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ABSTRACT Tumor site-directed multifunctional therapeutic platforms such as
photothermochemotherapy that respond to tumor-focused physical and biological
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stimuli are highly demanded for effective cancer therapy. Herein, targeting 5 ‘ o S IR“ ‘lpH
peptide-conjugated core—shell graphitic carbon@silica nanospheres with dual- P —— \f\ e Baer /-,:—: X
ordered mesopores (MMPS) were successfully fabricated and developed as e MMPSD ;fj_--_{ /&!/
antitumoral doxorubicin (DOX) delivery system (MMPSD) for synergistic targeted o Targeted dalivary l off o e L// :

photothermal chemotherapy of breast cancer. The hydrophilic mesoporous silica

shell guarantees good water dispersity of MMPSD. The hydrophobic graphitic mesoporous carbon core provides excellent hydrophobic drug loading,
immediate contact between the drug and photothermal hotspots, and high NIR photothermal conversion efficiency. SP13 peptide facilitates MMPSD for
targeted and enhanced delivery of DOX within HER2-positive SK-BR-3 breast cancer cells, while PEGylation ensures biocompatibility. Thus, the MMPSD
system exhibited efficient drug loading capacity, high targeting ability, sensitive NIR/pH-responsive DOX release, sustained release, and excellent combined

antitumor activity.
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ultifunctional photothermal chemo-
Mtherapeutic platforms have received

considerable attention in recent
years since they can drastically overcome
or reduce multidrug resistance, increase
drug accumulation within targeted tumor,
improve the anticancer therapeutic effect,
and minimize the invasive damage to normal
tissues." ™ sp-Hybridized carbon nanoma-
terials including fullerene, carbon nanotubes,
and graphene have been widely exploited
for chemotherapy or photothermal cancer
therapy due to their unique physiochemical
properties (e.g., NIR absorption for photo-
thermal heating and z—s interaction for
drug loading).>~'" However, pristine carbon
nanomaterials have two obvious disadvan-
tages: (1) easy aggregation and low biocom-
patibility caused by high hydrophobicity;'?
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(2) limited and unstable drug loading by
mere surface adsorption.'”> To overcome
these disadvantages, some improvements
including oxidization or surface mesoporous
coating have been induced to the pristine
carbon nanomaterials.”>~'> Unfortunately,
the destroyed sp-hybridized network caused
by oxidation was not beneficial for NIR
photothermal conversion. What's worse is
that oxidation may create toxic impurities
and increase the generation of reactive oxy-
gen species (ROS), inducing cell oxidative
stress.'>1%718 Although surface mesoporous
silica coating was a more effective improve-
ment to the biocompatibility, drug loading,
and post modification,”*'? limited drug
amounts can only be stored in the mesopor-
ous silica coating and not be immediately con-
tacted with the hotspots (graphitic carbon),
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which was still not beneficial for the requirement of
high dosage and NIR-mediated drug release.’® %2 In
our previous work, template semigraphitized meso-
porous silica (TsGMS) was used to directly contact the
drug for combined photothermochemotherapy.?®
However, the high-temperature calcination for the
semigraphitization depressed the hydrophilicity and
further functionalization of mesoporous silica. Also,
the amount of hotspots in TsGMS was limited, which
resulted in a relatively lower photothermal conversion
effect.?® Recently, mesoporous carbon nanoparticles
(MCN), as three-dimensional carbon materials, present
an encouraging class of potential drug vehicles for
cancer therapy attributed to their well-defined meso-
porosity, large surface area, and high pore volume.?**
After graphitization under high temperature, graphitic
MCN are more advantageous in some aspects com-
pared to their counterpart carbon nanomaterials or
even the extensively explored mesoporous silica
nanoparticles (MSN). For example, (1) the mesopores
with an sp>-hybridized framework are favorable due
to their high drug loading capacity, (2) the graphitic
pore walls would possible be photothermal conversion
hotspots for NIR-mediated photothermotherapy, and
(3) the multiple-controlled drug release performances
can also be easily achieved due to the immediate
contact between the drug and the hotspots at the
graphitic pore walls. However, very few studies con-
cerning graphitic MCN for photothermal combined
chemotherapy have been reported so far mainly due
to the great technical challenges in simultaneously
keeping the graphitization of the framework without
oxidation, the orderliness of mesopores, the hydrophi-
licity, and the low toxicity of the nanosphere surfaces.

Recently, the combination of physically and biologi-
cally targeted drug delivery is one of the research
directions for the treatment of tumors,® among which
breast cancer is considered as the most common
malignancy and the second main cause of cancer
deaths in women today.?” Especially, human epithelial
growth factor receptor 2 (HER2) overexpressed breast
cancer is reported to be particularly malignant.?®
Therefore, targeted drug delivery to HER2-positive
breast cancer cells is of great importance for the
therapy. A new peptide obtained via phage display
technology exhibits excellent selectivity to HER2-
positive human mammary carcinoma cells (SK-BR-3).%°
On one hand, this peptide, designated as SP13 in this
work, was exploited as the biological targeting ligand
for breast cancer. On the other hand, breast cancer is a
kind of tumor that is well suited for NIR-induced photo-
thermal therapy.

