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Controllable synthesis of hollow porous silica
nanotubes/CuS nanoplatform for targeted
chemo-photothermal therapy
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Bengang Xing4 and Jun Lin2,3*

ABSTRACT The design and synthesis of multifunctional
nanocarriers for efficient synergistic cancer therapy have
drawn great research interests in recent years. In this work, a
nanoplatform for chemo-photothermal therapy with targeting
ligand was developed. Hollow porous structured silica nano-
tubes (SNTs) with controllable lengths decorated with CuS
nanoparticles (NPs) on the surface as photothermal agents
were prepared and further conjugated with lactobionic acid
groups as a cancer cell target. SNTs with average lengths of 40,
55 and 150 nm were obtained and further functionalized as
drug carriers. The smallest bifunctional SNTs with targeting
groups show good biocompatibility and highest cellular up-
take for HepG2 cells. The release of doxorubicin hydro-
chloride (DOX) from the SNTs was dependent on the pH of
the buffer solution and 808-nm near infrared (NIR) light ir-
radiation. The integration of photothermal therapy (PTT) of
CuS NPs and chemotherapy of anticancer drug leads to a
better tumor inhibition effect than the individual therapy
alone in vitro and in vivo. These results demonstrate potential
applications of the nanocomposites as vector for efficient
chemo-photothermal therapy.

Keywords: multifunctional nanocarriers, chemo-photothermal
therapy, silica nanotubes, CuS nanoparticles, cancer cell target

INTRODUCTION
Mesoporous silica-based nanomaterials have been widely
investigated in biomedical areas for their large pore vo-
lume, high surface area, chemically modifiable surfaces,
and excellent biocompatibility during the last decades [1–

3]. Although different polymeric nanosystems have de-
monstrated a great potential for cancer therapy, the ad-
vantages of silica nanoparticles (NPs) endow them with
promising future for therapeutics [4]. Mesoporous silica
shells growing on the surface of functional inorganic
nanoparticle cores through hard-templating routes pro-
vide a novel strategy for constructing the nanomedicine
system [5]. Fe3O4@MSNs (heterogeneous rattle-type
Fe3O4@mSiO2) which utilize the mesoporous silica coat-
ing and functional core were prepared for drug delivery
[6,7]. Previous studies demonstrated that rod-like multi-
functional MSNs had been extensively applied in cancer
cell metastasis, drug/DNA delivery and cell imaging [8–
10]. Silica nanotubes (SNTs) with different aspect ratios
were synthesized using a template of rod-like nickel hy-
drazine complex NPs [11,12]. Furthermore, a multi-
functional drug delivery system comprising hollow silica
tubes, a superparamagnetic magnetite nanoparticle de-
position and a hyaluronic acid decorating was prepared
for cancer-targeting drug delivery [13]. Yang et al. [14]
synthesized hollow-structured mesoporous silica rods
(HMSRs) with controllable aspect ratios. The endocytosis
of HMSR to HeLa cells is shape-dependent and the
HMSRs with higher length values show more efficient
internalization than those shorter ones.
Photothermal therapy (PTT) has attracted great atten-

tion owing to its non-invasive therapy for utilizing pho-
tothermal transduction agents (PTAs) to convert light to
generate heat energy for tumor ablation [15–17]. Copper
sulfide (CuS) NPs have been greatly concerned as a
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prospective inorganic PTA for PTT because of their low
cost, good biocompatibility and biodegradable properties
[18–20]. Multifunctional nanocomposites based on CuS
have been designed and utilized for cancer therapy [21–
23]. NaLnF4:Yb/Er@Cu2−xS (Ln=Y, Yb, Lu) hybrid na-
noprobes with a core-satellite structure were synthesized
for NIR-II optical imaging, small tumor detection and
PTT [24,25]. CuS-decorated mesoporous silica NPs
(MSNs) as drug delivery systems for tumor therapy were
reported previously. A PEG-modified MSN@CuS nano-
composite was developed for the synergistic therapy of
photothermal and chemotherapy with obvious cytotoxi-
city to hepatocellular carcinoma cells in vitro [26].
Compared with normal MSN, hollow mesoporous silica
nanospheres have attracted more attention as the hollow
voids provide more space for the loading of drug mole-
cules [4,27,28]. Hollow mesoporous silica/CuS nano-
spheres conjugated with folic acid were designed for the
chemo-photothermal targeting therapy of HeLa cells with
980-nm laser irradiation [29]. However, the in vivo tumor
inhibition effect on mice for these composites was not
demonstrated. In addition, 980 nm irradiation could in-
duce overheating effect and induce tissue damage [30,31].
808-nm laser irradiation for PTT can not only alleviate
the overheating caused by the 980 nm laser, but also cause
higher tissue penetration depth because of the minimum
absorbance for biological tissues [32,33]. Smaller particles
are considered to be beneficial to the therapy because of
the efficient cellular uptake and long blood circulation
time [2,34]. Therefore, design and synthesis of NPs with
relatively small particle size for the combination of PTT
and chemotherapy are highly desired.
In this work, hollow SNTs with average lengths of 40,

