbance value of treatment group/mean

absorbance value of control group) x 100.

For drug targeting and synergistic chemo-photothermal
therapy evaluation, PMSNs@DOX and PMSNs@DOX®@FA of
different concentrations (50, 100, 200, 300, 400, 500, and 600 pg

This journal is © The Royal Society of Chemistry 2018
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mL ") were introduced in a 96-well plate for 24 h, and the
PMSNs@DOX@FA treated cells were irradiated by 808 nm laser
(2 W ecm™? for 3 min), and then incubated overnight. The cell
viabilities were measured by the CCK-8 assay.

Cellular uptake

HepG2 cells were incubated by PMSNs@DOX®@FA, and HepG2
cells were also incubated with PMSNs@DOX + free FA and
PMSNs@DOX, separately, as the control groups and 5 x 10"
HepG2 cells were seeded in a cell culture dish. Then, after 24 h
culturing, PMSNs@DOX, PMSNs@DOX@FA and
PMSNs@DOX@FA + free FA (300 pg mL™") were respectively
added into fresh medium and incubated for another 1, 2, 4, and
6 h with cells. After washing with PBS (1x) for 3 times, the cells
were fixed by 4% formaldehyde for 10 min. Finally, all nuclei
were stained by DAPI (1 ug mL™") after washing 3 times with
PBS. Then, all the samples were observed by a confocal laser
scanning microscope (CLSM). The fluorescence of DOX (550-
650 nm) was collected by 488 nm laser irradiation.

Results and discussion

Fabrication and characterization of PMSNs

The synthesis process of PMSNs@DOX®@FA and the mecha-
nism of chemotherapy is illustrated in Scheme 1. The PMSNs
were synthesized by a one-pot method according to an oil/water
biphase approach with minor modifications.*® Briefly, in this
biphase system, the bottom water phase was a hexadecyl tri-
methyl ammonium chloride (CTAC) and dopamine hydrochlo-
ride (DA-HCI) aqueous solution and the upper oil phase was
a tetraethyl orthosilicate (TEOS)/cyclohexane solution, which
was mainly used as the storage medium of silica precursors.
CTAC served as a template for formation of the dendritic mes-
oporous structure, while triethanolamine (TEA) as a catalyst will
promote TEOS hydrolysis and provide basic pH conditions for
the formation of polydopamine with dopamine hydrochloride
(DA-HCI) as the precursor. For evaluating the morphology of

PMSNs@DOX PMSNs@DOX@FA

/

Chemotherapy &R

Scheme 1 Schematic illustration of the synthesis process of folic acid
modified and DOX loading PMSNs nanocomposites and the mecha-
nism of drug delivery for synergistic chemo-photothermal therapy.
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PMSNSs, the transmission electron microscopy (TEM) revealed
the changes of PMSNs with different DA contents for various
times. As shown in Fig. la-c, with an increase of DA-HCI
content, the dendritic structure of PMSNs became sparser and
the pore size turned larger. This is mainly owing to the increase
in the amount of DA-HCI, resulting in more PDA nanoparticles
generated while less CTAC and TEOS resulted on each PDA.
When the reaction time increased from 6 h to 12 h, the PMSNs
size became larger and the morphology was also more uniform
and dense (Fig. 1d-f). We found that the morphology of PMSNs
could be controlled by adjusting the dosage of DA-HCIl and
reaction time. To prove the stability of PMSNs in water, tests for
stability of PMSNs were carried out; PMSNs were dispersed in
water and kept for 144 days. As is shown in Fig. S1,f the
nanostructure of PMSNs kept in water for 144 days had no
obvious change from the 1 day PMSNs, which demonstrated
that PMSNs had excellent long-term stability in water.

To further demonstrate that PMSNs were successfully
synthesized, the UV-Vis spectra of MSN and PMSNs were carried
out. As shown in Fig. 2a, dopamine has a strong UV absorption
characteristic peak at 280 nm, while the PMSNs have no obvious
characteristic absorption peak at 280 nm, indicating that the DA
polymerization was formed from PDA. To further quantify the
content of PDA in PMSNSs, thermo gravimetric analysis (TGA) of
MSNs and PMSNs were studied.’” As shown in Fig. 2b, the
weight loss of 7.4% from 100 to 300 °C is attributed to gasifi-
cation of small molecules such as water. When the temperature
rose to 811.9 °C, the total weight loss of MSN and PMSNs was
12.07% and 14.47%, respectively. Therefore, excessive 2.40%
weight loss of PMSNs was due to PDA, stemming from the
decomposition of PDA. As polydopamine also has an absorption
in the near infrared (NIR) region, the photothermal curve of
MSNs and PMSNs enabled us to measure their photothermal
properties. Fig. 2c shows that both MSN and PMSNs were irra-
diated with 808 nm NIR laser at 2 W for 8 min. The results
exhibit that the temperature of PMSNs increased by 28.2 °C,
while the MSN increased by only 5.8 °C. Furthermore, the
inserted picture of the MSNs and PMSNs solution indicated that