Herein, taking advantage of both biocompatible
mesoporous silica and pristine mesoporous carbon, a
peptide-conjugated core—shell graphitic carbon@silica
nanosphere with dual-ordered mesopores, mesoporous
carbon nanosphere@mesoporous silica-polyethylene
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Scheme 1. Schematic representation of the sturcture of
MMPSD and its application in NIR/pH-triggered, synergistic
targeted photothermal chemotherapy.
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Figure 1. TEM and HRTEM (insets) images of MCN (A),
MCN@MS (B), and HMS (C), respectively. SAXS patterns (D)
and Raman spectra (E) of MCN (black), MCN@MS (red), and
HMS (blue).

glycol-SP13 (MMPS), was successfully fabricated. Its
doxorubicin (DOX)-loaded form (MMPSD) could be
applied for NIR/pH-responsive sustained-release and
synergized targeted photothermal chemotherapy of
breast cancer. A detailed illustration is shown in Scheme 1.

RESULTS AND DISCUSSION

Synthesis and Characterization of Different Vectors. MCN
with an average diameter of ~90 nm (Figure S1) were
synthesized according to a reported protocol with
some modifications (Experimental Section (ES)).>°
Transmission electron microscopy (TEM) results
showed that ordered mesopores were fitly dis-
tributed in spherical MCN, and the pore size was
measured to be 3.8 nm (Figure 1A and S2A). Energy
dispersive X-ray spectroscopy (EDX) analysis revealed
that MCN were highly pure carbon with very little
oxygen doping (Figure S3). The small-angle X-ray
scattering (SAXS) pattern of MCN exhibited two re-
solved scattering peaks at g values of 0.73 and 1.27 nm,
respectively (Figure 1D), which can be indexed as the
typical (110) and (210) reflections of a highly ordered
body-centered cubic /m3m mesostructure with a
unit cell parameter (ag) of 12.2 nm (Table S1). The N,
adsorption—desorption isotherm and corresponding
pore diameter distribution curve revealed that the
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Figure 2. TEM image (A) and EDX mapping (B) of individual MCN@MS, XRD pattern of MCN@MS (C), and TEM image of an

individual HMS (D).

MCN had a Brunauer—Emmett—Teller (BET) surface area
of 864 m? g~ ', a large pore volume of 094 cm*® g™, and
a narrow pore size distribution centered at 3.8 nm
(consistent with the TEM measurement) (Figure S4).
The graphitization of MCN was proved by the Raman
spectrum (Figure 1E), which gave obvious signals similar
to the symmetry A;4 mode and E,4 mode of graphitic
carbon atoms at 1330 cm™' (D-band), 1580 cm™’
(G-band), and 2700 cm™' (2D-band), respectively.’’
To synthesize core—shell graphitic carbon@silica nano-
spheres with dual-ordered mesopores (mesoporous
carbon nanosphere@mesoporous silica, MCN@MS), an
ordered mesoporous silica layer was uniformly coated
on MCN by a surfactant (CTAB)-assisted approach (ES).
The SAXS pattern of MCN@MS exhibited an additional
scattering peak at a g value of 1.29 nm as compared
to that of MCN (Figure 1D), proving the emergence
of hexagonal P6mm mesostructure with a unit cell
parameter (ao) of 5.6 nm, while the IR spectrum also
gave clear additional signals of amido-silica (Figure S6B).
The scanning electron micrograph (SEM) image showed
MCN@MS remained as nanospheres with a much larger
diameter (~150 nm) than that of the MCN (Figure S1).
TEM results of MCN@MS demonstrated that an ordered
mesoporous layer with a pore size of 2.9 nm and
thickness of 30 nm was well coated on the MCN and
the core—shell structure can be clearly observed
(Figures 1B, 2A, and S2B). It is of much interest that the
mesoporous channels in the shell were almost vertical
to the core surfaces (Figure 2A), which ensures the
effective connection of the two kinds of ordered meso-
pores and also convenient mass transport between
the core and shell. EDX analysis also accounted for the
carbon-silica composite (Figure S3), and EDX mapping
further validated the carbon@silica core—shell structure
(Figure 2B). The similar Raman spectrum between the
MCN and MCN@MS suggested that the graphitized
structures were well retained during the coating process
(Figure 1E). This can also be supported by the X-ray
diffraction (XRD) pattern of MCN@MS (Figure 2Q). It
exhibited two resolved diffraction peaks at 26 values
of 22.5° and 43.6°, respectively, which can be indexed as
the typical (002) and (100) reflections of graphitic carbon
similar to the reduced graphene.3>** As compared to
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that of MCN, the N, adsorption—desorption isotherm
revealed that MCN@MS had a BET surface area of
518 m? g~' and pore volume of 0.71 cm® g~', while
the pore diameter distribution curve of MCN@MS ex-
hibited an additional pore at 2.9 nm, attributed to
the ordered mesoporous silica coating (Figure S4 and
Table S1). The structure of core—shell nanospheres with
dual-ordered mesopores was further evidenced by the
calcination test (ES), which indicated that highly pure
hollow mesoporous silica nanospheres (HMS) with an
average diameter of ~125 nm could be obtained by
combustion removal of MCN from MCN@MS (Figure 1
and Figures S1—S3). Notably, the smaller size of HMS as
compared to MCN@MS was attributed to the shrinkage
of the shell and pore under high-temperature calcina-
tion (Figure 2D). The content of MCN in MCN@MS was
then calculated to be about 48.4 wt % by the thermo-
gravimetric analysis (TGA) (Figure S5).