55 and 150 nm were prepared by using the nickel-
hydrazine complex as template followed by an etching
process with acid and hot water. After functionalization
with amino and lactobionic acid (LA) groups, these SNTs
were modified with CuS NPs through electrostatic ad-
sorption. LA bonding with the surface of the silica shell
could efficiently target to hepatoma cells which over-
express the asialoglycoprotein receptor [35,36]. The
permeable silica layer and hollow cavity of the nanotubes
provide space for the loading of doxorubicin (DOX), a
widely used chemotherapeutic drug. Furthermore, the
size effects of these functionalized SNTs on the en-
docytosis and biocompatibilities were investigated. The
antitumor effect of the controllable SNTs with LA groups
targeting for the hepatoma cells was studied. The nano-
composite with combination of PTT, chemotherapy and
targeting group could be a synergistic platform for cancer

treatment.

EXPERIMENTAL SECTION

Materials
Polyoxyethylene (20) cetyl ether (Brij 58) was purchased
from Sigma-Aldrich. Hydrazine hydrate, tetraethyl
orthosilicate (TEOS), nickel chloride hexahydrate
(NiCl2·6H2O), diethylamine, sodium citrate, sodium hy-
droxide (NaOH), hydrochloric acid (HCl, 37.5%), cyclo-
hexane, isopropanol, and dimethyl sulfoxide (DMSO)
were purchased from Beijing Chemical Cooperation Ltd.
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC, 98%), N-hydroxysuccinimide (NHS,
98%), (3-aminopropyl)triethoxysilane (APTES, ≥98%),
fluorescein isothiocyanate (FITC), 4ʹ,6-diamidino-2-phe-
nylindole (DAPI) and methoxy-PEG-thiol (SH-PEG,
molecular weight 1000 Da) were purchased from Sigma-
Aldrich. Na2S·9H2O, CuCl2·2H2O, and LA were pur-
chased from Sinopharm Chemical Reagent. DOX hy-
drochloride was purchased from Nanjing Duobo
Chemical Limited Company. All chemicals were used as
received without further purification.

Synthesis of hollow porous SNTs
The hollow porous structured SNTs were fabricated ac-
cording to the previous reports with modifications [11].
Brij58 (17 g) was dispersed in 30 mL of cyclohexane and
then stirred at 55°C in water bath. One milliliter of NiCl2
solution (0.8 mol L−1) was added and mixed to reach
complete dissolution. Then, 1.0 mL of hydrazine hydrate
was added drop by drop. Two milliliter of diethylamine
and 5.0 mL of TEOS were added into the above system
after continuous stirring for 3 h. The sample was then
centrifuged and washed with isopropanol and water. The
products were dispersed in 100 mL of HCl solution
(2 mol L−1) under sonication and stirred for 2 h. After
centrifugation of the suspension and being washed with
deionized water, the final SNTs with a length of 40 nm
were collected. SNTs with different lengths of 55 and
150 nm were also prepared by tuning the volume of NiCl2
solution to 1.2 and 2.0 mL, respectively. In order to im-
prove the porous structures of these SNTs, 100 mg of the
as-prepared SNTs were sonicated in deionized water at
70°C and stirred for 1 h. After centrifugation and being
dried in the oven, the products were finally obtained.

Synthesis of SNT-NH2
The SNTs (100 mg) were dispersed in 50 mL of ethanol
under sonication. Deionized water (250 μL) and APTES
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(250 μL) were added and the mixture was stirred in 45°C
water bath for 8 h. The products (denoted as SNT-NH2)
were centrifuged, washed and dried at 60°C for further
use.

Coupling of lactobionic acid onto SNT-NH2
The suspension of 50 mg of SNT-NH2 in 1 mL of DMSO
was sonicated for 10 min. 35.8 mg of LA, 31.0 mg of EDC
and 11.5 mg of NHS were dissolved completely in 3 mL
of DMSO. Then the mixture was added into the dis-
persion of SNT-NH2. The reaction was conducted for
72 h at room temperature. The product (denoted as
SNT-LA) was washed by DMSO and water, and dried for
later use.