Fig. 1 TEM images of PMSNs prepared with different contents of
DA-HCL, 25 mg (a and d), 50 mg (b and e), 100 mg (c and f) for reaction
times of 6 h (a—c) and 12 h (d-f), respectively. Scale bar is 100 nm.
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Fig.2 (a) UV-Vis spectra of MSN, DA-HCland PMSNs; (b) TGA curve of
MSNs and PMSNSs; (c) photothermal heating curves of MSNs and
PMSNs (MSNs and | PMSNs solution with the same concentration were
exposed to 808 nm NIR laser radiation at 2 W cm™2 for 8 min). Inset,
the solutions of MSNs and PMSNSs.

PMSNs were more efficient for photothermal therapy after NIR
laser exposure.*®

Encouraged by the above results, the specific surface area of
PMSNs was investigated. As shown in Fig. 3, the adsorption—
desorption isotherm of the PMSNs exhibit a type IV curve with
a characteristic hysteresis loop, indicating the mesoporous
structure of PMSNs. The specific surface area and the average
pore diameter of the PMSNs were 539.9 m* g~ ' (Fig. 3a) and
7.8 nm (Fig. 3b), which is close to MSNs,* as calculated by the
Brunauer-Emmett-Teller (BET) model and the Barrett-Joyner—
Halenda (BJH) method,*** respectively. A field emission scan-
ning electron microscopy (FE-SEM) image of the PMSNs is
shown in the illustration of Fig. 3a where the mesoporous pore
structure of PMSNs can be obviously seen.

In order to demonstrate PMSNs drug loading content (LC)
and release performance, the UV-Vis absorption spectra of
PMSNs, free DOX, and PMSNs@DOX were measured. After drug
loading of PMSNs, all supernatants were collected and their
absorption values were measured by a UV-Vis spectrophotom-
eter. Concentrations of DOX in the solutions were calculated
through the calibration curve. The loading content (LC) of the
DOX-loaded PMSNs was calculated according to the following
equation:

LC (%) = (weight of total DOX — weight of DOX in supernatant)/
weight of PMSNs@DOX x 100%.

And the calculated LC was 12.52 % 0.6%.

As shown in Fig. 4a, free DOX has a strong UV-Vis absorption
characteristic peak at 480 nm, while there was no peak with
PMSNs; after loading DOX, the UV-Vis absorption of
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Fig. 3 (a) Nitrogen adsorption—desorption isotherms of the PMSNs
with the inset SEM image of the PMSNs. Scale bar is 100 nm; (b) pore
size distribution of PMSNs.
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Fig. 4 (a) UV-Vis absorption spectra of PMSNs, DOX, and
PMSNs@DOX; (b) zeta potentials of the PMSNs and PMSNs@DOX; (c)
UV-Vis absorption spectra of FA, PMSNs@DOX, and PMSNs@DOX@FA;
(d) in vitro drug release kinetic profiles of PMSNs@DOX in pH 4.0 and
pH 6.9 PBS buffer solutions, respectively.

PMSNs@DOX at 480 nm was obviously enhanced, indicating
that DOX had been successfully loaded on the PMSNs.
Furthermore, the UV-Vis absorption spectra of FA-modified
PMSNs@DOX nanocomposites were also measured and they
contained both the FA and DOX curves, suggesting the FA
successfully modified PMSNs@DOX (Fig. 4c). In addition, zeta
potentials of PMSNs and PMSNs@DOX were tested (Fig. 4b). In
contrast to PMSNs with the zeta potential of —17.41 £ 0.38 mV,
the value of the zeta potential of PMSNs@DOX was changed
into —8.08 £+ 0.18 mV, which further indicated the presence of
DOX in the PMSNs.