Due to the amido-mesoporous silica coating,
MCN@MS can be easily modified with hydrophilic poly-
ethylene glycol (PEG) to give MCN@MS-PEG (MMP) and
then further conjugated with the targeting ligand
SP13, obtaining MMPS (ES and Scheme 1). The success-
ful PEGylation and SP13 modification were proven by
FT-IR spectra (Figure S6) and zeta () potential analysis
(Figure S7).

Water Dispersity and Hemolysis. The water dispersity
measurement showed that both the mesoporous silica
coating and the postmodification of PEG/SP13 resulted
in increased water dispersity (Figure S7). For example,
MMP, MMPS, and MMPSD solution did not apparently
deposit until 180 h at the concentration of 50 ug/mL,
which might be attributed to the hydrophilic modifica-
tion with proper PEG densities.>* The dynamic
light scattering (DLS) curve showed that the MMPSD
solution had a typical particle size of about 173 nm
(Figure S8), only a little larger than that measured by
TEM for MCN@MS (Figure S1B). This might be due
to the PEG/SP13 modification and hydrophilization.*®
This phenomenon further confirmed the good water
dispersity of MMPSD. Hemolytic tests indicated
that the mesoporsous silica coating can significantly
reduce the hemolysis to less than 5% even at a high
concentration (1000 ug/mL) as compared with the

A N N S
VOL.8 = NO.8 = 7870-7879 = 2014 K@L%{\j

WWwWW.acsnano.org

7872



904 4.5 Wicm?2
Le-3.75 Wicm2
] 2
2) = 3.0 Wicm
< 704
=
3
E 60
2 50
£
)
= 40
30
0 1 2 3 4 5
Time (min)
4 Initial DOX solution
——DOX solution after MMPS loading
Unloaded DOX solution

2

[

<

E]

=

450 600
Wavelength (nm)

300

90_—;-—100 ug/ml
—a—75 pug/ml
801-e- 50 ug/ml
—=— 25 pg/ml

[ - T |
o o o

Temperature ('C)

40-

30+

0 1 2 3 4 5
Time (min)

|— DOX

|— DOX+HMS
|— DOX+MCN@M
|— DOX+MCN

Intensity (a.u.)

600

560
Wavelenth (nm)

520

Figure 3. Photothermal heating curves of MMPS solution at various power intensities with an MCN@MS concentration of
50 ug/mL (A) and at various MCN@MS concentrations with a power intensity of 3.75 W/cm? (B). UV—vis spectra of DOX
solution before and after loading into MMPS (diluted 5 times) (C). Fluorescence spectra of DOX solutions after different vector
loadings. In these solutions, the initial DOX and vector concentrations were the same (D).

uncoated counterpart (Figure S9). The result ac-
counted for the good biocompatibility of the core—
shell nanoparticles.

Photothemal Heating Effect. The prepared materials
exhibited strong NIR absorption at 808 nm and high
NIR photothermal heating efficiency (Figure S10).
As compared with the other two important high
hydrophilic drug vectors such as MSN and oxidized
mesoporous carbon nanoparticles (OMCN), MCN@MS
exhibited much higher NIR absorption at 808 nm at the
same concentration due to the absence of hotspots
in MSN and the breakage of the graphitic frame-
work in OMCN during the hydrophilization treatment
(oxidization) (Figure $11A).'%2% Therefore, MCN@MS
showed faster temperature elevation with the increase
of irradiation time than OMCN at the same MCN
concentration (Figure S11B), while MSN cannot be
used for photothermal heating. Furthermore, the coat-
ing and postmodification also resulted in an increased
NIR absorption and photothermal heating efficiency
due to the enhanced dispersity (Figure S10). For ex-
ample, when irradiated by an 808 nm NIR laser at a
power intensity of 3.75 W/cm? the MMPS solution
temperature exceeded the biological cell photoabla-
tion limit of 50 °C within 1 min at the concentration
of 50 ug/mL (Figure 3A). Moreover, MMPS exhibited
a laser power intensity-dependent (Figure 3A) and
concentration-dependent photothermal heating ef-
fect (Figure 3B and Table S2). These properties of
MMPS will be beneficial for controllable photothermal
therapy.
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Drug Location. The hydrophobic core—hydrophilic
shell structure with dual-ordered mesopores of MMPS
is very suitable for the loading and release of hydro-
phobic drug molecules due to special interactions such
as supramolecular s-stacking, van der Waals forces, and
pore adsorption.3® These interactions endow MMPS
with high drug loading capacity (1.97 + 0.28 mg/mg),
with an entrapment efficiency of ~79% for aromatic
DOX molecules, which was higher than those of un-
coated MCN (1.60 £ 0.22 mg/mg) and OMCN (0.99 +
0.25 mg/mg) (Table S2). The increased capacities might
be attributed to the maintained graphitic s-structure
and the elevated pore adsorption after mesoporous
silica coating. UV—vis spectra showed that the intensity
of characteristic absorption peaks of DOX markedly
decreased in the solution after loading in MMPS, in-
dicating that most DOX molecules were directly clus-
tered into the dual-ordered mesopores (Figure 3C).
Fluorescence spectra of different solutions that con-
tained the same DOX and vector concentrations were
used to investigate the location of DOX in MMPS
(Figure 3D). The fluorescence intensity of the DOX
solution after MCN loading (DOX+MCN) was much
lower than that of pure DOX solution, while the inten-
sity of DOX+HMS almost remained the same. This
might be attributed to the fact that MCN, but not
HMS, can cause fluorescence quenching by z-stacking
of aromatic DOX molecules on graphitic carbon.’
For DOX+MCN@MS, its fluorescence intensity was
also much lower than that of DOX or DOX+HMS, but
a little higher than that of DOX+MCN. Therefore, it
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Figure 4. (A) Cumulative DOX release profiles from MMPSD under different pH values with or without 3.75 W/cm? NIR
irradiation. Data are expressed as mean £ SEM (n = 3). (B—E) pH-stimulated release of DOX in SK-BR-3 cells. Cells were treated
with MMPSD with an MCN@MS concentration of 50 xg/mL without (B, D) and with (C, E) pretreatment with bafilomycin A1.
B and C are the corresponding bright field images of D and E. Red: DOX. Bar = 20 um.