Synthesis of CuS NPs and SNT-LA-CuS-PEG
nanocomposites
The CuS NPs in water were prepared based on a pre-
viously reported method [26]. A dark-green solution of
CuS NPs with coating of citrate was obtained and stored
for later use. SNT-LA-CuS was synthesized through the
electrostatic interaction between the protonated NH2 and
negative CuS. 10 mg of the SNT-LA was dispersed in
2 mL of deionized water under sonication. 7 mL of the
prepared CuS was introduced into the above mixture and
stirred for 1 h. Then the sample was centrifuged, washed
and dispersed in 10 mL of deionized water. Then, SH-
PEG (6 mg) was added and the suspension was stirred for
8 h at room temperature to tether PEG onto the outer
surface of the CuS NPs. The SNT-LA-CuS-PEG nano-
composite was obtained after centrifugation and washing.
SNT-NH2-CuS-PEG was prepared by using the similar
method.

Synthesis of FITC labeled SNT
To fabricate SNT-FITC, 6 μL of APTES was added into
2 mL of DMSO containing 2.0 mg of FITC. The reaction
was carried out in the dark for 12 h. 25 mg of SNT-LA
dispersed in 20 mL of ethanol was added into the above
mixture and refluxed at 80°C for another 10 h. The
sample was centrifuged, washed with ethanol and dia-
lyzed against deionized water for 72 h. The final sample
was collected and dried for further use. Then the obtained
product was functionalized with CuS and PEG by the
method mentioned above.

Measurement of photothermal performance
Dispersions of the SNT-LA-CuS-PEG nanocomposite at
different concentrations (0, 50, 100, 200, 400 μg mL−1)
were irradiated by 808-nm an laser (powder density,

2.0 W cm−2). The temperature of the solutions was
monitored by a digital thermometer by using a thermo-
couple probe. Deionized water was used as control.

In vivo photothermal imaging of the NPs
Healthy female BALB/C mice (about 20 g) were pur-
chased from Changchun Institute of Biological Products.
All the animal experiments were in accordance with the
criteria of the National Regulation of China for the Care
and Use of Laboratory Animals. Firstly, H22 cells (murine
hepatocarcinoma cell line) were injected in the left axilla
of each female mouse six days earlier to establish the
tumor model. Balb/c mice bearing H22 tumors were in-
travenously injected with 100 μL of NPs (20 mg kg−1 per
each mouse). The thermal images at different time points
after irradiation were provided by using an FLIR infrared
camera when tumors were exposed to the 808-nm laser.

DOX loading and release
The typical process for DOX loading was as follows: first,
5 mg of SNT-LA-CuS-PEG was dispersed in an aqueous
solution of DOX (1 mL, 2.5 mg mL−1), and shaken at
37°C for 24 h to reach the equilibrium state. The DOX
loaded SNT-LA-CuS-PEG was obtained by centrifuga-
tion. The supernatant solution containing the free DOX
was measured by a UV-vis absorption spectrophotometer
at 480 nm to calculate the amount of DOX loaded in the
nanocomposites. The loading content of DOX was cal-
culated by the following equation: drug loading
content (%) = 100 × (weight of DOX in the SNT-LA-CuS-
PEG) / (weight of the SNT-LA-CuS-PEG + weight of
DOX loaded into the SNT-LA-CuS-PEG). The DOX re-
lease from SNT-LA-CuS-PEG/DOX with or without the
808-nm NIR laser irradiation was carried out by disper-
sing the DOX loaded samples in 2.0 mL of buffer solution
at pH 7.4 and 5.0 under shaking, respectively. At the
predetermined time points, the suspensions were cen-
trifuged and the supernatant was collected for analysis
and an equal volume of fresh medium was added. In the
presence of laser irradiation, the dispersion of SNT-LA-
CuS-PEG/DOX was irradiated by an 808-nm NIR laser
(2.0 W cm−2) for 5 min every hour. The sustained release
of DOX in the buffer solution at different time points was
monitored with a UV-vis spectrophotometer at 480 nm.

