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Black TiO2 based core–shell nanocomposites as
doxorubicin carriers for thermal imaging guided
synergistic therapy of breast cancer†
Wenzhi Ren,a M. Zubair Iqbal,a Leyong Zeng,a Tianxiang Chen,a Yuanwei Pan,a
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TiO2 nanomaterials have been widely used for anticancer drug carriers and UV/980 nm NIR triggered
cancer synergistic platforms. However, traditional pure TiO2 nanocarriers encounter some serious drawbacks, such as low drug loading ability, limited tissue penetration of UV light, and heating eﬀect of
980 nm NIR on normal tissue, which obstruct their further application in cancer treatment. To overcome
those challenges, novel mesoporous silica (mSiO2) coated black TiO2 core–shell nanocomposites are
designed and constructed as doxorubicin carriers for 808 nm NIR triggered thermal imaging guided
photothermal therapy combined chemotherapy of breast cancer. Properties of the nanocomposites such
as micro-morphology, size, drug loading ability and release, targeting performance, and therapy
eﬃciency in vitro and in vivo were evaluated. The results indicated the core–shell nanocomposites with
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dramatically increased loading ability were pH-responsive/NIR-accelerated doxorubicin release nanocarriers and showed synergistic breast cancer treatment in vitro and in vivo. This study veriﬁes that the
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newly prepared mSiO2 coated black TiO2 core–shell nanocarriers can overcome the limitations of
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traditional TiO2 nanocarriers and thus improve and broaden usage of TiO2 nanoparticles in nanomedicine.

1.

Introduction

According to the 2016 statistics report of American Cancer
Society, breast cancer is the most common cancer and the
second leading source of cancer-related mortality in women.1
Chemotherapy is a major clinical approach for breast cancer
therapy by administering anticancer drugs in the blood
stream. However, traditional chemotherapeutic drugs are cytotoxic and have a non-tumor targeted distribution in the body,
which may lead to serious side eﬀects and failure of chemotherapy. Nanomaterial based drug carriers have attracted much
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attention with the development of nanomedicine to overcome
restrictions of traditional anticancer drugs.2–7 Nanomaterials
with the advantages of small size, large surface area and
unique therapeutic properties can be designed as drug carriers
for prolonged circulation in the blood stream, accumulation in
tumor, controlled release, and photothermal or/and photodynamic synergistic therapy.8,9 Therefore, nanoparticle (NP)
based drug delivery is promising to provide cancer treatment
with few side eﬀects and high eﬃciency. Recently, various inorganic nanomaterials have been applied as drug-carrier candidates, such as gold NPs, mesoporous silica (mSiO2) NPs, and
titanium dioxide (TiO2) NPs.10–15
TiO2 NPs have been widely used for cancer treatment, such
as photodynamic therapy, photothermal therapy (PTT), drug
delivery, and synergistic treatment because of their excellent
biocompatibility, stable structure and unique light triggered
catalysis/photothermal properties.16–19 With regard to drug
delivery, TiO2 based-nanocarriers have been studied systematically in vitro and in vivo. Ye et al. have reported the eﬀect of
doxorubicin (DOX) loading mode on therapy eﬃciency and
have suggested non-covalent loading of TiO2/DOX exhibits
more therapeutic eﬃcacy than covalent conjugated TiO2–
DOX.20 Woloschak et al. have deliberated that TiO2–Fe3O4
nanocarriers can enhance DOX uptake in drug-resistant
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ovarian carcinoma cells.21 Our previous work has indicated
that DOX loaded TiO2 nanocarriers can overcome multidrug
resistance of breast cancer cells. Moreover, in vivo study has
shown that TiO2 nanocarriers can improve antitumor eﬃcacy
of DOX and minimize the systemic toxicity of the drug.22,23 In
addition, TiO2 NPs have been designed to conduct synergistic
photodynamic-chemotherapy function for cancer treatment.
Wang et al. have reported TiO2 nanoparticles as daunorubicin
carriers, which can inhibit multidrug resistance of leukemia
K562 cells when TiO2 NPs combine with UV light triggered
photodynamic therapy.24 Recently, we have reported that DOXloaded NaYF4:Yb/Tm-TiO2 nanocarriers can overcome drug
resistance of breast cancer by combination of chemotherapy
and 980 nm NIR triggered TiO2 inorganic photodynamic
therapy.25
However, in most reported TiO2 nanocarriers, the drugs
were loaded onto the surface of TiO2. Therefore, drug loading
ability was not suﬃcient due to the limited surface area of
TiO2. A desirable drug carrier should possess large loading
ability and good dispersion in aqueous solution, such as mesoporous silica (mSiO2) drug carriers.26,27 Therefore, with the
aim to heighten TiO2’s drug loading and aqueous dispersion,
it is necessary to construct mSiO2 coated TiO2 core–shell nanocarriers. Meanwhile, coating with a mesoporous structure can
maintain synergistic therapy function of TiO2. When it comes to
synergistic therapy platform of TiO2, previous reports using UV
or 980 nm NIR as excitation light source have also encountered
some problems, such as toxic and shallow penetration of UV
light. Although 980 nm NIR is safe and can penetrate deeply in
tissue, it can induce heating of normal tissue, which declines
the therapeutic eﬃcacy. Recently, 808 nm NIR has been considered to be a more suitable deep tissue penetration excitation
light source because of its negligible water absorption and
because it does not cause heating of normal cells.28 So, in order
to improve drug loading capacity and to overcome the restrictions of excitation light, it is a great challenge to design mSiO2
coated TiO2 core–shell anticancer drug carriers, which enhance
therapeutic function and can be triggered by 808 nm NIR.
In recent decades, widely explored traditional white TiO2
with a band gap of 3.2 eV has only been excited by UV light.
But fortunately, a new black TiO2 nanomaterial (B-TiO2) possesses excellent visible-infrared light absorption and can be
used as a promising candidate for 808 nm NIR triggered
TiO2.29–32 Recently, we have first explored B-TiO2 NPs as 808 nm
NIR laser triggered photothermal therapy (PTT) agents for
breast cancer treatment because B-TiO2 NPs strongly absorb
808 nm NIR light and produce heat eﬀect that causes cancer
thermal ablation.33 Mou et al. have also reported a B-TiO2
based theranostic agent for imaging guided cancer therapy,
indicating that B-TiO2 NPs has attracted considerable attention
in cancer treatment.34 In this study, a new type of 808 nm NIR
triggered mSiO2 coated B-TiO2 core–shell nanocomposites
were structured to improve drug loading capacity of TiO2 carriers and to overcome the limitations of UV or 980 nm NIR.
Our previous study has demonstrated folic acid (FA) is an
eﬀective targeting ligand for breast cancer, which is attributed
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Scheme 1 Illustration of DOX loaded, FA conjugated, mesoporous SiO2
coated black TiO2 nanocomposites for 808 nm NIR triggered synergistic
photothermal-chemotherapy on breast cancer in vivo and in vitro.