can be concluded that most of the adsorbed DOX
molecules were loaded in the graphitic MCN cores
by the hydrophobic interaction between DOX and
graphitic carbon,'’ and also a few DOX molecules
may be loaded in the mesoporous silica shell or ad-
sorbed on the surface of MCN@MS by electrostatic
interaction.3®

Drug Release. As shown in Figure 4A, MMPSD exhib-
ited desirable pH-dependent and NIR-mediated re-
lease behavior. The immediate contact between DOX
molecules and hotspots facilitated the NIR-stimulated
release. The enhanced release in low pH could be
attributed to the reduced hydrophobic 7— interac-
tion between DOX and graphitic cores and decreased
electrostatic interaction between DOX and the silica
shells.?>2* The responsive release behavior is favorable
for cancer therapy because of the acidic cancer/cell
microenvironment and convenient NIR implementa-
tion. Moreover, owing to the prolonged and narrowed
drug release channels after coating, MMPSD exhibited a
slower drug release rate as compared to the uncoated
MCN or OMCN (Figure S12). This property, together
with the high drug loading capacity, would meet the
demand of sustained release. The pH-stimulated re-
lease of DOX from MMPSD was further confirmed with
SK-BR-3 cells. Bafilomycin A1 is a widely used inhibitor
of the vacuolar type H*-ATPase (V-ATPase) and thereby
efficiently prevents the acidification of lysosomes and
increases the intralysosomal pH from ~5.3 to ~6.3.394°
As shown in Figure 4B—E, the pretreatment of bafilo-
mycin A1 decreased the DOX fluorescent signal in most
cells, indicating the pH-responsive release of DOX from
MMPSD.

Targeted Delivery. Further studies were performed to
verify the targeted delivery effect and also explore the
preliminary mechanism of the drug delivery systems.
Here, SK-BR-3 cells, known to have high expression
of cell surface HER2 oncoprotein, were used as model
cells, and nontumorigenic MCF-10A breast epithelial
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Figure 5. Cellular uptake of MMPD (without the SP13
ligand) and MMPSD (with the SP13 ligand) with an MCN@MS$S
concentration of 50 ug/mL. The incubation time was
15 min (A—H) and 30 min (I-P), respectively. (A—D)
MCF-10A cells, (E—P) SK-BR-3 cells, and (M—P) treated
with competitive free SP13 peptide. A, B, E, and F are
the corresponding bright-field images of C, D, G, and H. |,
J, M, and N are the corresponding nucleus-stained images
of K, L, O, and P. Blue: DAPI-stained nuclei; red: DOX.
Bar =50 um.

cells, which have no significant HER2 expression, were
used as control cells.*' As shown in Figure 5, SP13-
modified MMPSD exhibited markedly higher ability
to deliver DOX to HER2-overexpressing SK-BR-3 cells
than unmodified MMPD (Figure 5E—L). Both MMPD and
MMPSD did not show apparent DOX delivery in MCF-
10A cells (Figure 5A—D). These results demonstrated
the targeting ability of SP13 to assist drug delivery
systems to HER2-positive breast cancer cells. Moreover,
the addition of a large amount of competing SP13
(Figure 5M—P) significantly inhibited the DOX uptake
of SP13-modified MMPSD in SK-BR-3 cells (Figure 5P
vs L), but had no apparent impact on that of MMPD
(Figure 50 vs K). This is the typical phenomenon of
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Figure 6. Evaluation of photothermal chemotherapeutic effect in SK-BR-3 cells. (A—L) Live—dead cell stain results, where |, J,
K, and L are the corresponding merged images of A and E, B and F, C and G, and D and H. Green: live cells; red: dead cells.
(M—T) Cell death results, when N, P, R, and T are the corresponding cell death images of M, O, Q, and S. Blue: DAPI-stained
nuclei. Bar = 25 um. (U) Cytotoxicity result evaluated via the CCK-8 test.