In vitro cytotoxicity of the SNT-LA-CuS-PEG NPs
About 8000 L929 fibroblast cells were cultured in 100 μL
of Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 1% (v/v) penicillin, 1% (v/v) streptomycin
and 10% (w/v) fetal bovine serum at 37°C under a hu-
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midified 5% CO2 atmosphere in a 96-well plate. Then
100 μL of the solutions with NP concentrations of 6.25,
12.5, 25, 50, 100 and 200 μg mL−1 were added to the cells,
respectively. Untreated cells were used as control. The
cells were incubated at 37°C in 5% CO2 for 24 h. After
that, 20 μL of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) solution (dispersed in
DMEM with 10% concentration) was added into each
well with continued cultivation for 4 h. After the super-
natant was removed, 150 μL of DMSO was added to each
well. Finally, the absorbance at 490 nm of the plate was
recorded using a microplate reader (Thermo Multiskan
MK3).

Cellular uptake assay
For quantification of the cell uptake of the samples,
HepG2 cells were cultured in 6-well plates at a density of
2×105 cells per well for 24 h. These cells were then cul-
tured with SNT-NH2-CuS-PEG (100 μg) or SNT-LA-
CuS-PEG (100 μg) at 37°C for 1, 4 and 6 h. After being
washed with phosphate buffer saline (PBS) three times,
the cells were lysed by the cell lysis buffer. Inductively
coupled plasma-optical emission spectrometer (ICP-OES)
(iCAP 6300 of Thermo Scientific) was used to measure
the Si content in the cell lysis solution.

CLSM images
For the cell uptake experiment, HepG2 cells were plated
in 6-well plates at a density of 1×105 cells per well and
allowed to attach and grow for 24 h. These cells were then
incubated with SNT-40-NH2-CuS-PEG-FITC, SNT-40-
LA-CuS-PEG-FITC, SNT-55-LA-CuS-PEG-FITC, SNT-
150-LA-CuS-PEG-FITC and DAPI at 37°C for 1 and 6 h,
respectively. After that, the cells were washed with PBS
three times to remove any residual NPs. 2.5% glutar-
aldehyde (1 mL per well) was added and the cells were
cultured at 37°C for another 10 min. The samples were
visualized by confocal laser scanning microscopy (CLSM,
Leica TCS SP8).

Chem-photothermal therapy
HepG2 cells were cultured in 96-well plates in a complete
medium for 24 h. Then, the SNT-LA-CuS-PEG/DOX
dispersed in DMEM was added into the wells. After 6 h of
incubation, the cells were washed with PBS and replaced
with fresh medium. For the combined therapy, the cells
were irradiated with an 808-nm laser (2.0 W cm−2) for
5 min and further incubated for 24 h in the dark. The cell
viability after integrated therapy was evaluated by the
standard MTT assay.

In vivo photothermal/chemotherapy anticancer efficacy
The tumor-bearing BALB/C mice model was established
as described above. The tumors were allowed to grow to a
size around 60−100 mm3, then the tumor-bearing mice
were divided into five groups (n=6, each group), group 1:
control; group 2: DOX only; group 3: SNT-LA-CuS-PEG
(NPs)/DOX; group 4: NPs+NIR irradiation; group 5:
NPs/DOX+NIR irradiation. The DOX, NPs and (NPs)/
DOX were injected intratumorally with 4.0 mg DOX per
kg body weight on day 1 and 4, respectively. After 12 h,
the tumors in the groups of NPs+NIR irradiation and
NPs/DOX+NIR irradiation were exposed to an 808-nm
laser with an output power density of 2.0 W cm−2 for
15 min (5 min break after 5 min irradiation). The tumor
sizes of the mice were determined by using a digital ca-
liper every two days and body weights were measured at
the same time. The tumor volume was calculated with the
formula: V= LW2/2, where L and W refer to the length
(mm) and width (mm) of the tumor, respectively.

Histological examination
To determine the histological changes of the main organs,
one tumor-bearing mouse in each group was sacrificed at
the 14th day after treatment. Afterward, the tumors and
organs were collected, successively dehydrated and em-
bedded in liquid paraffin. The sliced organ tissues
(3–5 mm) were stained with hematoxylin and eosin
(H&E) and imaged by a microscope.

