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Multifunctional nanoplatforms based on mesoporous silica nanoparticles (MSNs) have recently shown great
promise in drug delivery and therapy. Herein, a multifunctional nanoplatform based on MSNs is fabricated
by a modified micro-emulsion method for drug delivery and imaging-guided chemo/photodynamic
synergistic therapy. Carbon dots (C-dots) and a photosensitizer, rose bengal (RB), are embedded in the
core/shell structured MSNs to form MSN@C-dots/RB nanoparticles, in which C-dots can serve as
a fluorescence probe to achieve cell fluorescence imaging and RB can generate singlet oxygen to
perform photodynamic therapy. MSN@C-dots/RB nanoparticles can efficiently prevent the self-
aggregation-induced quenching of photosensitizer molecules, which facilitates a large production of
cytotoxic singlet oxygen and thus an enhanced PDT efficacy. Furthermore, a remarkable chemo/
photodynamic synergistic anti-tumor effect was achieved with MSN@C-dots/RB nanoparticles loaded
with doxorubicin (DOX) under green light irradiation. In addition, a significant bacterial inhibitory effect
has been achieved by the antimicrobial assay via loading ampicilin in the MSNs@C-dots/RB
nanoparticles, thereby demonstrating the versatility of this multifunctional nanoplatform. The results
revealed that this MSN-based chemo/photodynamic synergistic nanoplatform has great promise in
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Introduction

With the development of biomedicine, the establishment and
application of multifunctional therapy nanoplatforms has
become a new trend for cancer therapy."” Nanoplatforms inte-
grated with diagnostic and therapeutic functions (e.g., multi-
modal imaging, targeted delivery, synergistic therapy) have
been widely researched.>* For example, Liu et al. synthesized
a multifunctional polymeric nano-micelle system, containing
the photosensitizer chlorin e6 (Ce6), Gd** and the near-infrared
(NIR) dye, IR825. The use of these micelles as a contrast agent
achieved triple modal imaging of tumors in vivo. The combi-
nation of photothermal and photodynamic therapies has
remarkably brought about both in vitro and in vivo synergistic
anti-tumor effects.” In recent years, various materials, such as
metals, silica, graphene, polymers, metal organic frameworks
(MOF) and clay, have been used for constructing multifunc-
tional drug systems.®™ Among the current nanoplatforms, the
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imaging assisted cancer therapy and bacteria inhibition.

mesoporous silica nanoparticles (MSNs) have been developed
as a promising candidate for multifunctional cancer therapy
owing to their high surface area, large pore volume with tunable
pore sizes, facile surface modification, high light transparency
and good biocompatibility.”***” For example, MSN@Fe;0,—
FITC nanoparticles have been developed for MR and lumines-
cence imaging of NIH 3T3 fibroblast cells."* PEG-silica nano-
rattles have been designed as nanocarriers of doxorubicin
(DOX) for cancer therapy and show significantly increased liver
tumor inhibition rate and decreased toxicity.” Folate-MSNs
exhibit escaping endosomal entrapment and enhance the HeLa
cellular uptake of these materials.>

Rose bengal (RB) is a well-known green light-activated
photosensitizer that shows absorption bands in the visible
range (480-550 nm) and high singlet oxygen quantum yield
(#(*0,) = 0.75).2"» RB-MSN nanoplatforms have been reported
for photodynamic therapy.**® For example, RB can be cova-
lently bound to MSN by thiolene click chemistry method and
showed highly effective antibacterial activity.*> RB-modified
MSN displayed high photostability and efficiency in the
photoproduction of singlet oxygen.*** PEG-modified RB-loaded
MSN exhibits about 10 times apoptosis efficiency than that of
free RB.*® Although great progress has been achieved in the
development of MSN-based nanoplatforms, several challenges
still exist in multifunctional MSNs as drug systems for clinic
application. First, the complexity of components in a single
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nanoparticle will bring a mutual interference between dyes and/
or nanoparticles, which reduces diagnostic and therapeutic
efficacy. Therefore, many studies are undergoing to design
various structures such as hollow, core/shell to control these
side-effects.**'”*® Second, the incorporation of multiple types of
drugs into one nanoparticle makes it difficult to obtain high
encapsulation efficiency for each drug. It could also influence
the drug release kinetic and release mode. Hence, various
methods have been developed including the doping of silica
with drugs during preparation and co-condensation of silica
source (e.g., organosilane).>”*° For example, the photosensitizer
porphyrin derivatives can be covalently encapsulated inside
MSN for photodynamic therapy.*® The porphyrin-MSN can also
load DOX in the pore of MSN for chemo/photodynamic
therapy.** Third, many methods involving multiple steps are
costly.”**?%3> Therefore, MSN-based nanoplatforms are still in
the early stage for applications.