receptor-mediated competitive inhibition. As SP13 is
considered as a specifically binding peptide to receptor
HER2 on breast cancer cells,®® the results implied that
the peptide-receptor-mediated process might be one
of the main mechanisms for cellular uptake of MMPSD,
and the uptake was time-dependent (Figure 5E—L).
When the incubation time reached 30 min, DOX
delivered by MMPSD could reach the nuclei efficiently
(Figure S13).

Combined Synergistic Therapy. The photothermal che-
motherapeutic effect of the designed nanocarrier sys-
tems were evaluated via different means. As shown in
Figure 6A—L, live—dead cell stain results indicated
significantly higher cell death of NIR-irradiated photo-
thermal treatment groups (Figure 6C/G/K and D/H/L)
compared to the only chemotherapeutic treatment
group (Figure 6B/F/J) due to the strong heat-induced
damage, while very little cell death was observed in the
DOX-free MMPS material group (Figure 6A/E/l) due
to the biocompatible mesoporous silica coating and
PEG modification.*? This result was further confirmed
when using DAPI dye to stain dead cells. More dead
cells were observed in radiated groups compared to
nonradiated groups (Figure 6M—T). In this work, NIR
radiation not only triggered the release of DOX for
enhanced chemotherapy (Figure 4) but also caused
cell death itself for photothermal therapy (Figure 6).
Furthermore, it has been reported that proper heating
could increase the cell membrane permeability to
enhance the intracellular delivery of drugs.** The cyto-
toxicity was further quantified via an accurate CCK-8
cell viability assay (Figure 6U). At each concentration,
chemophotothermal therapy exhibited the highest
cytotoxicity compared to single chemotherapy or
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photothermal therapy (Figure 6U). The ICso values
of different treatments are shown in Table S3. The
quantification result showed that the ICs; of the photo-
thermal chemotherapeutic group (MMPSD+NIR) was
lower than that of the chemotherapeutic group
(MMPSD) and the photothermal group (MMPS+NIR).
The calculated combination index (Cl) value was
0.422, indicating the synergistic photothermal che-
motherapeutic effect of the MMPSD system.** Further-
more, it should be noted that the synergistic therapy
resulted in a significantly lower ICso of DOX (10.05 ug/mL)
compared to that of free DOX (124.5 ug/mL). This also
implied that MMPSD will be an efficient cancer-cell-
killing platform.

CONCLUSIONS

A synergistic photothermal chemotherapeutic
platform based on core—shell MCN@MS was prepared
and then conjugated with PEG and SP13 peptide for
enhanced DOX delivery. In this platform, the graphitic
mesoporous carbon cores can not only load large
amounts of the hydrophobic drug DOX in their hot-
spots but also effectively absorb and convert NIR
energy into heat upon NIR laser irradiation. The hydro-
philic mesoporous silica shell guarantees a good bio-
compatibility of the platform, easily functionalized
surface, and effective mass transfer from core to shell.
Owing to the unique structure including the immedi-
ate contact between the aromatic drug and the hot-
spots, the multifunctional system exhibited a high
drug loading capacity, high targeting ability, sensitive
NIR/pH-responsive DOX release, sustained release,
and excellent combined cancer therapeutic effect
for HER2-positive breast cancer. All these desirable
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characteristics were concentrated in a single and easily
fabricated smart drug delivery system, which presents

EXPERIMENTAL SECTION

Materials. SP13 peptide (sequence: CAYQRFDDVASRF) was
synthesized by Ziyu Biotechnology Co., Ltd. (Shanghai, China).
Doxorubicin was purchased from Huafeng United Technology
Co., Ltd. (Beijing, China). o-Malemidyl-w-N-hydroxysuccinimidyl
polyethylene glycol (MW 3500) was obtained from JenKem
Technology Co. Ltd. (Beijing, China). Live—dead kits
(catalogue no. R37601) were bought from Molecular Probes
(Eugene, OR, USA). Cell Counting Kit-8 (CCK) was purchased
from Dojindo Laboratories (Japan). 4',6-Diamidino-2-phenylin-
dole dihydrochloride (DAPI), triblock copolymer Pluronic
F127, and aminopropyltriethoxysilane (APTES) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Bafilomycin A1 from
Streptomyces griseus was purchased from J&K Scientific Ltd.
(Shanghai, China). Tetraethyl orthosilicate (TEOS) was pur-
chased from Shanghai Lingfeng Chemical Co. Ltd. (China).
Cetyltrimethylammonium bromide (CTAB), triethylamine, for-
maldehyde, sodium hydrate (NaOH), and other reagents, if not
specified, were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). All the chemicals were used without further
purification.