Characterizations
Powder X-ray diffraction (XRD) measurements were
performed on a D8 Focus diffractometer (Bruker) with
Cu Kα radiation (λ = 0.15405 nm). The X-ray photo-
electron spectra (XPS) were taken on a VG ESCALAB
MK II electron energy spectrometer using Mg Kα
(1253.6 eV) as the X-ray excitation source. The (UV-vis)-
NIR adsorption spectra were recorded on Shimadzu UV-
3600 spectrophotometer. Fourier-transform infrared (FT-
IR) spectra were recorded on a Perkin-Elmer 580B IR
spectrophotometer using the KBr pellet technique.
Transmission electron microscopy (TEM) micrographs
were obtained from an FEI Tecnai G2 S-Twin transmis-
sion electron microscope with a field emission gun op-
erating at 200 kV. Zeta potential distribution
measurements were recorded on a Zetasizer Nano ZS
(Malvern Instruments Ltd, UK). MTT experiments were
carried out by using a microplate reader (Thermo Mul-
tiskan MK3), while the instrument of UCLM was rebuilt
on an inverted fluorescence microscope (Nikon Ti-S).
The N2 adsorption-desorption isotherms of the samples
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were collected by the Micromeritics ASAP 2020 M ap-
paratus. The surface area and the pore size distribution of
the samples were respectively calculated by the Brunauer
−Emmett−Teller (BET) and Barrett−Joyner−Halenda
(BJH) methods. All the measurements were performed at
room temperature.

RESULTS AND DISCUSSION
The fabrication and application of the anticancer drug
carrier combined with chemotherapy and photothermal
therapy are shown in Scheme 1. Porous SNTs were pre-
pared by using the rod like nickel-hydrazine complex
template followed by the acid etching and hot water
corrosion process. The SNTs were sequentially functio-
nalized with amino groups and a part of them were fur-
ther conjugated with LA on the surface of silica for the
targeting of asialoglycoprotein receptor over expressing
hepatoma cells. The residual NH2 could bind with citrate
coated CuS NPs and form SNT-LA-CuS nanocomposites
due to the electrostatic adsorption. CuS NPs can absorb
NIR laser and generate heat to destroy the cancer cells.
PEG-SH was further grafted to improve the dispersity of
the NPs. The antitumor drug DOX was introduced into
the space of the SNT-LA-CuS-PEG for the chemotherapy
treatment.
The TEM image (Fig. 1a) demonstrates the mono-

dispersed rod-like morphology of the SNT-40 sample
with an average size of 40 nm×25 nm and shell thickness
of 7 nm. The SNTs with sizes of 55 nm×23 nm and
150 nm×20 nm were also fabricated by tuning the volume
of the NiCl2 solution in the reaction, as shown in Figs S1,
S2.
The pore structure of the hollow STNs was investigated

through the N2 adsorption-desorption isotherm (Fig. 1c
and Fig. S3). The pristine SNTs showed a hysteresis loop
classified as type IV isotherm, indicating the porous silica
shell. The BET specific surface area, pore volume and
pore size of SNT-40 (40 nm×25 nm) were calculated as
259 m2 g−1, 0.676 cm3 g−1 and 2.4 nm, respectively. The
BET surface areas, pore volumes and pore sizes of SNT-
55 and SNT-150 were determined as 118 m2 g−1,
0.457 cm3 g−1, 3.2 nm and 119 m2 g−1, 0.311 cm3 g−1,
3.1 nm, respectively. The porous shell and hollow inner
space of these nanotubes make them potential candidates
for drug delivery systems.
After modification with LA and adsorption of the CuS

NPs, black dots with a size of about 5 nm can be clearly
seen on the outer side of the SNTs (Fig. 1b). The SNTs
with different lengths can be functionalized with CuS NPs
through the same method (Figs S1, S2). Both of the UV-

vis-NIR absorption spectra of SNT-40-NH2 and SNT-40-
LA display no absorption peak from 800 to 1200 nm
(Fig. 1d). SNT-40-LA-CuS-PEG nanocomposites show
obvious absorption in the NIR region owing to the at-

Scheme 1 The synthesis process of the nanocomposite and its appli-
cation for chemo-photothermal therapy.

Figure 1 TEM images of SNT-40 (a) and SNT-40-LA-CuS-PEG (b); (c)
N2 adsorption/desorption curve of SNT-40; (d) UV-vis-NIR spectra of
the corresponding products.
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tached CuS NPs, which is consistent with the previous
reports and guarantees that the NPs can be used for PTT
[15].
The XRD pattern of the SNT-40-LA-CuS-PEG is shown