to highly expressed FA receptor on membrane of the cancer
cells.25 As shown in Scheme 1, to enhance cell uptake of nanocarriers, FA is conjugated to mSiO2 coated B-TiO2 core–shell
nanocomposites and then DOX is loaded onto nanocomposites for 808 nm NIR triggered PTT combined chemotherapy of breast cancer. The obtained results indicate that
DOX loaded FA conjugated mSiO2 coated B-TiO2 core–shell
nanocomposites are pH-responsive and NIR-accelerated drugrelease carriers, which shows the PTT-chemotherapy synergistic eﬀect for breast cancer. Moreover, this study not only provides a black TiO2 based novel core–shell nanocomposite for
synergistic PTT-chemotherapy of breast cancer, but also broadens application of TiO2 in nanomedicine.

2. Materials and methods
2.1.

Agents

Black TiO2 nanoparticles were provided by Shanghai YouLan
Technology Co., Ltd. Tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane (APTES), hexadecyltrimethylammonium
bromide (CTAB), folic acid (FA), 1-ethyl-3-(3-dimethlyaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
were obtained from Sinopharm Chemical Reagent Co., Ltd.
Fetal bovine serum (FBS), DMEM, penicillin–streptomycin
solution and trypsin-EDTA solution were purchased from
Gibco (Grand Island, USA). The FITC labeled phalloidin was
purchased from Sigma-Aldrich (Shanghai, China). All other
reagents were of analytical grade.
2.2. Synthesis of mesoporous SiO2 coated black TiO2 based
nanocarriers
2.2.1. Synthesis of mesoporous SiO2 coated black TiO2
nanocomposites (NC). Mesoporous SiO2 coated black TiO2
nanocomposites (NCs) were prepared by modifying a previous
method concerning mSiO2 coated upconversion nanoparticles.36 Briefly, 30 mg black TiO2 was added in 30 mL
water, and dispersed by ultrasound for 10 min. 100 mg CTAB
was then dissolved in the water and stirred overnight. 3 mL
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ethanol and 150 μL sodium hydroxide (2 M) were added to the
black TiO2/CTAB solution and heated to 70 °C. 150 μL of TEOS
was then added into the solution and stirred for 2 h. After centrifugation and washing with ethanol, SiO2 coated black TiO2
was added into 50 mL ethanol and 300 mg ammonium nitrate,
and heated to 60 °C to remove CTAB. The as-prepared mSiO2
coated black TiO2 nanocomposites (NC) were washed with
ethanol and dispersed in 20 mL ethanol.
2.2.2. Synthesis of folic acid conjugated, mesoporous SiO2
coated black TiO2 nanocomposites (NC-FA). 40 μL of APTES
and 10 μL of NaOH (2 M) were added in 10 mL ethanol, and
stirred with 10 mL as-prepared NC for 12 h to form aminofunctionalized NC (NC-NH2). The as-prepared NC-NH2 was
centrifuged and dispersed in 10 mL water. 45 mg of FA, 38 mg
of EDC and 43 mg of NHS were dissolved in 50 mL of phosphate buﬀer solution (PBS, pH value of 7.4 in this study), and
stirred for 12 h to activate γ-COOH group of FA. The NC-NH2
was added in activated FA PBS, and reacted for 16 h. The asprepared NC-FA was collected by centrifugation. Concentration
of NC and NC-FA were determined by ICP-MS (NexION 300,
PerkinElmer, US).
2.2.3. Synthesis of DOX loaded, mesoporous SiO2 coated
black TiO2 nanocomposites (NC-DOX) and DOX loaded, folic
acid conjugated, mesoporous SiO2 coated black TiO2 nanocomposites (NC-FA-DOX). 0.3 mL of DOX (1 mg mL−1) was
added into 10 mL of B-TiO2 (0.75 mg mL−1), NC (0.75 mg mL−1)
or NC-FA (0.75 mg mL−1), and stirred for 24 h. DOX loaded
nanocarriers (NC-DOX or NC-FA-DOX) were collected after centrifugation and stored in PBS (pH 7.4). Loading eﬃciency of
DOX was calculated according to the drug’s UV-visible absorption reported previously by us.22,23 Briefly, after centrifugation,
DOX containing supernatant solutions were collected. The UVvisible absorptions of collected and free DOX (0–100 μg mL−1)
solutions were determined. The concentration–absorption curve
of DOX was reckoned. Finally, loading amount of DOX on the
nanocarriers was calculated through the formula loading
eﬃciency = ((total amount of DOX − DOX in supernatant
solution) ÷ amount of nanocarriers) × 100%.
2.3.