Human mammary carcinoma SK-BR-3 cells and nontumori-
genic MCF-10A breast epithelial cells were obtained from the
America Type Culture Collection. SK-BR-3 cells were maintained
in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin. MCF-10A cells
were cultured in Dulbecco's modified Eagle medium also sup-
plemented with 10% FBS and 1% penicillin—streptomycin. Both
cell lines were maintained at 37 °C under a 5% CO, atmosphere.
The cell culture media and relating reagents were purchased
from Gibco (Tulsa, OK, USA).

Synthesis of MSN, Graphitic MCN, and OMCN. MSN were pre-
pared in our previous work*> The MCN used in this work
were synthesized according to a reported protocol with some
modifications.3® Briefly, phenol (0.6 g), formalin aqueous
solution (2.1 mL, 37 wt %), and NaOH aqueous solution
(15 mL, 0.1 M) were mixed and stirred at 70 °C for 30 min to
obtain low-molecular-weight phenolic resols. After that, triblock
copolymer Pluronic F127 (0.96 g) dissolved in water (15 mL)
was added. Then the mixture was stirred at 66 °C for 2 h.
Water (50 mL) was added to the solution, which continued
to agitate for 18 h. After cooling to room temperature, 260 mL
of water was added to dilute the obtained solution. The
diluent was transferred into an autoclave and heated at
130 °C for 24 h. The yellow powders were collected by cen-
trifugation, washed with water, and freeze-dried. To obtain
the graphitic MCN, the dry powders were graphitized under a
highly pure N, atmosphere by temperature programming
(25 °C — 350 °C for 60 min, 350 °C — 550 °C for 120 min,
550 °C — 750 °C for 120 min, 750 °C — 750 °C for 60 min). For
the synthesis of OMCN, MCN were treated in an acid mixture
(the volume ratio of H,SO, to HNOs; was 3) by ultrasound
and stirring for 6 h. After that, OMCN were obtained by
centrifugation and washing until the pH value of the spent
liquor was neutral.

Synthesis of Amido-Mesoporous Silica Coated MCN (MCN@MS). Briefly,
3 mg of MCN was dispersed in CTAB aqueous solution (30 mL,
1 mg/mL) by strong ultrasonication for 2 h. NaOH solution
(0.4 mL, 0.1 M) was added, and the resulting solution was heated
to 60 °C. TEOS (30 uL) and ethanol (120 ul) were subsequently
added, and the solution was stirred at 60 °C. After that, an
APTES—ethanol solution (5 uL + 60 uL) (APTES was not added
for the synthesis of MCN@MS without amination) was added,
and the mixture continued to stir at 60 °C for 30 min. Then, the
solution was kept still at 60 °C for 24 h. The solid product was
recovered by centrifugation and washing. To remove CTAB
from the pores, MCN@MS was repeatedly refluxed in a mixture
of methanol and NH4NOs (2 mg/mL).
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an encouraging prospect for biomedical application
and especially for cancer therapy.

Functionalization of MC(N@MS. To synthesize PEGylated MCN@MS
(MMP), 2 mg of MCN@MS was dispersed in 3.35 mL of phosphate-
buffered solution (PBS, pH 8.0) by sonication, and bifunctional
PEG—PBS solution (4 mL, 1 mg/mL, pH 8.0) was added. Then, the
mixture was stirred at room temperature for 2 h. The solid product
was recovered by centrifugation and washing. For the synthesis
of SP13-modified MMP (MMPS), the above prepared MMP were
dispersed in SP13-PBS solution (2 mL, 0.5 mg/mL, pH 7.0) and
stirred at room temperature for 18 h. The resulting MMPS were
also purified via centrifugation.

Characterization of Therapeutic Vectors. Transmission electron
microscopy , high-resolution TEM, and energy dispersive X-ray
spectroscopy experiments were performed on JEM-2010 instru-
ments with an acceleration voltage of 200 kV. For TEM observa-
tion, the samples were dispersed in ethanol and supported on a
holey carbon film on a Cu grid. Scanning electron micrographs
were obtained on a Philips XL-30 scanning electron microscope
operating at 20 kV. The particle size distribution was counted
statistically according to the SEM images. Small-angle X-ray
scattering measurements were taken on a Nanostar U SAXS
system (Bruker, Germany) using Cu Ko radiation (40 kV,
35 mA). X-ray diffraction patterns were obtained with a Rigaku
D/MAX-RB diffractometer by using Cu Ka radiation at 40 kV and
60 mA. Raman spectra was taken on a Labram-1B (Dilor, France)
Raman spectrometer with a 632.8 nm wavelength incident laser
light. N, adsorption—desorption isotherms at 77 Kand pore size
distribution curves were measured using Tristar 3000 systems.
Before measurements, the samples were degassed under
vacuum at 300 °C for at least 12 h. The BET method was used
to calculate the surface area. Thermogravimetric analysis (TGA)
was carried out on a Pyris Diamond TG thermogravimetric
analyzer (PerkinElmer Thermal Analysis). The sample was heated
from room temperature to 800 °C at 5 °C/min under an air
atmosphere. Fourier transform infrared (FT-IR) spectroscopy was
obtained from a Nicolet-670 FTIR spectrometer using the KBr
pellet method. Ultraviolet—visible absorption spectra (UV—vis)
were obtained on a UV—vis absorption spectrometer (UV759,
China). The mean diameter and zeta potential of MSN/MCN-
based systems were determined by DLS using a Malvern NanoZS
zeta potential/particle sizer. Optical photographs of different
sample solutions were taken using a common Canon camera.