As the emerging fluorescence nanomaterial, carbon dot (C-
dot) has unique properties, such as the tunable fluorescence
emission, chemical inertness and excellent biocompati-
bility.**** They are becoming widely used to facilitate the
construction of multifunctional medical nanomaterials.*****
However, due to their aggregation-induced luminescence
quenching property, the photoluminescence effect of C-dots
was seriously destroyed at the high concentrations of the C-
dots, leading to serious hindrance of their application in bio-
imaging.*> Hence, many materials have been used for disper-
sion and encapsulation of C-dots to avoid the undesirable
effects.***” For example, the fluorescent of carbon dot-MSNs
can be enhanced by Ag based on the metal-enhanced fluores-
cence effect.” In addition, highly luminescent organosilane-
functionalized C-dots were synthesized,*® which were demon-
strated to be used for Cu®>" detection.* Because the stability and
biocompatibility were greatly improved by silica-coating.***>>%->
C-dots@MSN nanoparticles have been developed for molecular
delivery, where C-dots on the surface of MSNs were used as cell
imaging agent, and the large pore volume of MSNs can load the
chemotherapeutic drugs for cancer therapy.*

In this study, a multifunctional nanoplatform based on
MSNs carrying C-dots and a photosensitiser rose bengal (RB)
designed for drug delivery, synergistic chemo/
photodynamic cancer therapy and inhibition of bacteria. This
nanoplatform consisted of two mesoporous layers with C-dots
and RB embedded in different layers, respectively. C-dots were
used for cell fluorescence imaging. RB was introduced to ach-
ieve the effective photodynamic therapy and fluorescence
imaging. The MSNs embedding C-dots systems maintained the
excellent fluorescence properties of C-dots, and benefited
further application of bioimaging and therapy. Meanwhile, the
epitaxial growth characteristic of the mesoporous silica shell on
MSNs avoided the mutual interference between C-dots and RB
to realize photodynamic therapy (PDT). Furthermore, DOX
loaded in the pore of MSNs for chemotherapy. The results
exhibited significantly increasing cancer therapy in human lung
cancer cell line NCI-H1299 (H1299) due to the synergistic
chemo/photodynamic effect. And this MSN@C-dots/RB multi-
function nanoplatform also showed good bacteria (E. coli)
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inhibition and thereby could achieve more effective therapeutic
effects in cancer therapy, since frequently the bacterial infection
contamination accompanying cancer progression can injure the
immune system and deteriorate cancers.>* Compared to other
nanoplatforms, our design had the advantages to avoid the
mutual interference between C-dots and RB, and guarantee an
economic strategy for synergistic effects on cancer therapy and
bacteria inhibition.

Experimental
Chemicals and materials

Sodium hydroxide (NaOH), citric acid, urea, rose bengal (RB),
tetraethylorthosilicate (TEOS), cetyltrimethylammonium chlo-
ride (CTAC), 1,3-diphenylisobenzofuran (DPBF), triethanol-
amine (TEA), dimethylformamide (DMF), and ethanol were
purchased from Sinopharm Chemical Reagent Co., China.
Hoechst 33342 and 1-octadecene were purchased from Sigma-
Aldrich (China). All the chemical reagents were of analytical
grade and used as received without further purification.

Synthesis of carbon dots

The C-dots were prepared by previous methods.*” In detail, citric
acid (1 g), urea (2 g) and DMF (10 mL) were added into a 20 mL
Teflon stainless steel autoclave and reacted at 160 °C for 6 h.
The obtained solution was mixed with NaOH (20 mL, 50 mg
mL "), and centrifuged at 16 000 rpm min~ " for 10 min. The
precipitate was redispersed in water, centrifuged. The freeze-
dried product C-dots were got.

Preparation of carbon dots embedded mesoporous silica
nanoparticles (MSN@C-dots)

MSN@C-dots nanoparticles were achieved by a modified micro-
emulsion method. C-dots were doped in the process of MSN@C-
dots nanoparticles preparation. The MSNs were prepared via an
oil-water biphase stratification approach by using cationic
surfactant CTAC as a template, TEOS as a silica source, TEA as
a catalyst and organic solvent 1-octadecene or cyclohexane as an
emulsion agent.** A typical synthesis of the carbon dots doped
mesoporous silica nanospheres (MSN@C-dots) was performed
as following. Firstly, CTAC solution (12 mL, 25 wt%), carbon
dots solution (2.5 mL, 1 mg mL™") and TEA (0.09 g) were
sequentially added to water (18 mL) and stirred mildly at 60 °C
for 1 h in a 50 mL round bottom flask, then TEOS solution in 1-
octadecene (10 mL, 20 v/v%) was slowly added to the water-
CTAC-TEA solution and kept at 60 °C in an oil bath under
a gentle magnetic stirring. Then the reaction was kept at
a constant temperature with continuous stirring for 12 h to
obtain the products. After that, the upper phase, 1-octadecene
solution was completely removed and the products were
collected by centrifugation and washed with ethanol for 4 times
to remove the residual reactants. Then, the collected products
were extracted with ammonium nitrate (NH,NO;) ethanol
solution (50 mL, 0.6 wt%) at 60 °C for 12 h to remove the
template, and centrifuged at 16 000 rpm min " for 10 min. The
precipitate was collected, dissolved in ethanol and centrifuged

This journal is © The Royal Society of Chemistry 2017
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twice, and then freeze-dried to get the brown products of
MSN@C-dots nanoparticles.