Characterization of the as-prepared nanocarriers

Micro-morphologies of NC were investigated by a transmission
electron microscope (FEI Tecnai F20). For size distribution and
zeta potential analysis, nanocomposites were dispersed in PBS
( pH 7.4) and measured by a particle-size zeta potential analyzer (Nano ZS, Malvern Instruments Ltd, England). Infrared (IR)
spectra of NC, NC-NH2 and NC-FA were characterized by a
Fourier transform infrared spectrometer (FTIR, Thermo
Nicolet 6700, US). For evaluating photothermal eﬃciency of
NC-FA-DOX, 1 mL of NC-FA-DOX (0, 75, 150, 225 μg mL−1 in
PBS) was transferred to cuvettes and irradiated under an
808 nm NIR laser at 2 W cm−2 for 600 s. For estimating NIR
power-dependent photothermal eﬃciency, 1 mL of NC-FA-DOX
(150 μg mL−1 in PBS) was transferred to a cuvette, and irradiated by an 808 nm laser at a power density of 0.5–2 W cm−2
for 600 s. For evaluating photothermal stability, 1 mL of
NC-FA-DOX (150 μg mL−1 in PBS) was irradiated by 2 W cm−2
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of NIR laser for 5 min. The laser was then shut oﬀ for another
5 min. Stability curve of temperature-time was plotted after 6
cycles of NIR laser ON and OFF operation.
2.4.

pH-Responsive and NIR-accelerated drug release

For drug release analysis, 12 mL of NC-FA-DOX (DOX amount:
600 μg mL−1) was equally taken in three dialysis bags, and
each bag contained 4 mL of NC-FA-DOX. The dialysis bags
were immersed into three 20 mL buﬀer solutions with pH
values of 7.4, 5.0 and 5.0, respectively. The dialysis solutions
were collected at a scheduled time, and replaced with the
same fresh buﬀer solutions. Before collecting the solutions,
the one with pH 5.0 buﬀer solution was irradiated by 2 W cm−2
of NIR laser for 15 min. The absorption of the released
drug was then measured by a UV-visible spectrophotometer;
amount of DOX released was calculated according to the dose–
absorption curve of DOX.
2.5.

Cell culture and cytotoxicity of nanocomposites

MCF-7 cell line of human breast cancer was cultured in DMEM
and supplemented with 10% fetal bovine serum (FBS). The
cells were incubated at 37 °C with 5% CO2. For cytotoxicity
analysis of NC and NC-FA, MCF-7 cells were plated in 96-well
plates (1 × 104 cells per well) and cultured for 24 h. The cells
were then incubated with NC or NC-FA (50–300 μg mL−1) for
20 h. 10 μL of MTT solution (5 mg mL−1 in PBS) was added
into each well, and incubated for another 4 h. DMSO was then
used to dissolve formazan crystals. The absorbance of formazan was measured by a microplate absorbance reader (Biorad
iMARK™, USA), and cell viability was calculated.
2.6.

Folic acid targeted nanocomposites uptake in cancer cells

To investigate FA targeted uptake of nanocomposites in cancer
cells, the MCF-7 cells (1 × 105) were seeded into 35 mm culture
dishes and incubated for 24 h. The cells were then incubated
with fresh DMEM, DOX, NC-DOX and NC-FA-DOX for 2 h.
DOX concentration was 3 μg mL−1. After incubation, cells were
washed with PBS and fixed with 4% formaldehyde and then
were incubated with 0.2% Triton X-100. After using 1% BSA to
block nonspecific binding sites, the cells were stained with
50 μg mL−1 of FITC-phalloidin and 2 μg mL−1 of Hoechst
33342. These culture dishes were examined with a Leica TCS
SP5 confocal microscope (Leica Microsystems, Germany).
For statistical analysis of FA targeted uptake, the cells were
seeded into 35 mm culture dishes for 24 h, and then were
incubated with fresh DMEM, DOX, NC-DOX and NC-FA-DOX
for 2 h. After incubation with trypsin-EDTA and washing, the
cells were then moved to tubes and analyzed by a flow cytometer (FACSCalibur, BD, US). 1 × 105 cells were collected to
analyze intensity of DOX fluorescence.
The data of the confocal microscope and flow cytometer
were only shown for nanocomposites carrying DOX fluorescence. To investigate titanium uptake in cells, X-ray fluorescence microscopy at Shanghai Synchrotron Radiation
Facility (SSRF, Shanghai, China) was carried out according to
our previous report.22 Briefly, the cells were grown on sterile
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Malay films for 24 h, and then were incubated with NC,
NC-FA, NC-DOX or NC-DOX-FA for 2 h. The cells were washed
with PBS and fixed with 4% formaldehyde solution, and then
washed with ultrapure water. Element fluorescence maps
of cells were obtained at hard X-rays BL15U beamline at
SSR. Energy of the X-ray was 10 keV, the beam spot was
0.5 × 0.5 μm, and scan time was 1 s for each step. Elemental
maps of S, Ti, Cl, Ca, Cu and Zn in cells were acquired.
2.7.