Fluorescence Spectrum to Investigate DOX Location in MCN@MS. The
HMS, MCN, and MCN@MS with the same HMS or MCN
amount were separately soaked in DOX aqueous solution
(1 mL, 0.5 mg/mL) and stirred in the dark at room temperature
for 12 h, respectively. Then, the mixtures and the pure DOX
solution (0.5 mg/mL) were equally diluted and measured on a
fluorescent spectrophotometer. The DOX location in MCN@MS
was determined by comparing the fluorescence intensity of
different diluents.

Hemolysis Assay. Hemolysis assay was performed to evaluate
the biocompatibility of different materials.*® To harvest ery-
throcytes, sterile defibrinated sheep blood was centrifuged
at 3000 rpm for 5 min. The cell pellet was washed three or
four times with saline and thereafter resuspended in saline
to achieve a concentration of 2% (v/v). Different materials
were dissolved in saline and diluted to different concentrations
from 0.1 to 1000 ug/mL. For each concentration, 150 uL of
test solution was mixed with 150 uL of 2% erythrocytes. The
resulting mixture was incubated in a water bath for 1 h at 37 °C
and further centrifuged at 3000 rpm for 15 min. The release of
hemoglobin in the supernatant was determined by photo-
metric analysis at 540 nm. The hemolytic percentage was
calculated as follows: hemolytic percentage (%) = (ODtest —
ODsaIine)/(ODHZO - ODsaline) X 100%.

Photothermal Heating Effect. Different vectors were dispersed
in PBS (pH 7.4) with an MCN or MCN@MS concentration of
50 ug/mL for comparison of the photothermal heating effect,
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and PBS (pH 7.4) was used as the negative control. A 200 uL
solution was placed in a 96-well plate and then irradiated with
an 808 nm NIR laser (3.75 W/cm?) for different time periods.
To determine the impact of NIR power density on the photo-
thermal heating effect, an MMPS solution with an MCN@MS
concentration of 50 4g/mL was irradiated under different power
densities. To investigate the impact of concentration on the
photothermal heating effect, MMPS with different MCN@MS
concentrations were prepared and irradiated with an 808 nm
laser at 3.75 W/cm?. Solution temperature was monitored by an
accurate digital thermometer immediately after irradiation.

Preparation of DOX-Loaded Delivery Systems. To load DOX, the
above prepared MCN, OMCN, MMP, or MMPS were soaked in
DOX aqueous solution (10 mL, T mg/mL) and stirred in the dark
at room temperature for 12 h. Then, 2.4 uL of triethylamine was
added, and the mixture was stirred for another 12 h. After that,
the mixture was centrifuged and the supernatant was removed.
The DOX-loaded delivery systems were washed with water
to remove the loosely adsorbed DOX on the surface. Finally,
the drug delivery systems were resuspended in PBS (pH 7.4)
at proper concentration for further experiments.

Loading Capacity and Entrapment Efficiency. During the prepara-
tion of DOX-loaded delivery systems, the removed supernatants
were collected for quantitative analysis of unloaded DOX
by UV—vis spectroscopy. To calculate the loading capacity
and entrapment efficiency, the standard curve of DOX was
established. Loading capacity (mg/mg) = mass of loaded DOX
(mg)/mass of MCN@MS (mg). Entrapment efficiency (%) = [mass
of loaded DOX (mg)/mass of added DOX (mg)] x 100%.

In Vitro Release. First, MMPSD (containing 100 ug of MCN@MS)
was dispersed in 0.5 mL of PBS (pH 7.4) and agitated at 300 rpm.
The mixture was centrifuged at each hour point. The supernatant
(200 uL) was taken for DOX detection, and the same volume of
fresh buffer was added back to the residual mixture. At the fourth
and eighth hour point, the solvents were changed to PBS (pH 6.0)
and PBS (pH 5.0), respectively. The cumulative DOX release from
different vectors (MMPS, MCN, and OMCN) for comparison was
also carried out by this method under constant pH = 6.0. For
the NIR-triggered release experiment, the mixture was irradiated
with an 808 nm NIR laser (3.75 W/cm?) for 5 min at each
hour point. The amount of released DOX was measured using
an Agilent Cary Eclipse fluorescence spectrophotometer. The
cumulative release of DOX was determined as a percentage
compared to the loaded DOX within MMPSD.

pH-Stimulated Release of DOX within Cells. To evaluate the pH-
stimulated release of DOX within SK-BR-3 cells, bafilomycin A1,
an inhibitor of V-ATPase was introduced to prevent the acid-
ification of lysosomes.>? SK-BR-3 cells were cultured in 96-well
microplates with 100 uL of media at a density of 1.2 x 10* cells/
well for 2 days. After rinsing with PBS, the wells were pretreated
with 80 uL of bafilomycin A1 (100 nM) for 1 h. Then MMPSD with
an MCN@MS concentration of 250 ug/mL (20 uL) was added
into the wells and incubated for 30 min. Subsequently, wells
were rinsed carefully with PBS and fixed with 4% paraformal-
dehyde for 15 min, after which the medium was changed to
PBS. Control wells without pretreatment with bafilomycin A1
were treated in parallel. Confocal microscopy was performed
using a Leica TCs SP5 microscope equipped with a Leica
application suite. Repetitive studies were carried out, and three
independent fields were observed in each study.