in Fig. 2. The broad band around the 2θ=22° corresponds
well with the characteristic reflection from amorphous
SiO2 (JCPDS 29-0085). The peak at 47.9° of the sample
could be indexed to the (110) plane of CuS (JCPDS NO
06-0464). The broadened feature of the XRD patterns
derives from the small size of CuS particles [37]. The XPS
results shown in Fig. 3 further identify the composition of
the sample. Except for Si 2p and O 1s, Cu 2p spectrum of
SNT-40-LA-CuS at 932.6 and 952.2 eV are indexed to
Cu 2p3/2 and Cu 2p1/2, which can be ascribed to binding
energies for the Cu 2p orbital in accord with Cu(II) [38].
The S 2p spectrum further confirms the existence of CuS.
The peaks of S 2p3/2 and S 2p1/2 of the SNT-40-LA-CuS
located at 162.4 and 168.2 eV match well with the pre-
viously reported value [39].
The FT-IR spectra of SNT-40, SNT-40-NH2, SNT-40-

LA and LA are displayed in Fig. S4. SNT-40 exhibits
peaks at 3419 cm−1 (O–H stretching), 1635 cm−1 (bending
of adsorbed water), 1089 cm−1 (Si–O asymmetrical
stretching), 950 cm−1 (Si–OH bending), and 800 cm−1 (in-
plane bending of geminal silanol). The peak around
1475 cm−1 after the reaction of silica NPs with APTES
indicates the amino groups, demonstrating the formation
of SNT-40-NH2. The band between 3400 and 2400 cm−1

in the spectrum of pure LA is derived from –OH ab-
sorption. The characteristic band at 1740 cm−1 can be
ascribed to the carbonyl stretching (C=O) of carboxylic
groups. After the formation of the amide bond between
carboxylic groups of LA and amine groups of SNT-40-
NH2, the carbonyl stretching of LA is absent [40]. The
peaks of 1557, 1438 and 1418 cm−1 observed in the
spectrum of SNT-40-LA indicate the successful grafting
of LA molecules.
Zeta potentials of SNT-40, SNT-40-NH2, SNT-40-LA,

SNT-40-LA-CuS, and SNT-40-LA-CuS-PEG were mea-
sured to evaluate the change of the surface charge of these
samples. The zeta potential of SNT-40 is −10.2 mV,
confirming –OH groups on the surface of the pure silica.
The zeta potential of SNT-40-NH2 is 17.0 mV, indicating
the successful functionalization with the NH2 groups.
After grafting with LA, the zeta potential of the compo-
sites decreases to 11.5 mV, which is mainly attributed to
the partially shielding of NH2 groups by LA, demon-
strating that LA is successfully grafted onto the SNT-NH2.
The zeta potential of SNT-40-LA-CuS decreases to −3.96
mV, which shows the successful coating of the CuS NPs

onto the SNT-LA. Furthermore, the long chain of PEG
introduced may shield part charge, which leads to the
decreasing potential of SNT-40-LA-CuS-PEG
(−2.32 mV).
A standard MTT assay was carried out to assess the

cytotoxic effect of the nanocomposites. After incubation
with the NPs at concentrations ranging from 6.25 to
200 μg mL−1 for 24 h, the cell viability of L929 shows
higher than 80% (Fig. S5). It can be demonstrated that the
nanotubes with different lengths have good biocompat-
ibility for potential applications in biomedical area.
The cellular endocytosis of SNT-40-NH2-CuS-PEG and

SNT-40-LA-CuS-PEG NPs by HepG2 cells was measured
by ICP-OES. As shown in Table S1, the cell endocytosis of
Si inside cells is 17.55, 26.69, 34.68 pg per cell for SNT-40-
NH2-CuS-PEG at 1, 4 and 6 h, respectively. Because the
targeting of LA to receptor of the HepG2 cells, the total
amounts of the Si for SNT-40-LA-CuS-PEG are more

Figure 2 XRD pattern of the SNT-40-LA-CuS-PEG and the standard
JCPDS card 06-0464 of CuS.

Figure 3 XPS spectra of the SNT-40-LA-CuS: (a) Si 2p, (b) O 1s, (c)
Cu 2p, and (d) S 2p.
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than twice that of SNT-40-NH2-CuS-PEG, which are
39.17, 54.96, 75.78 pg per cell. HepG2 cells were treated
with LA-functionalized SNTs with various lengths on the
basis of the same Si concentration. The Si contents inside
the SNT-55-LA-CuS-PEG and SNT-150-LA-CuS-PEG
are 34.97, 43.35, 56.40 and 30.04, 36.45, 46.80 pg per cell
after incubation with HepG2 cells at 1, 4 and 6 h, re-
spectively. With the increasing size of the SNTs, the
content of Si in HepG2 cells decreases gradually.
To further study the effect of the targeted receptor on