PTT and chemotherapy in vitro

To evaluate photothermal therapy of NC or NC-FA on cancer
cells, MCF-7 cells were seeded into 96-well plates (1 × 104 cells
per well) for 24 h. The cells were then incubated with
75–225 μg mL−1 of NC or NC-FA containing DMEM for 2 h.
After incubation, the media were replaced by fresh DMEM.
The cells were irradiated by an 808 nm NIR laser of 2 W cm−2
for ∼5 min and cultured for another 24 h. MTT method was
then carried out to analyze cell viability.
For analysis of photothermal therapy synergistic chemotherapy, MCF-7 cells were incubated with DMEM, DOX, NC,
NC-DOX, and NC-FA or NC-FA-DOX for 2 h. DOX concentration
was 3 μg mL−1 in DOX containing groups, and nanocomposite
concentration was 150 μg mL−1 in the NC containing groups.
After 2 h incubation, the media were replaced by fresh DMEM,
the cells were treated by NIR as described above and cell viability was determined by MTT method. To evaluate the status of
cells after NIR treatment, the cells were stained with both
calcein AM (calcein acetoxymethyl ester) and PI ( propidium
iodide) and then observed by fluorescence microscopy.
In order to analyze necrosis/apoptosis of cells treated by
NC-FA or NC-FA-DOX, the cells were seeded in 35 mm dishes,
incubated with NC-FA or NC-FA-DOX for 2 h. After irradiating by
NIR and staining by Annexin V-FITC/PI, 10 000 cells were collected and analyzed by a flow cytometer (FACSCalibur, BD, USA).
2.8.

In vivo toxicity evaluation of nanocomposites

For animal experiments, animal care and handling procedures
were in agreement with the guidelines of the Regional Ethics
Committee for Animal Experiments at Ningbo University
(Permit No. SYXK Zhe 2013-0191). For in vivo toxicity evaluation of the nanocomposites, 18 healthy Balb/c nude mice
(4–5 weeks old) were randomly divided into 4 groups. The
mice were intravenously injected with 150 μL of PBS, NC or
NC-FA. Dose of the nanocomposites was 20 mg kg−1. The mice
were fed for one month, and their weight and behavior were
recorded. After one month, all mice were sacrificed. The main
organs including the heart, liver, spleen, kidney and lung were
preserved in a 10% formalin solution and stained with hematoxylin and eosin (H&E) for histological analysis.
2.9. Photothermal imaging and synergetic photothermalchemotherapy in vivo
Tumor model was established using female Balb/C nude mice.
MCF-7 cells (1 × 106 cells for one mouse) containing DMEM
were inoculated subcutaneously in female Balb/C nude mice
(4–5 weeks old). The mice were randomly divided into
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5 groups (6 mice per group). A digital caliper was used to
measure the tumor size. Tumor volume = (tumor length) ×
(tumor width)2/2. The experiments were carried out when the
tumor grew to 50 mm3. The mice were intratumorally injected
with 100 μL of PBS, DOX, NC-FA, NC-FA-DOX or NC-FA-DOX.
DOX concentration was 3 μg mL−1 in DOX containing groups
and nanocomposite concentration was 150 μg mL−1 in the NC
containing groups. After 24 h of injection, the mice were intraperitoneally injected with 8 wt% of chloral hydrate solution.
Then the tumors were irradiated with or without an 808 nm
NIR laser at 2 W cm−2 for 5 min. The temperature changes in
the tumors were recorded by an infrared thermometer (PI400,
Optris, Germany). One mouse from each group was randomly
selected and sacrificed after NIR irradiation, and the tumors
were preserved in a 10% formalin solution and stained with
H&E for tumor injury analysis. The tumor sizes were measured
for 2 weeks and the volumes were calculated according to
tumor volume formula described above. Body weights of the
tumor bearing mice were also recorded for 2 weeks.

3. Results and discussion
3.1.

Characterization of as-prepared nanocomposites

Pure B-TiO2 nanoparticles are aggregated extremely in aqueous
solutions. Therefore, to improve dispersion and enhance drug
loading eﬃciency, B-TiO2 nanoparticles were coated with
mesoporous SiO2 to construct core–shell nanocomposites
(NCs). Fig. 1A shows TEM images of pure B-TiO2 and Fig. 1B
and C illustrates the low and high magnified TEM images of
as-prepared NCs. B-TiO2 nanoparticle was approximately
25 nm in diameter. But dispersion is poor due to B-TiO2
powder getting re-suspended in aqueous solution. After mSiO2
coating, the diameter of core–shell structure NCs is about
100 nm and aqueous dispersion of NCs is obviously improved.
For chemotherapy and photothermal therapy of cancer,
intracellular delivery of therapeutic agents can enhance
therapy eﬃciency. It has been proved that folic acid receptors
have a high expression on the surface of breast cancer cells.25
Therefore, folic acid (FA) was used as a targeting molecule in
breast cancer cells, to conjugate with NCs to improve the
uptake of DOX, and for preparation of NC-FA, the NCs were
modified by APTES to form NC-NH2; COOH group of FA was
activated by EDC/NHS, and then reacted with amino group of
NC-NH2 to form NC-FA through amide bond. After FA conjugation, DOX was loaded with NC-FA to form NC-FA-DOX drug
carriers. Fig. 1D shows the hydrodynamic size distribution of
as-prepared nanocomposites. Average size of B-TiO2, NC,
NC-NH2, NC-FA and NC-FA-DOX are 159, 198, 204, 230 and
257 nm and their the PDI values are 0.18, 0.14, 0.19, 0.15 and
0.19, respectively. DLS results indicate that although dimensions of the nanocomposites increased during coating or
surface modification, aqueous dispersion of the as-prepared
NCs enhanced dramatically, which is a very important characteristic for in vitro and in vivo examinations. Due to hydrated
layers on nanocomposites surfaces, hydrodynamic size of NCs
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Fig. 1 (A) TEM image of black TiO2; (B–C) low and high magniﬁcation TEM images of mesoporous SiO2 coated black TiO2 nanocomposites; (D) size
distributions of B-TiO2, NC, NC-NH2, NC-FA and NC-FA-DOX; (E) zeta potentials of B-TiO2, NC, NC-NH2, NC-FA and NC-FA-DOX; (F) IR spectra of
NC, NC-NH2, NC-FA; (G–H) UV-Visible absorption of free DOX and a curve representing the absorption; (I) UV-Visible absorptions of DOX in centrifugal supernatant solutions of B-TiO2, NC-DOX, and NC-FA-DOX; (J) photothermal conversion of 150 µg mL−1 NC-FA-DOX irradiated by 808 nm
laser at 0.5–2 W cm−2; (K) photothermal stability evaluation of NC-FA-DOX (150 µg mL−1) with six circular irradiations by NIR laser in 1 h; (L) pHresponsive and NIR-accelerated drug release curve of NC-FA-DOX. In the group of pH 5.0 + NIR, buﬀer solutions were irradiated by 808 nm NIR
laser at 2 W cm−2 for 15 min before each time point.