Preparation of MSN@C-dots/RB nanoparticles

The synthesis of the MSN@C-dots/RB was following with the
preparation of MSN@C-dots. At first, CTAC solution (12 mL, 25
wt%), carbon dots solution (2.5 mL, 1 mg mL ') and TEA (0.09
g) were sequentially added to water (18 mL) and stirred mildly at
60 °C for 1 h in a 50 mL round bottom flask, then TEOS solution
in 1-octadecene (10 mL, 20 v/v%) was slowly added to the water-
CTAC-TEA solution and kept at 60 °C in an oil bath under
a gentle magnetic stirring. Then the reaction was kept at
a constant temperature with continuous stirring for 12 h to
obtain the products. Then, the upper phase, 1-octadecene
solution was completely removed and the products were
collected by centrifugation and washed for several times with
ethanol to remove the residual reactants. Then, the collected
products, rose bengal solution (1 mL, 2 mM mL™ "), CTAC
solution (12 mL, 25 wt%) and TEA (0.09 g) were added to water
(18 mL) and stirred gently at 60 °C for 1 h in a 50 mL round
bottom flask. Then TEOS solution in cyclohexane (10 mL, 20 v/
v%) was slowly added and kept at 60 °C for another 12 h for the
growth of the RB embedded MSNs shell. The products were
collected by centrifugation and washed for several times with
ethanol to the residual reactants. Then, the collected products
were extracted with a 0.6 wt% ammonium nitrate (NH,NO3)
ethanol solution at 60 °C for 24 h to remove the template and
centrifuged at 16 000 rpm min " for 10 min. The precipitate was
collected, dissolved in ethanol and centrifuged twice, and then
freeze-dried to get the pink products of MSN@C-dots/RB
nanoparticles.

Measurement of the loading capacity of photosensitizer in
MSN@C-dots/RB nanoparticles

The content of RB doped in MSN@C-dots/RB nanoparticles was
determined by measuring the characteristic emission peak of
RB at 540 nm for the solution of MSN@C-dots/RB nanoparticles
(100 ug mL ™). The weight amount of RB embedded in MSN@C-
dots/RB nanoparticles could be calculated based on the stan-
dard curve derived from the emission spectra of the different
concentrations of pure RB solution. The loading capacity of RB
was calculated as follows: loading capacity (%) = (weight
amount of RB in MSN@C-dots/RB nanoparticles)/(weight
amount of MSN@C-dots/RB nanoparticles) x 100%.

Measurement of the release of photosensitizers from
MSN@C-dots/RB nanoparticles

Firstly, MSN@C-dots/RB nanoparticles (4.0 mg) were soaked in
PBS buffer (1 mL) with different pH (pH = 5.0, 6.0, 6.5, and 7.0)
under continuous stirring at 37 °C in darkness. After soaking for
72 h, the solution of MSN@C-dots/RB nanoparticles was
centrifuged at 16 000 rpm for 5 min. The corresponding
supernatant was then assessed to determine whether the
photosensitizers were released into solution by measuring their
emission spectra.

This journal is © The Royal Society of Chemistry 2017
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Singlet oxygen detection

A chemical probe 1,3-diphenylisobenzofuran (DPBF) was used
to confirm the 'O, generation by detecting its absorption
intensity at 415 nm via UV-Vis spectroscopy. In a typical
experiment, DPBF in ethanol (10 puL, 5 mM) was added to
ethanol/H,0O solution (50 v/v%) containing MSN@C-dots/RB
nanoparticles (3 mL, 0.1 mg mL ™). The solution was kept in
the dark and irradiated with a 540 nm lamp (300 mW c¢m ™ ?) for
10 min, and the absorption intensity of DPBF at 415 nm was
recorded every 1 min. In the control experiments, DPBF
absorption was recorded in MSN@C-dots nanoparticles coun-
terparts or in the absence of 540 nm irradiation under otherwise
identical conditions.

DOX loading and releasing

MSN@C-dots/RB nanoparticles (12 mg) was mixed with PBS (10
mL, pH 7.4) containing 5 mg of DOX. After stirring for 12 h in
the dark, the DOX loaded MSN@C-dots/RB nanoparticles were
collected by centrifugation. The samples were washed with PBS
for several times. The content of DOX was determined by
detecting the absorption spectra of supernatant and original
DOX solution at 482 nm. The DOX loading capacity and loading
efficiency were calculated as follows: DOX loading capacity
(wWt%) = (original DOX — DOX in supernatant)/(MSN@C-dots/
RB nanoparticles) x 100% and DOX loading efficiency (wt%)
= (original DOX-DOX in supernatant)/(original DOX) x 100%.
The DOX releasing experiments were carried out in PBS buffer
at different pH (pH 5.0, 6.0, and 7.0). MSN@C-dots/RB/DOX
nanoparticles (2.0 mg) were dispersed in PBS buffer (2 mL)
and then incubated at 37 °C with gentle shaking in darkness.
100 pL of supernatant was taken out after centrifugation at
specified time points to detect the absorption spectra at 482 nm.
The equal volume of fresh PBS buffer with different pH was
added to keep the total volume constant.