The effect of the pH-sensitive DOX release manner in
PMSNs@DOX mainly contained two factors. On the one hand,
was the protonation of amine groups of PDA nanoscaffolds and/
or the DOX molecules in acidic condition, which partially
destroys the m-m or hydrogen bonding interactions between
PDA and drugs.** The solubility of DOX is inversely proportional
to the pH value of a solution, so the acidic condition facilitates
the diffusion of DOX from pores into the medium; thus, the
amount of release and the release rate are improved.*” On the
other hand, it was reported that PDA has a certain degree of
degradation under acidic conditions.*®* When the PMSNs
dispersed in an acidic tumor microenvironment, the PDA
nanoscaffolds of PMSNs were degraded and DOX was released
from PMSNs. Therefore, DOX can be a successfully triggered
release from PMSNs@DOX in an acidic environment, which
simulates the tumor microenvironment in vivo and enhances
cancer therapy. To further study the effect of pH on the release
of DOX from PMSNSs, they were incubated at pH values of 4.0
and 6.9 in PBS buffer solutions. As shown in Fig. 4d, the release
of PMSNs@DOX is pH sensitive and the cumulative DOX release
rates were 93.94% and 34.17% at pH 4.0 and pH 6.9, respec-
tively, during 48 h which indicated an excellent pH-responsive
release effect.
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Growth PMSNSs surface on various substrates

The oil-water biphase approach also could be used to coat
various other nanomaterials. Silica nanoparticles, graphene
oxide, and gold nanorods were chosen as cores to demonstrate
the feasibility and versatility of this epitaxial growth strategy for
coating PMSNs. As shown in Fig. 5, the outer surfaces of core
nanoparticles were coated with a PMSNs shell. They used the
same synthesis process as PMSNs, except for addition of the
SiO, nanoparticles, graphene oxide (GO), and gold nanorods
(GNRs) simultaneously with CTAC and TEA to obtain the
SiO,@PMSNs (Fig. 5a), GO@PMSNs (Fig. 5b), and
GNRs@PMSNs (Fig. 5¢), demonstrating that this strategy could
be widely used to coat various functional cores for biomedical
applications.

In vitro biodegradability of MSNs and PMSNs

MSNs have been widely used as drug nanocarriers due to their
high specific surface areas and good biocompatibility. However,
the major problem for limiting their biomedical application is
biodegradability. To further confirm the biodegradability
behavior of PMSNSs, the MSNs and PMSNs were dispersed in PBS
buffers of pH 5.6 and pH 7.4 for 14 days. As shown in Fig. 6, it is
seen from the TEM images that the frameworks were degraded
and the pore channels were partly destroyed at pH 5.6 for 9 days,
and most frameworks were degraded to a pasty-like structure at
14 days. The frameworks of MSNs partly changed at 14 days in
a pH 5.6 PBS buffer solution, while the frameworks were slower
to degrade at pH 7.4 than at pH 5.6. This result indicates that
PMSNs can act as nanocarriers with a pH-triggered release.

In vitro cytotoxicity using CCK-8 assay

To investigate the cytotoxicity of PMSNs, cytotoxicity tests were
measured with a CCK-8 kit assay. Fig. 7a shows that both MSN
and PMSNs had good biocompatibility with HepG2 cells from
a range of 50 to 600 pg mL ™' of PMSNs where cell viability was
more than 90%. Meanwhile, compared with MSNs, the PMSN’s
had superior biocompatibility. Compared with PMSNs, PMSNs
loaded with doxorubicin (DOX) (PMSNs@DOX) showed much
higher cancer cell toxicity, suggesting great potential for bio-
logical applications (Fig. 7a). In general, nanomaterials should
be designed to enter cells efficiently to realize a better thera-
peutic effect. Based on this, folic acid (FA) was latterly modified
on PMSNs@DOX (PMSNs@DOX®@FA) for cellular targeting
enhancement. To evaluate in vitro targeting efficiency and

Fig. 5 TEM images of PMSNs coated on surfaces of various nano-
particles: (a) SiO,@PMSNs, (b) GO@PMSNs and (c) GNRs@PMSNSs.

RSC Aadv., 2018, 8, 37433-37440 | 37437


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07467d

Open Access Article. Published on 07 November 2018. Downloaded on 12/8/2025 11:58:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

MSNs (pH5.6)  PMSNs (pH5.6) MSNs (pH7.4)  PMSNs (pH7.4)