the interaction between the NPs and cancer cells, FITC-
labeled SNT-40-NH2-CuS-PEG and SNT-40-LA-CuS-
PEG were incubated with HepG2 cells for different time
intervals, respectively. As shown in Fig. 4, gradually im-
proved fluorescence intensity of FITC was detected with
time increasing. This phenomenon suggests that the na-
nocomposites were gradually internalized into HepG2
cells with extension of time. Moreover, the SNT-40-LA-
CuS-PEG shows much brighter green signal compared
with SNT-40-NH2-CuS-PEG at the same incubation time.
This phenomenon can be ascribed to the LA conjugated
on the nanocomposites that can efficiently target the
asialoglycoprotein receptor overexpressing on heptoma
cells.
The fluorescence images of FITC for SNT-LA-CuS-

PEG (55 and 150 nm) are also demonstrated in Fig. S6.
The relatively lower fluorescence of FITC for SNT-150-
LA-CuS-PEG-FITC reveals that NPs with larger particle
sizes have lower cell uptake capabilities. Based on these
results, the SNTs with the length of 40 nm were chosen
for further in vivo/vitro experiments.
The temperature of the solutions containing different

concentrations of the NPs was recorded using the 808-nm
laser irradiation (2 W cm−2) to investigate the photo-
thermal effect. The pure water (0 μg mL−1) displayed a
slight temperature increase (Fig. 5). The temperature of
SNT-40 suspension with a concentration of 400 μg mL−1

showed a little elevation (1.6°C) compared with the CuS
loaded samples (Fig. S7). However, the temperature of the
NPs aqueous solution showed a significant increase under
the same condition. Moreover, the final temperature rose
to 52.6°C when the NP concentration increased to
400 μg mL−1.
Fig. 6 shows the infrared thermal images of a tumor-

bearing mouse. The images were collected by using an
infrared camera at different time intervals under 808-nm
laser irradiation after the mouse was intravenously in-
jected for 12 h. The tumor exhibited a white color at the
beginning, while became yellow then to red with in-
creased irradiation time, and the temperature increased

from 31.7 to 63.2°C, while the temperature of the control
group only reached to 38.6°C. These images reveal that
the nanocomposites can be effectively uptaken by tumor
and convert near infrared light into heat because of the
localized surface plasmon resonance of high-concentra-
tion free carrier (holes) due to Cu deficiency in the CuS
NPs [21].
The loading amount ratio of DOX in the SNT-40-LA-

CuS-PEG was determined to be 12%. The release profiles

Figure 4 CLSM images for the cellular endocytosis of SNT-40-NH2-
CuS-PEG-FITC and SNT-40-LA-CuS-PEG-FITC after incubation with
HepG2 cells for 1 and 6 h, respectively. Scale bars represent 50 μm.

Figure 5 Temperature change curves of the solutions containing the
SNT-40-LA-CuS-PEG with various concentrations under 808-nm NIR
laser irradiation with power density of 2 W cm−2.
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of DOX in buffer solutions with different pH values are
displayed in Fig. 7. The DOX released from the SNT-40-
LA-CuS-PEG at pH 7.4 was only 12.98% in 8 h, indicating
that very few DOX molecules were released in the neutral
solution. The accumulated release quantity of DOX
reached 47% at pH 5.0, which could be ascribed to the
improved solubility of DOX in acidic solution and the
weakened interaction between the DOX and silanol
groups of the carrier. As shown, the release rate of DOX
from the SNT-40-LA-CuS-PEG increases with decreasing
pH. The pH-dependent release properties of DOX from
the nanocomposites can be potentially used for cancer
therapy. The photothermal effect generated by the CuS
NPs on the release of DOX was investigated. During the
release process, the NIR laser irradiation was carried out
for 5 min every hour to assess the photothermal effect on
the drug release. The release ratios of DOX before and
after the NIR laser irradiation were monitored. The re-
sults displayed a triggered accelerating release of drug
molecules upon NIR irradiation and slower release when
the laser was absent. In acidic solution (pH 5.0), the re-
lease quantity of DOX with NIR reached up to 76%
within 8 h, while only 47% DOX was accumulated with-
out irradiation. At neutral pH, the release rate was ap-
parently slower than that at lower pH 5.0, which showed
22% DOX released under NIR irradiation. Similarly, the
release of DOX was also enhanced under laser. These
values reveal that the release of DOX from the NPs could
be triggered by 808-nm NIR laser irradiation, owing to
the photothermal effect of the CuS which promotes the
drug release. The heat reduces the electrostatic interaction
between DOX and the silanol groups on the silica tube,