Cell culture and confocal laser scanning microscopy imaging

Human lung cancer cells (H1299) and human embryo lung
fibroblasts cells (HELF) cell lines were purchased from
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences, and were routinely maintained in RPMI-1640, sup-
plemented with 10% (v/v) heat-inactivated fatal calf serum
(FCS), penicillin (100 U mL "), and streptomycin (100 mg mL™ ")
at 37 °C under humidified air containing 5% CO,. H1299 cells
were seeded into culture plates and allowed to adhere for 24 h.
After washing with PBS, the cells were incubated in culture
medium containing MSN@C-dots/RB nanoparticles at 37 °C for
2 h under 5% CO, and then washed with PBS sufficiently to
remove excess nanoparticles. The cells were subsequently
incubated with Hoechst 33342 at RT for 10 min and washed
with PBS. The cell imaging was performed with a laser scanning
confocal fluorescence microscope (Leica SP5). The lumines-
cence signals were detected in the green channel (565-590 nm),
red channel (590-680 nm) and blue channel (450-490 nm),
respectively.
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Cell viability assay

H1299 cells at a density of 5 x 10* cells per milliliter were
placed in 96-well plates with a volume of 200 pL per well and
incubated overnight at 37 °C under 5% CO,. The culture
medium was carefully removed and the cells were incubated
with different concentrations of MSN@C-dots/RB nanoparticles
or MSN@C-dots/RB/DOX nanoparticles (0, 10, 30, 50, 80 and
100 pg mL™ ") diluted with fresh culture medium for 4 h. The
cells were incubated with fresh culture medium as the control.
The cells were then washed twice with sterile PBS before fresh
culture medium was added. For PDT experiment, the cells were
exposed to 540 nm irradiation with a power density of 300 mW
cm 2 for 5 min. Then the cells were cultured in 5% CO, at 37 °C
for additional 24 h. MTT was subsequently added to the cells
followed by incubation at 37 °C under 5% CO, for 4 h, and then
the culture medium was carefully discarded and replaced with
DMSO. The OD,q, value of each well was measured on a multi-
modal microplate reader (Synergy 4, BioTek). The following
formula was applied to calculate the percent inhibition rate of
cell growth: cell viability (%) = (mean of absorbance value of
treatment group/mean of absorbance value of control) x 100%.
Four replicates were run per nanoparticles dose in each cell
lines. The same protocol was utilized to determine the cyto-
toxicity of MSN@C-dots/RB nanoparticles to HELF cells, except
that the HELF cells were incubated with nanoparticles for 24 h
without PDT treatment.

Antimicrobial activity measurement of the MSN@C-dots/RB
nanoparticles

For ampicillin storage, the as-obtained MSN@C-dots/RB nano-
particles (20 mg) was mixed with 500 pL of ampicillin aqueous
solution (100 mg mL ™) under a magnetic stirring at 37 °C for
12 h in dark. The excess amount of ampicillin was removed by
centrifugation and washing with deionized water for several
times. The content of ampicillin was determined by detecting
the UV absorption spectra of supernatant and original ampi-
cillin solution at 263 nm. The Amp loading capacity and loading
efficiency were calculated as follows: Amp loading capacity
(wt%) = (original Amp — Amp in supernatant)/(MSN@C-dots/
RB nanoparticles) x 100% and Amp loading efficiency (wt%)
= (original Amp — Amp in supernatant)/(original Amp) x 100%.
Escherichia coli (E. coli, a kind of Gram-negative bacteria) was
used as model in our experiment. The E. coli was grown in LB
medium on a shaking incubator (170 rpm) at 37 °C overnight for
bacterial growth into exponential phase. Bacterial suspensions
diluted to 1 x 10* times was treated with different concentra-
tions of MSN@C-dots/RB or MSN@C-dots/RB/Amp with three
parallel samples for each group and exposed to 540 nm irradi-
ation with a power density of 300 mW ¢cm ™~ for 10 min. Then E.
coli was grown in LB medium on a shaking incubator (230 rpm)
at 37 °C for 20 h. 100 pL liquids was taken out from the flask at
predetermined time points and the values of the optical density
(OD) at 600 nm were record. For agar plate experiments, the
bacterial suspensions was diluted 10 times and incubated with
100 ug mL~" of MSN@C-dots/RB or MSN@C-dots/RB-Amp on
a shaking incubator (230 rpm) at 37 °C for 1 h. Then E. coli was
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exposed to 540 nm irradiation with a power density of 300 mW
cm ™2 for 10 min. 100 pL of the bacterial suspensions was spread
onto the agar plates and the agar plates were then inverted and
incubated at 37 °C for 12 h. Photographs of E. coli colonies
grown on the agar plates were obtained.