is larger than their TEM size. Successful synthesis of NC-FA
and DOX loaded NC-FA can be indicated by zeta potential
results. As shown in Fig. 1E, zeta potential of B-TiO2, NC,
NC-NH2, NC-FA and NC-FA-DOX are 24.8, −29.4, 15.3, −23 and
−12.6 mV, respectively, in PBS of pH 7.4. In general, TiO2 has
negative zeta potential due to surface hydroxyl groups.35 In
this study, B-TiO2 exhibits 24.8 mV of positive zeta potential,
which probably can be caused by a large number of oxygen
vacancies on the surface of black TiO2.29,31 After coating, positive charge of B-TiO2 is turned to −29.4 mV (i.e., negative
charge) by surface hydroxyl groups on the silica layer, similar
to our previous mSiO2 coated nanoparticles.28 Zeta potential
of NC-NH2 is reversed to 15.3 mV after modification by APTES,
which is due to positive charge of –NH2 group. However, FA
conjugation results in the disappearing of –NH2 groups; zeta

This journal is © The Royal Society of Chemistry 2017

potential of NC-FA, therefore, becomes −23.3 mV. After drug
loading, surface charge of NC-FA is partly neutralized by
amino groups of DOX and NC-FA-DOX, decreasing to
−12.6 mV. The successful conjugation of FA on NC is further
confirmed by FTIR. As shown in Fig. 1F, there are significant
diﬀerences in IR spectra of NC-FA compared with those of NC
and NC-NH2. The absorption peaks at 1690 cm−1 and
1602 cm−1 are typical vibrations of CvO and –NH of amido
bond, respectively. In addition, the peak at 1481 cm−1 is the
stretching vibration of pterin ring in FA.37
Drug loading eﬃciency is a major standard for nanocarriers. However, previous TiO2 carriers encountered very low
drug loading eﬃciency due to limited surface area of the nanoparticle. To address this problem, B-TiO2 was coated by mSiO2.
Drug loading eﬃciency of as-prepared B-TiO2, NC, and NC-FA
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were calculated. Fig. 1G shows UV-Visible absorptions of free
DOX with concentrations from 0 to 100 μg mL−1. Fig. 1H is the
concentration curve of DOX, which is calculated from Fig. 1G.
The free DOX (Fig. 1I) containing supernatant solutions of
B-TiO2-DOX, NC-DOX, or NC-FA-DOX after centrifugation.
According to the formula, drug loading eﬃciency = ((total
amount of DOX − DOX in supernatant-solution) ÷ amount of
nanocarriers) × 100%. The loading eﬃciency of B-TiO2, NC,
and NC-FA is about 0.5%, 4.9% and 5.0% respectively. When
compared with other mSiO2 coated nanoparticles,36 5.0% of
drug loading is not very high, but it is still an improvement of
about 10 times compared to that of bare B-TiO2.

similar during irradiation, indicating that NC-FA-DOX is stable
during the 1 h NIR irradiation. Fig. 1L shows drug release
curves of NC-FA-DOX in buﬀer solution at pH 7.4 and 5.0 with
or without NIR irradiation. In 48 h, the cumulative release of
DOX reaches 60.6% and 74.1% at pH 7.4 and 5.0 respectively,
which suggests nanocarriers are pH responsive. After NIR
irradiation in pH 5.0 buﬀer solution, DOX cumulative release
is accelerated to 91.3%, which can be attributed to the photothermal eﬀect according to our previous report.25 The results
suggest that NC-FA-DOX nanocomposites are pH responsive
and NIR-accelerated drug release nanocarriers.

3.2.