Targeting Ability Evaluation. Confocal microscopy was used to
determine the targeting ability of different systems in different
cell lines. SK-BR-3 and MCF-10A cells were cultured in 96-well
microplates with 100 uL of media at a density of 1.2 x 10* cells/
well and 1 x 10* cells/well for 2 days, respectively. After rinsing
with PBS, MMPD and MMPSD with an MCN@MS concentration
of 50 ug/mL were added into the wells and incubated for
15 min. Then the cells were rinsed carefully with PBS and fixed
with 4% paraformaldehyde for 15 min, after which the medium
was changed to PBS. Confocal microscopy was performed as
described above to determine the targeting ability of different
drug delivery systems.

Competitive Inhibition Study. To preliminarily evaluate the
cellular uptake mechanism of drug delivery systems, a compe-
titive inhibition experiment was performed. SK-BR-3 cells were
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cultured in 96-well microplates with 100 uL of media at a density
of 1.2 x 10* cells/well for 2 days. After rinsing with PBS, MMPD
and MMPSD with an MCN@MS concentration of 50 xg/mL
were incubated with cells for 30 min. For the inhibition group,
significantly excessive SP13 (5 mg/mL) was preincubated with
the cells for 15 min. After fixing with 4% paraformaldehyde
for 15 min, DAPI solution (0.5 #g/mL) was added to stain the
nuclei for 10 min. Confocal microscopy was performed as
described above to determine the cellular uptake of different
drug delivery systems after different treatments.

Qualitative Evaluation of Photothermal Chemotherapeutic Effects.
Two independent experiments were performed to qualitatively
evaluate the photothermal chemotherapeutic effects against
breast cancer cells. (1) Live—dead kits were applied to visualize
cell death using a confocal microscope. SK-BR-3 cells were
maintained in 96-well microplates with 100 uL of media at a
density of 1 x 10* cells per well for 2 days. After washing with
PBS, MMPS and MMPSD with an MCN@MS concentration of
50 ug/mL were incubated with cells for 4 h. For the photo-
thermal groups, wells were irradiated with an 808 nm NIR laser
(3.75 W/cm?) for 5 min. Following that, the culture media was
replaced with a fresh one and the cells were cultured for
another 12 h. Then the cells were stained using live—dead kits
according to the manufacturer's instructions. Confocal micro-
scopy was carried out when live cells exhibited a green color
and dead ones showed a red color. (2) DAPI-indicated apoptosis
was evaluated to determine the combined therapeutic effect.
SK-BR-3 cells were maintained in 96-well microplates with
100 L of media at a density of 1.2 x 10* cells per well for 48 h.
Treatments were carried out similarly to that in the live—dead
experiment. Cells were incubated with MMPS or MMPSD for 3 h.
After washing, another 4 h incubation was performed. Immedi-
ately after incubation, cells were rinsed with PBS carefully and
stained using DAPI for 10 min. Then confocal microscopy was
performed. For both experiments, repetitive studies were carried
out and three independent fields were observed in each study.

Quantitative Evaluation of Photothermal Chemotherapeutic Effects.
CCK-8 was applied to quantitatively determine photothermal
chemotherapeutic effects against breast cancer cells under dif-
ferent treatments. SK-BR-3 cells were cultured in 96-well micro-
plates with 100 uL of media at a density of 1 x 10 cells/well for
2 days. After washing with PBS, a series of concentrations of
free DOX, MMPS, and MMPSD solutions were incubated with
cells for 3 h. For the photothermal groups, wells were irradiated
with an 808 nm NIR laser (3.75 W/cm?) for 5 min. The culture
media was replaced with a fresh one, and the cells were cultured
for another 4 h. After that, 10 uL of CCK-8 solution was added to
each well and incubated for another 2 h at 37 °C. The absor-
bance was measured with a microplate reader at 450 nm.
Viability of treated cell wells was expressed as a percentage of
the viability of unexposed wells. All experiments were carried
out in quadruplicate.

Calculation of Combination Index. The combination index was
calculated to evaluate the combination effect of chemotherapy
and photothermal therapy according to previous work.**
Cl = D,/Df; + D,/Df, + D;D,/(Df;Df,). In this work, Df; is the
1Cso of DOX in the chemotherapy and D, is the ICso of DOX in the
combined therapy. Correspondingly, Df; is the ICso of MCN@MS
in the photothermal therapy and D, is the ICso of MCN@MS
in the combined therapy. The value of Cl represents different
meanings (Cl < 1: synergism, Cl > 1: antagonism, Cl = 1: additive
effects).
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