Structural and optical characterization

Transmission electron microscopy (TEM) measurements were
performed on a Tecnai F20 TEM equipped with the energy-
dispersive X-ray spectrum. The hydrodynamic diameter distri-
bution of MSN@C-dots nanoparticles and MSN@C-dots/RB
nanoparticles were determined by means of dynamic light
scattering (DLS) measurement (Nano ZS ZEN3600, Malvern). N,
sorption/desorption measurements were performed on
a Micromeritics ASAP2020M instrument at 77 K. UV-Vis
absorption spectra were measured with a Perkin-Elmer
Lambda 950 UV/Vis/NIR spectrometer. Emission spectra were
recorded on an Edinburgh Instrument FLS920 spectrofluo-
rometer equipped with both continuous (450 W) xenon and
pulsed flash lamps. Thermogravimetric analyses (TGA) was
determined by STA449C (NETZSCH). MTT assay was measured
on a multimodal microplate reader (Synergy 4, BioTek). The cell
imaging was performed with a Leica SP5 laser scanning
confocal fluorescence microscope.

Results and discussion
Characterization of the MSN@C-dots/RB nanoparticles

The MSN@C-dots/RB nanoparticles were prepared for cell
imaging, drug release, and photodynamic therapy, as shown in
the schematic illustration (Fig. 1). As shown in Fig. 1, C-dots,
MSN@C-dots, MSN@C-dots/RB and the drug loading
MSN@C-dots/RB nanoparticles were prepared sequentially. C-
dots were prepared using solvent-thermal method,* and the
average particle size was proved to be 3.9 &+ 0.8 nm (Fig. 2a and
d). With C-dots embedded in the mesoporous silica (MS)
matrix, MSN@C-dots nanoparticles had stable structure and
uniform spherical morphology with a diameter of about 79.1 +
2.7 nm (Fig. 2b and e), and the worm-like mesoporous channels
extending to the surface of the nanoparticles can be clearly
observed in the nanoparticles. The energy-dispersive X-ray
spectroscopy (EDX) of the MSN@C-dots nanoparticles showed

~
Green light

. P & @

—

.

Drug delivery
© carbondot I} Dru;s_
Fig.1 Illustration of the multifunctional nanoplatform based on MSNs.
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Fig. 2 TEM images of C-dots (a, d), MSN@C-dots nanoparticles (b, e)
and MSN@C-dots/RB nanoparticles (c, f).

that the content of carbon element in MSN@C-dots nano-
particles was significantly higher than the MSNs, demon-
strating success embedding of C-dots in the MSNs (Fig. S17).
According to thermogravimetric analysis (TGA), the content of
C-dots in the MSN@C-dots nanoparticles was quantified to be
0.41% (w/w) (Fig. S271). It should be noted that the uniform
morphologies of MSN@C-dots can not be obtained at the higher
doping concentration of C-dots (Fig. S31). In order to achieve
the PDT efficacy and more drug-loaded capacity, a mesoporous
silica shell was grown on MSN@C-dots nanoparticles for the
photosensitizer RB embedding and drug loading. Then, RB was
embedded in mesoporous silica shell by epitaxial growth of the
MS shell surrounding the MSN@C-dots and the MSN@C-dots/
RB nanoparticles were achieved. As shown in Fig. 2¢ and f,
the resulting MSN@C-dots/RB nanoparticles have the core-
shell structures, and their average size is 104.2 + 6.0 nm. In
comparison with MSN@C-dots nanoparticles, the hydrody-
namic diameter of MSN@C-dots/RB nanoparticles increased
from 78.8 nm to 105.7 nm (Fig. S47), owing to the mesoporous
silica shell was epitaxial grown on MSN@C-dots nanoparticles.
Compared with MSN@C-dots nanoparticles, thermogravimetric
analysis (TGA) of the MSN@C-dots/RB nanoparticles showed
more weight loss and different decomposition temperature,
because the RB embedded in MSN@C-dots/RB nanoparticles
(Fig. S27). The content of RB in the MSN@C-dots/RB nano-
particles was determined to be 0.54% (w/w). These results
suggest the mesoporous silica shell successfully epitaxial
growing on MSN@C-dots nanoparticles and RB successfully
embedding in the mesoporous silica shell.

The mesoporous structure of MSN@C-dots/RB nanoparticles
were further characterized by N, sorption technique. Fig. 3
showed the N, adsorption-desorption isotherms and the cor-
responding pore size distributions of MSN@C-dots nano-
particles and MSN@C-dots/RB nanoparticles. The MSNs exhibit
type IV isotherm, suggesting that the MSNs have mesoporous
structure."® After epitaxial growing of a mesoporous silica shell,
the N, adsorption amount of the nanoparticles achieved
a significant increase. The pore volume increased from 0.3329
cm® g " to 0.4003 cm® g~ ' and BET surface area increased from
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Fig. 3 N, adsorption—desorption isotherms and pore size distribution
curve (inset) of MSN@C-dots nanoparticles (a) and MSN@C-dots/RB
nanoparticles (b).

170.8866 m> g ' to 379.1326 m”> g ', respectively. In the
meantime, the mesopore average size increased from 2.0 to
3.0 nm. The increase in pore volume, surface area, and meso-
pore size indicated the potentially enhanced drug loading
capacity of MSN@C-dots/RB nanoparticles compared with
MSN@C-dots nanoparticles.