It has been proved that B-TiO2 nanoparticles are relatively less
toxic.33,34 In this study, CTAB is used for nanocomposite
preparation and cleaned during the purification process.
However, it is still necessary to observe the cytotoxicity of the
core–shell nanocomposites. Fig. S1† shows the cytotoxicity
eﬀect of NC and NC-FA on MCF-7 cells. After 50–300 μg mL−1
of nanocomposites are incubated for 24 h, viabilities of cells
are higher than 90% and 80% for the NC and NC-FA groups,
respectively. The cell viability results demonstrated that as-synthesized mesoporous SiO2 coated black TiO2 with or without
FA conjugation is less toxic in vitro.
Cellular uptakes of nanocomposites were analyzed by a
laser confocal microscope, flow cytometer and X-ray fluorescence microscope. The confocal microscope and flow cytometer are used to observe the loaded DOX in cells directly
and statistically, respectively, and the X-ray fluorescence microscope (XFM) is used to analyze titanium of nanocomposites
located in cells quantitatively. Fig. 2A gives intracellular distribution of DOX in MCF-7 cells incubated with free DOX,
NC-DOX or NC-FA-DOX. Green fluorescence represents the

Photothermal eﬃciency and drug release

Our previous report indicated that B-TiO2 nanoparticles
possess high photothermal conversion eﬃciency.33 However,
photothermal performance of black TiO2 after surface modification and drug loading could be changed. Photothermal
eﬀect of NC-FA-DOX was determined for evaluating treatment
dose. Black titanium nanocomposites (150 μg mL−1) are irradiated by a series of power densities of NIR to estimate influence of NIR power on photothermal performance. Fig. 1J illustrates the temperatures versus time spectra of as-synthesized
NC-FA-DOX and the temperature reached 50 °C after NIR
irradiation time of 127, 194 or 297 s at densities of 2, 1.5 or
1 W, respectively. As we know, cancer cells can be killed rapidly
when they are exposed to 50 °C for few minutes.38 Therefore,
2 W cm−2 of NIR is used in the following treatment experiments.
For PTT and drug delivery, stability of carriers during NIR
irradiation is also considered. Fig. 1K shows photothermal
stability of NC-FA-DOX within six circular irradiations by NIR
laser in 1 h. The temperatures reach about 70 °C in each NIR
irradiation and the curves of heating-cooling process are

3.3.

Cellular uptake of nanocomposites

Fig. 2 (A) Confocal microscopy images of intracellular distribution of DOX in MCF-7 cells incubated with free DOX, NC-DOX or NC-FA-DOX for
2 h. DOX concentration is 3 μg mL−1 and NC concentration is 150 μg mL−1. Blue ﬂuorescence shows Hoechst 33342 labeled nuclei, green ﬂuorescence indicates FITC-phalloidin stained cell membrane, and red ﬂuorescence represents DOX localization. Scale bar is 25 μm. (B) Flow cytometry
analysis of MCF-7 cells incubated with free DOX, NC-DOX or NC-FA-DOX for 2 h. (C) X-ray ﬂuorescence images of MCF-7 cells treated with NC,
NC-FA, NC-DOX or NC-FA-DOX for 2 h. Titanium of nanocomposites is shown as yellow-bright and biogenic elemental sulfur in cells is shown as
red ﬂuorescence. Scale bar is 20 μm.
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FITC-phalloidin labeled cell membrane, blue fluorescence is
related to Hoechst 33342 stained nucleus, and red fluorescence
is emitted by the drug. In the DOX treatment group, the drug
is located in the nuclei of the cells, which is similar to that in
the folic acid targeted nanocomposite group (NC-FA-DOX).
However, in the NC-DOX group, only a little DOX is located in
the cytoplasm, and the drug cannot be observed in nuclei.
The results suggest that internalization of folic acid targeted
NC by MCF-7 cells is more eﬀective than that of NC only.
Fig. 2B shows statistical analysis of nanocomposite uptake by
flow cytometry. The results are similar with those obtained by
confocal microscopy, in which NC-FA-DOX treated MCF-7 cells
showed more eﬀective nanocomposite uptake than NC-DOX
treated cells. To acquire a direct visual and quantitative localization of titanium element in MCF-7 cells, XFM is carried out
to map elemental fluorescence of the cells. The results are
shown in Fig. 2C. Red fluorescence is biogenic element sulfur,
which mapped the cancer cells. Yellow-green fluorescence represents the titanium element and yellow and green quantitatively indicate low and high amount of Ti, respectively. For NC
and NC-DOX groups, weak yellow fluorescence is observed,
which suggests few nanocomposites absorbed by MCF-7 cells.
However, intensive yellow-green fluorescence appears for
NC-FA and NC-FA-DOX groups, which directly indicates that
FA targeting can improve uptake of nanocomposites in MCF-7
cells. Moreover, yellow fluorescence of NC-FA incubated cells
looks stronger than that of NC-FA-DOX treated cells. It may be
attributed in part to FA in NC-FA-DOX being covered or sheltered by DOX through molecular interactions, which decreases
uptake of nanocomposites in breast cancer cells. Therefore,
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fluorescence of titanium in NC-FA incubated cells is stronger
than that in NC-FA-DOX treated cells.
3.4.