3 [

Day9 Day5

Day14

Fig.6 TEMimages of MSNs and PMSNs dispersed in pH 5.6 and pH 7.4
PBS buffers and stirred at room temperature for different days (1d, 5d,
9 d, and 14 d). All scale bars represent 100 nm.
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Fig. 7 Cell viability of HepG2 cells after incubation with different
concentrations of (@) MSNs and PMSNs, (b) PMSNs@DOX,
PMSNs@DOX@FA, and PMSNs@DOX@FA with an 808 nm laser from
50 to 600 ug mL™,

cellular killing ability of PMSNs@DOX®@FA against HepG2, the
cytotoxicity results showed that, compared with PMSNs@DOX,
PMSNs@DOX®@FA has significant cell killing ability. The lowest
cell viability (60%) as well as the most significant cellular
apoptosis/necrosis were achieved with PMSNs@DOX®@FA 600
ug mL " after incubating with HepGz2 for 4 h (Fig. 7b). However,
the inhibition rate of PMSNs@DOX was only 20%, demon-
strating that PMSNs@DOX®@FA has a superior targeting effect
which can significantly improve chemotherapy efficiency. To
investigate the synergistic effects of thermotherapy and
chemotherapy, the cell viability of HepG2 with
PMSNs@DOX@FA + laser groups was only 28%, which was
significantly lower than those of the cells in nonradiated
groups, especially when the concentration achieved 600 pg
mL~" (Fig. 7b). This result means, compared to chemotherapy
alone, PMSNs@DOX®@FA with laser irradiation can significantly
enhance an antitumor effect, resulting from the photothermal
therapy of PMSNs.
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PMSNs@DOX@FA

Fig.8 CLSM-images of HepG2 cells incubated with PMSNs@DOX and
PMSNs@DOX@FA; for each series, images from left to right can be
classified to the cells in the nuclei of cells (blue, being stained by DAPI),
DOX fluorescence in cells (red), and the merged images of DAPI (blue)
and DOX (red), respectively. Scale bar is 100 um.

In vitro cellular uptake of PMSNs

Encouraged by the above cellular killing results of
PMSNs@DOX@FA, to further validate the important role of FA
in the cellular uptake of PMSNs, HepG2 cells were incubated
with PMSNs@DOX and PMSNs@DOX®@FA for 2 h. As shown in
Fig. 8, the fluorescence intensity of DOX in PMSNs@DOX@FA
was significantly higher than that of PMSNs@DOX, resulting
from more nanocomposites uptaking than that of
PMSNs@DOX. This result further indicates FA modified on the
surfaces of PMSNs could enhance cellular uptake which agrees
with the cytotoxicity results of PMSNs@DOX®@FA. And as shown
in Fig. S2,1 the fluorescence intensity of DOX in PMSNs@DOX +
free FA was similar to PMSNs@DOX, which further indicated

DAPI

DOX

Merge

Fig. 9 CLSM images of HepG2 cells after being incubated with
PMSNs@DOX@FA for different times (1 h, 2 h, 4 h, and 6 h). For each
series, images from top to bottom can be classified to the cells in the
nuclei of cells (blue, being stained by DAPI), DOX fluorescence in cells
(red), and the merged images of DAPI (blue) and DOX (red), respec-
tively. Scale bars, 100 um.

This journal is © The Royal Society of Chemistry 2018
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that FA modified on the surfaces of the PMSNs could promote
cellular uptake.*®

To further investigate the cellular uptake and intracellular
drug release process of PMSNs@DOX@FA, DOX fluorescence in
HepG2 cells was examined by using CLSM after incubating with
PMSNs@DOX®@FA for various hours (Fig. 9). The intensity of
DOX gradually increased in the cytoplasm when the incubation
time was 2 h. Later, the signals were detected in whole cells after
4 h incubation. Finally, all red fluorescence was observed in the
nuclei when the incubation time increased from 4 h to 6 h,
indicating that the DOX delivered by PMSNs@DOX@FA can
pass through the cytomembrane, assemble in cytoplasm, then
pass through the nucleus membrane, and eventually assemble
in a nucleus to kill cells. This result indicates that
PMSNs@DOX@FA could be used as a targeted drug delivery
nanocarrier for cancer therapy.

Conclusions

In summary, polydopamine-doped mesoporous silica nano-
composites (PMSNs) were successfully fabricated by a facile
one-pot oil/water biphase stratification approach. They were
demonstrated to have good biocompatibility and biodegrad-
ability and were also proved to have lower cytotoxicity compared
with mesoporous silica nanoparticles (MSNs) at a concentration
range from 100 to 600 pg mL . The frameworks also could be
obviously degraded in PBS buffer solutions of pH 5.6 over 14
days. PMSNs-loaded DOX exhibited a pH-responsive release
effect in pH 4.0 buffer solution. The folic acid-modified PMSNs
has a targeted intake, with excellent synergistic chemo-
photothermal therapy and higher inhibition of HepG2 cells.
Furthermore, this strategy could also be used for coating
various nanomaterials with PMSNs to improve biomedical
applications.
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