Optical properties and loading capacity of the MSN@C-dots/
RB nanoparticles

The optical properties of the as-prepared nanoparticles had
been further explored. As shown in Fig. 4a, MSN@C-dots
nanoparticles showed distinct excitation-independent photo-
luminescence property, which was similar to the pure C-dots
and indicated the C-dots were homogeneously embedded in
the MSN@C-dots.”® The fluorescence emission of C-dots may be
surface-state emission, where the bandgap is affected by the
particle size and surface properties of C-dots*>*® After epitaxial
growing a mesoporous silica shell on MSN@C-dots nano-
particles, MSN@C-dots/RB nanoparticles show a broad emis-
sion band ranged from 570 nm to 660 nm, and RB emission
peak and intensity was nearly unchanged (Fig. 4b), which
indicated the interaction between C-dots and RB was relatively
weak.

In order to evaluate the RB loading capability and the
stability of MSN@C-dots/RB nanoparticles, we performed
a loading and release study of the RB in MSN@C-dots/RB
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Fig. 4 (a) The emission spectra of MSN@C-dots nanoparticles under
different excitation. (b) The emission spectra of RB (black line),
MSN@C-dots nanoparticles (red line) and MSN@C-dots/RB nano-
particles (blue line). The insets (from left to right) show photographs of
MSNs, MSN@C-dots nanoparticles and MSN@C-dots/RB nano-
particles dispersed in agueous solution.

nanoparticles. From the PL spectrum of MSN@C-dots/RB
nanoparticles soaked in phosphate-buffered saline (PBS,
0.25 mg mL ") (Fig. S51), the content of RB in the MSN@C-dots/
RB nanoparticles was quantified to be 0.52% (w/w), which is
consistent with the TGA result. Moreover, it was found that
a negligibly low content of RB was released from MSN@C-dots/
RB nanoparticles even for 72 h soaked in PBS buffer with
varying pH (5.0, 6.0, 6.5, 7.0) (Fig. S61), which verifies the high
stability of the MSN@C-dots/RB nanoparticles. The cytotoxicity
of MSN@C-dots/RB nanoparticles was measured on human
embryo lung fibroblast cell line (HELF) by using a MTT assay.
The cell viability was determined to be higher than 90% even at
a high concentration of 100 pg mL™' for MSN@C-dots/RB
nanoparticles (Fig. S71). The high cell viability infers that
MSN@C-dots/RB is biocompatible and nearly nontoxic to cells.

Then, the drug loading and delivery capability of MSN@C-
dots/RB nanoparticles was demonstrated by the pH-
dependent DOX release. From the UV-Vis spectra of the DOX
solution (Fig. S87), the content of DOX loading in the MSN@C-
dots/RB nanoparticles was quantified to be 34.4% (w/w) and the
loading efficiency of DOX was 82.6%. Notably, MSN@C-dots/RB
nanoparticles have ultralow drug cumulative release amount at
neutral condition, exhibiting a low value of about 17.9% over
the course of 24 h. A substantial increase of drug release rate
was observed in acidic solutions, the cumulative release of
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MSN®@C-dot/RB nanoparticles reached about 50.5% at pH 5.0
over the course of 24 h (Fig. S9t). Due to acidic extracellular
microenvironment around tumour, the above pH-dependent
release properties of MSN@C-dots/RB nanoparticles were
favorable for increasing the cancer therapy efficacy and
reducing the side effects.

In vitro anticancer effect and cell imaging of the MSN@C-
dots/RB nanoparticles

To explore the PDT effect of MSN@C-dots/RB nanoparticles, the
production of 'O, in MSN@C-dots/RB nanoparticles was firstly
detected by measuring the bleaching of 1,3-diphenylisobenzo-
furan (DPBF), whose absorbance at 415 nm would be dimin-
ished in the presence of 'O,. As shown in Fig. 5a, the
absorbance of DPBF remained nearly unchanged in the control
experiments (MSN@C-dots nanoparticles with light irradiation
or MSN@C-dots/RB nanoparticles without light irradiation),
indicating the absence of 'O, production. By contrast, the
absorbance of DPBF incubated with MSN@C-dots/RB nano-
particles decreased exponentially with the time under 540 nm
light irradiation at a power of 300 mW cm > and decreased
approximately 70% in 10 min, indicating a high "0, production.

a) R e r—— —— b) I MSN@C-dots/RB without light
. R G s < B MSN@C-dots/RB
sl- \\\ [ MSN@C-dots/RB/DOX without light
RN B MSN@C-dots/RB/DOX
~ 100

a
3

T
~J- MSN@C-dots/RB 100 ug/mL T
20| “O-RB 0.5 M
/- MSN@C-dots 100 ug/mL
- MSN@C-dots/RB without light

Abs. at415 nm
/
/
Cell viability (%

»
]

0 2 4 6 8 10 0 10 30 50 80 100
Time / min Concentration / ug mL"