PTT and chemotherapy of breast cancer in vitro

PTT performance of NC or NC-FA was evaluated by MTT
method. The cells were irradiated by NIR for 0–5 min after
incubation of nanocomposites with 75, 150 and 225 μg mL−1
of titanium. Fig. 3A illustrates that NC-FA has excellent PTT
performance as compared to simple NC. After 5 min
irradiation, cell viabilities were 85.2% and 50.8% at 75
μg mL−1; 76.5% and 10.9% at 150 μg mL−1; and 34.1% and
5.5% at 225 μg mL−1 corresponding to NC and NC-FA groups,
respectively. Compared with other concentrations, NC-FA at
150 μg mL−1 showed the best PTT performance under 5 min
NIR irradiation. Therefore, nanocomposite concentration of
150 μg mL−1 was selected as therapy dose in the following
experiments. Fig. 3B shows PTT and chemotherapy of nanocomposites in breast cancer cells. Breast cancer cells treated by
single chemotherapy (DOX, NC-DOX, NC-FA-DOX) without
laser irradiation were evaluated, and cell viabilities were 68.4%
(DOX), 92.0% (NC-DOX) and 71.3% (NC-FA-DOX), respectively.
The results indicated that 31.6% of cells were killed by DOX
incubated for 2 h. In the case of NC-DOX incubated for 2 h,
only 8% of cells died. However, 28.7% of cells are killed in the
NC-FA-DOX group, which is probably because FA targeting
enhanced uptake of nanocomposites. After 5 min NIR
irradiation, cell viabilities were 92.7% (control), 55.2% (DOX),
76.5% (NC), 65.9% (NC-DOX), 10.9% (NC-FA) and 6.2%
(NC-FA-DOX), respectively. Compared with PTT or chemotherapy alone, PTT plus chemotherapy treatments showed sig-

Fig. 3 (A) Viability of MCF-7 cells treated with various doses of NC or NC-FA under NIR laser irradiation at 2 W cm−2 for ∼5 min. (B) Viability of
MCF-7 cells incubated with free DOX, NC, NC-DOX, NC-FA or NC-FA-DOX for 2 h and irradiated by NIR. DOX concentration is 3 μg mL−1, and NC
concentration is 150 μg mL−1. Data are expressed as mean ± standard deviation (n = 5). Statistically signiﬁcant diﬀerences are evaluated using
Student’s t test (*p < 0.05, **p < 0.01, ns > 0.05). (C) Microscopic images of calcein AM (green, live cells) and PI (red, dead cells) co-stained MCF-7
cells treated with cDMEM (I), free DOX (II), NC (III), NC-DOX (IV), NC-FA (V) or NC-FA-DOX (VI) and irradiated by NIR for 5 min. Scale bar is 20 μm.
(D) PI/Annexin V-FITC co-stained MCF-7 cells for necrosis/apoptosis analysis after treatment by NC-FA or NC-FA-DOX and irradiated by NIR for
5 min.
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nificant synergistic therapy eﬃciency. Especially in folic acid
targeted and DOX loaded NC group (NC-FA-DOX), more than
93.8% of breast cancer cells were killed upon NIR irradiation.
In addition, to further assess the synergistic therapy performance of NC-FA-DOX, calcein AM/PI agents are used to stain live
or dead cells. As shown in Fig. 3C, live cells showed green and
dead cells showed red fluorescence. In picture I (control), most
of MCF-7 cells were alive. Due to FA targeted PTT or FA targeted PTT synergistic chemotherapy, majority of the cells died
in picture V (NC-FA) and VI (NC-FA-DOX). However, in picture
II (DOX), III (NC) and IV (NC-DOX), only a few cancer cells
were killed. The results of calcein AM/PI staining were not in
accordance with the MTT results, probably due to the diﬀerent
detected time points. In MTT method, the cells were cultured
for 24 h after NIR irradiation, and then the results were collected; however, the results of calcein AM/PI staining were
obtained immediately after NIR irradiation. To further verify
the death mode of cancer cells in the NC-FA and NC-FA-DOX
groups, after NIR irradiation, the cells were stained by Annexin
V-FITC/PI and analyzed by flow cytometry. As shown in
Fig. 3D, compared with the control group, most cancer cells in
the NC-FA or NC-FA-DOX groups were located in the second
quadrant in which cells necrosis is observed. The results indicated that most of cancer cells died through photothermal
induced ablation. The in vitro results suggested that FA targeting could enhance uptake of NC-FA-DOX and therefore show a
synergistic therapy in MCF-7 cells.
3.5. Photothermal imaging and synergetic photothermalchemotherapy in vivo
Fig. S2† shows the histological analyses of the mouse organs,
such as the heart, liver, spleen, kidney and lung. Compared
with PBS-injected control group, there is no obvious tissue
damage or other lesions such as necrosis, inflammatory, or
pulmonary fibrosis are observed in NC and NC-FA injected
groups. The histological data demonstrate that as-prepared NC
or NC-FA nanocomposites are not toxic to mouse health at the
injected doses for one month.
Fig. 4 shows photothermal imaging of NC-FA-DOX injected
tumor-bearing mice under NIR irradiation. Mice injected with
PBS and irradiated with NIR were used as the control group.
Rapid temperature increase at the tumor site after injection of
NC-FA-DOX under NIR in comparison with the control group
is shown in Fig. 4A. Fig. 4B gives the temperature curve at
tumor sites during NIR irradiation. In the control group, the
temperature increased from 24 to 38.7 °C after 5 min NIR
irradiation, which is safe for mice. Interestingly, the temperature of the NC-FA-DOX injected tumor site increased to 62.9 °C
after the irradiation. It has been reported that cancer cells can
be ablated within a few minutes if they are exposed to temperatures over 50 °C.38 Therefore, the tumor can be easily killed in
the NC-FA-DOX group after NIR irradiation. However, as
shown in Fig. 4C, the temperature distribution in the tumor is
not homogeneous. Tumor site contained area 1(A1) and 2(A2).
In A1, temperature range was from 52.5–63.0 °C, which could
kill the tumor within a few minutes. In A2, most of the
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Fig. 4 (A) Photothermal images of tumor in PBS group and
NC-FA-DOX group during 5 min NIR irradiation at 2 W cm−2. (B)
Temperature changes in tumor during NIR irradiation in (A). (C) Nonuniform photothermal distribution in tumors of the NC-FA-DOX group
after 5 min NIR irradiation. Tumor site contains A1 and A2.