Control

50 ug/mL x

100 pg/mL

Fig. 5 (a) Time-dependent bleaching of DPBF caused by O, gener-
ation in the presence of MSN@C-dots/RB nanoparticles under 540 nm
light irradiation. All the absorbances were normalized at the zero point
of irradiation time. (b) The cell viability of H1299 cells treated with
different concentrations of MSN@C-dots/RB nanoparticles and
MSN@C-dots/RB/DOX nanoparticles with or without green light irra-
diation. (c) The corresponding microscopic images of H1299 cells
treated with different concentrations of MSN@C-dots/RB nano-
particles under green light irradiation.
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These results unambiguously demonstrated that the generation
of 'O, was triggered by MSN@C-dots/RB nanoparticles upon
green light excitation. Notably, compared with the same
amount of RB solution, 'O, production of MSN@C-dots/RB
nanoparticles was about 1.4 times higher under light irradia-
tion (Fig. 5a). The excellent 'O, production efficiency of the
MSN®@C-dots/RB nanoparticles is due to the mesoporous silica
matrix can effectively inhibit the self-aggregation of RB and the
core/shell structure decrease the interaction of excited RB and
C-dots.

In this study, in vitro cytotoxicity of the MSN@C-dots/RB
nanoparticles to cancer cells H1299 using a MTT assay was
investigated to evaluate PDT efficiency of this MSNs based
nanoplatform. As shown in Fig. 5b, upon 540 nm light irradi-
ation at a relatively low power of 300 mW cm > for 5 min,
a significant reduction in cell viability was observed for H1299
cells incubated with MSN@C-dots/RB nanoparticles, in stark
contrast to those incubated with MSN@C-dots/RB nano-
particles without light irradiation. The corresponding micro-
scopic images of H1299 cells clearly showed the remarkable
changes of cell morphology and an increased cell death with the
increasing concentration of MSN@C-dots/RB nanoparticles
(Fig. 5¢), which were consistent with the results of cell viability
acquired from MTT assays.

To investigate the synergistic effects of PDT with chemo-
therapy, three control groups (MSN@C-dots/DOX, MSN@C-
dots/RB/DOX without light irradiation, MSN@C-dots/RB with
light irradiation) were carried out to treat with H1299 cells,
followed by the MTT assay test. The mono-therapy groups,
MSN@C-dots/DOX and MSN@C-dots/RB/DOX without light
irradiation, exhibited moderate cytotoxicity to H1299 cells
(Fig. s101 and 5b). In addition, the trend of the reduction that
H1299 cells incubated with MSN@C-dots/RB/DOX nano-
particles without light irradiation was relatively faster than
MSN@C-dots/DOX group, illustrating the high DOX loading
capacity of MSN@C-dots/RB nanocomposites (Fig. S107).
Furthermore, by employing the combined therapy group
(MSN@C-dot/RB/DOX with light irradiation), the greatest
reduction in cell viability was observed. Specifically, only 6.8%
cell viability of H1299 cells was tested at the concentration of 30
ug mL~' MSN@C-dot/RB/DOX nanoparticles (Fig. 5b). The
combined therapy group exhibited a remarkably improved
therapy relative to that of single chemotherapy or PDT group.
These results confirm the high therapeutic efficacy of MSN@C-
dot/RB/DOX nanoparticles in vitro, and thus show great promise
of developing MSN@C-dot/RB/DOX nanoparticles as an effi-
cient anticancer agent in biological or clinical applications.

Besides chemo/photodynamic therapy, the MSN@C-dots/RB
nanoparticles could be also used for cancer cell imaging by
utilizing their intense photoluminescence. After incubation
with H1299 cells, the red emission of C-dots from the MSN@C-
dots/RB nanoparticles was clearly visualized in the cytoplasm
upon 540 nm light irradiation (Fig. 6 a). These results show that
the MSNs-based nanoplatform may serve as a fluorescence
imaging agent for imaging-guided synergistic chemotherapy
and PDT therapy, where the photoluminescence of the C-dots
can be used to monitor cancer cells, the photosensitizer can
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RB green
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Fig. 6 Confocal microscopy images of H1299 cells incubated with
MSN@C-dots/RB nanoparticles for 2 h at 37 °C. (a) The C-dots red
emission image of MSN@C-dots/RB nanoparticles (Aen = 590-
680 nm, Aex = 552 nm), (b) the RB green emission image of MSN@C-
dots/RB nanopatrticles (Aem = 565-590 nm, Aex = 552 nm) and (c) the
Hochest blue emission image MSN@C-dots/RB nanoparticles (dem =
450-490 nm, Aex = 405 nm). (d) The overlay image of (a)—(c).

be used to generate 'O, for photodynamic therapy, and the
mesoporous structure can be utilized to loading drugs for
chemotherapy.

Antimicrobial activity of the MSN@C-dots/RB nanoparticles

Since frequently the bacterial infection contamination accom-
panying cancer progression can injure the immune system and
deteriorate cancers, bacterial inhibition ability of MSN@C-dots/
RB nanoparticles also had been investigated. To explore the
bacterial inhibitory effect, we researched E. coli growth kinetics
in liquid Luria-Bertani (LB) media by measuring the optical
density (OD) at 600 nm of the bacterial suspensions. Fig. 7a
illustrated the values of the ODgy, that E. coli treated with
different concentrations of MSN@C-dots/RB nanoparticles with
green light irradiation at different incubation times. With
increasing the concentrations of MSN@C-dots/RB nano-
particles, the growth of E. coli was progressively inhibited,
which indicated MSN@C-dots/RB nanoparticles have a dose-
dependent manner at bacterial inhibiting. When the concen-
tration of MSN@C-dots/RB nanoparticles reached to 100 pg
mL ™", the bacterial growth of E. coli was delayed about 12 h
under green light irradiation. To further explore MSN@C-dots/
RB nanoparticles as a nanocarrier's platform, the effect of
MSN@C-dots/RB nanoparticles was investigated by loading an
antibacterial agent of ampicillin (Amp) in MSN@C-dots/RB
nanoparticles (loading capacity: 18.3% (w/w), loading effi-
ciency: 29.3%, Fig. S111). The antibacterial effect of such plat-
form (MSN@C-dots/RB/Amp) without light irradiation were
firstly investigated. As shown in Fig. S12,1 the growth of E. coli
was gradually suppressed with increasing MSN@C-dots/RB/
Amp concentration, illustrating the antibacterial effect of
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Fig. 7 (a) The growth curve of E. coli treated with different concen-
trations of MSN@C-dots/RB under green light irradiation. (b) The
growth curve of E. coli treated with different concentrations of
MSN@C-dots/RB-Amp under green light irradiation. (c) The photo-
graphs of E. coli colonies formed on LB-agar plates after treatments
with MSN@C-dots/RB nanoparticles. From left to right: control,
MSN@C-dots/RB without light irradiation, MSN@C-dots/RB with light
irradiation and MSN@C-dots/RB/Amp with light irradiation.

Amp. In comparison, MSN@C-dots/RB/Amp with light irradia-
tion group exhibited more remarkable inhibitory effect, and the
growth of E. coli was significantly suppressed with otherwise
identical conditions (Fig. 7b). When the concentration of
MSN@C-dots/RB/Amp nanoparticles reached to 100 pg mL ™",
the E. coli were almost completely killed. These results reveal
great potential of the MSN@C-dot/RB/Amp nanoparticles as an
dual-mole antibacterial agents for antimicrobial treatment.
The agar plate experiments of E. coli were also evaluated the
antibacterial effect of MSN@C-dots/RB nanoparticles. The
concentration of MSN@C-dots/RB nanoparticles was 100 pg
mL ", The photos of bacterial colonies clearly displayed on the
corresponding agar plates and indicated the differences in
bacterial inhibiting effects (Fig. 7c). Compared with the control
plate, the E. coli incubated with MSN@C-dots/RB nanoparticles
without light irradiation showed little difference in the number
of E. coli colonies indicating MSN@C-dots/RB nanoparticles
cannot inhibit bacteria by themselves. In contrast, the number
of E. coli colonies showed significant reduction under green
light irradiation, which confirmed the antibacterial effect of
MSN@C-dots/RB nanoparticles was obtained by the generation
of 'O, under light irradiation (Fig. 7c). For the E. coli treated
with MSN@C-dots/RB/Amp nanoparticles under the green light
irradiation, there was no visible bacterial colonies lawn on the
plate suggesting the complete inhibiting effect at 100 pg mL ™.
These results demonstrated MSN@C-dots/RB nanoparticles
could effectively inhibit the growth of E. coli under light irra-
diation and hold great potential in the bacteria inhibiting field.

Conclusions

In summary, we have developed a general strategy to fabricate
a multifunctional nanoplatform MSN@C-dots/RB, in which
carbon dots embedded in MSNs core, photosensitizers RB
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doped in mesoporous silica shell and the drugs loaded in
mesoporous silica channel. Core/shell structure of MSNs has
been smartly designed to prevent the self-aggregation of carbon
dots and photosensitizers, avoid the mutual interference
between them, and increase the loading capacity of drugs. All of
these advantages are critical for improving cancer therapy effi-
cacy than that of single chemotherapy or PDT group. In
particular, compared with the pure RB, 1.4 times higher 'O,
production has been achieved in our multifunctional nano-
platform upon 10 min light irradiation. And the enhanced
anticancer efficacy has been obtained by the combined chemo/
photodynamic therapy. More than 90% reduction in cell
viability has been achieved at the concentration of 30 pg mL ™!
MSN@C-dot/RB/DOX nanoparticles under light irradiation.
Moreover, by taking advantages of the red PL of the carbon dots
embedded in MSN@C-dots/RB, we have demonstrated their
potential as a nanoplatform for imaging-guided chemo/
photodynamic therapy. Finally, we have shown the high effi-
cacy of the MSN@C-dots/RB for the inhibition of bacteria.
Therefore, the MSN@C-dots/RB nanoparticles are a promising
multifunctional nanoplatform for enhancing the therapeutic
efficiency in medicine therapy.
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