area shows a temperature of about 40 °C which cannot kill
the cancer cells eﬀectively.33 But excess NIR based treatment
may damage normal tissue around the tumor.34 Synergetic
photothermal-chemotherapy is therefore carried out to overcome the disadvantage of NIR-alone triggered cancer
treatment.
To evaluate in vivo synergetic treatment of PTT and chemotherapy, the tumor-bearing mice were randomly divided into
five groups. The group with PBS and irradiated with NIR laser
was named as PBS + NIR group. The group injected with DOX
only was called the DOX group. The group injected with NC-FA
and irradiated by NIR was named as the NC-FA + NIR group.
Similarly, the group injected with NC-FA-DOX and irradiated
without or with NIR was called the NC-FA-DOX or NC-FA-DOX
+ NIR groups, respectively. To justify the supposition that
synergetic photothermal-chemotherapy could overcome the
disadvantages of PTT or chemotherapy alone, five of the mice
were sacrificed immediately after NIR irradiation and the
tumors were analyzed by HE staining. As shown in Fig. 5A,
there is no obvious pathological damage found in the PBS +
NIR group. Majority of cancer cells are damaged in the DOX,
NC-FA + NIR and NC-FA-DOX groups, such as nucleus or cell
membrane damage. However, some alive cells (green arrow) in
these groups indicate that PTT or chemotherapy alone cannot
kill cancer cells completely. In the NC-FA-DOX + NIR group,
the cells are killed more eﬀectively than in the DOX, NC-FA +
NIR or NC-FA-DOX groups, indicating that advantage of synergetic therapy over PTT or chemotherapy alone. Fig. 5B illustrates the changes in tumor after treatments on the 1st day and
14th days. Fig. 5C shows the curves of tumor volume over 14
days, corresponding with the treatments in Fig. 5A. After 14
days of treatment, the tumor sizes are 537.1, 322.0, 98.5, 202.3
and 16.1 mm3 for the PBS + NIR, DOX, NC-FA + NIR,
NC-FA-DOX and NC-FA-DOX + NIR groups, respectively.
Compared with the NC-FA + NIR or NC-FA-DOX groups, the
tumor size in the NC-FA-DOX + NIR group is significantly

This journal is © The Royal Society of Chemistry 2017

View Article Online

Published on 14 July 2017. Downloaded by Shanghai Institute of Applied Physics, CAS on 11/01/2018 03:08:29.

Nanoscale

Paper

Fig. 5 (A) Histological HE staining analysis of tumor injury after the mice were injected with PBS, DOX, and NC-FA or NC-FA-DOX and irradiated
with or without NIR for 5 min. Scale bar is 20 μm. (B) Images of MCF-7 tumor-bearing nude mice at the 1st and 14th day after injection with PBS,
DOX, and NC-FA or NC-FA-DOX and irradiated with or without NIR. (C) The relative tumor volume and (D) body weight of the mice after treatments
described above. Data are expressed as the mean ± standard deviation (n = 5). Statistically signiﬁcant diﬀerences were evaluated using Student’s t
test (*p < 0.05, **p < 0.01, ns > 0.05).

inhibited, indicating that synergetic therapy is more eﬀective
than PTT or chemotherapy alone. To evaluate the toxicity of or
body damage during the treatment, body weight is recorded
during treatment. As shown in Fig. 5D, changes in body weight
are not significant in the treatment groups compared with that
in the PBS + NIR group, indicating that the treatments in our
experiment are safe for mice.

4.

Conclusions

In summary, breast cancer is a serious threat to the health of
women and chemotherapy is a major clinical treatment for
breast cancer. To reduce toxicity and to enhance non-tumor
targeted distribution of traditional chemotherapeutic drugs,
TiO2 based nanomaterials have been widely used as drug carriers and in synergistic treatment of breast cancer. However,
previously reported white TiO2 nanocarriers have some limitations, such as low drug loading ability, toxicity of UV, and
heating eﬀect of 980 nm NIR, which obstruct further application of TiO2 nanocarriers. To overcome these problems,

This journal is © The Royal Society of Chemistry 2017

novel black TiO2 mesoporous SiO2 core–shell nanocomposites
(NCs) were prepared. To enhance the uptake of nanocomposites in breast cancer cells, NCs were conjugated with
folic acid (FA) to form NC-FA nanocarriers. Doxorubicin (DOX)
was then loaded onto the nanocarriers to form DOX loaded
NC-FA nanocomposites (NC-FA-DOX). The drug loading
eﬃciency of NC-FA was about 5.0%, which was about 10 times
than that of bare black TiO2. The NC-FA-DOX nanocomposites
were pH-responsive and NIR-accelerated drug-release nanocarriers. In vitro results indicated that FA targeting could
enhance uptake of NC-FA-DOX in MCF-7 cells, thus showing
that synergistic therapy is more eﬀective than PTT or chemotherapy alone. Furthermore, in vivo experiments also showed
NIR triggered NC-FA-DOX treatment exhibited significantly
synergistic therapy eﬀects. Our results indicate that the newly
prepared DOX loaded, FA conjugated and mesoporous SiO2
coated black TiO2 core–shell nanocomposites can overcome
the limitations of traditional white TiO2 based nanocarriers.
This study can also provide an experimental basis for the
promising application of black TiO2 in synergistic PTT-chemotherapy of breast cancer.
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