meanwhile between DOX and citrate, which leads to
faster DOX release from the nanocomposites [26]. The
pH-dependent and NIR-triggered DOX release from the
NPs can be applicable for the controllable drug release
systems. The release of DOX is inhibited at the normal
physiological environment, but the release could be ac-
celerated after the nanocomposites are taken into acid
cancer cell endosomes and lysosomes under NIR laser
irradiation.
To test the targeting effect of the LA of the nano-

composites, we first incubated DOX loaded SNT-40-
NH2-CuS-PEG and SNT-40-LA-CuS-PEG with HepG2
cells for 24 h. As revealed in Figs S8 and S9, pure SNT-40-
NH2-CuS-PEG, SNT-55-LA-CuS-PEG and SNT-150-LA-
CuS-PEG show low cytotoxicity to HepG2 cells. Free
DOX, DOX loaded SNT-40-NH2-CuS-PEG and SNT-40-
LA-CuS-PEG exhibit notable cytotoxicity to HepG2 cells,
and the inhibition ratio against HepG2 is elevated with
higher concentration. The asialoglycoprotein receptor on
the membrane of HepG2 cells could identify the LA
group grafted on the DOX loaded SNT-40-LA-CuS-PEG,
thus lead to higher internalization efficiency of the NPs
and diffusion of the DOX inside cells. These results imply
that SNT-40-LA-CuS-PEG/DOX could kill more cancer
cells than SNT-40-NH2-CuS-PEG/DOX under the same
conditions in vitro. Therefore, the NPs functionalized
with LA can effectively be internalized by cancer cells
with the receptor and the ablation of cancer cells can be
promoted. Five groups of pure SNT-40-LA-CuS-PEG
(NPs), NPs+NIR, DOX, NPs/DOX, NPs/DOX+NIR were
used for incubation with HepG2 cells in order to further
investigate the combination of chemo-therapy and PTT
of the prepared NPs. As depicted in Fig. 8, the HepG2 cell
viability after incubation with pure NPs is higher than

Figure 6 The infrared thermal images of tumor-bearing mice after in-
jection of SNT-40-LA-CuS-PEG (NPs) correlated with the irradiation
time exposed to 808-nm NIR laser (2 W cm−2).

Figure 7 The release rate of DOX from the particles in PBS (pH 7.4 and
5.0) in presence or absence of 808-nm laser irradiation (2 W cm−2).
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90%, implying that the pure material is low toxic to
cancer cells. The results suggest that the group of NPs/
DOX+NIR has the maximum inhibiting ability with the
cell viability decreasing to 25%. The increased cell in-
hibiting ability suggests that the synergistic effect of the
chemo-photothermal system is greater than the in-
dividual chemical therapy or PTT. This can be attributed
to the increased temperature-accelerated drug release and

the thermal ablation of cancer cells.
The synergistic therapy effect of NPs was further de-

termined in mice. DOX-NPs were injected intratumorally
to the H22 tumor-bearing mice when the tumor size
reached to about 100 mm3. The mice were sacrificed after
treatment for 14 days. Fig. 9a shows the representative
images of the excised tumors with different treatment

Figure 8 In vitro cell viability of HepG2 cells incubated with pure NPs,
DOX, and NPs/DOX at different concentrations in presence or absence
of NIR-laser irradiation for 24 h.

Figure 9 (a) Photographs of tumors from five groups of tumor-bearing
mice (control, DOX, NPs/DOX, NPs+NIR, NPs/DOX+NIR). (b) The
tumor volume of the mice of the corresponding groups versus the
treatment time. (c) The body weight of the mice in different groups
versus the treatment time.

Figure 10 Representative histological H&E stained tissue images of the major organs from mice at 14 days after treatment. The scale bar of all the
pictures is 50 μm.
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conditions (with and without 808-nm laser irradiation).
The tumor growth curves (Fig. 9b) indicate that the tu-
mor size of the NPs/DOX under irradiation group de-
crease obviously in comparison with other groups, which
is consistent with the graphs of the excised tumor. As
shown in Fig. 9c, the weight changes of the mice are not
obvious during the treatment. These results imply that
the integration of the chemo-photothermal therapy ex-
hibits considerably higher tumor growth inhibition.
H&E staining analyses of the main organs of the mice,

including heart, liver, spleen, lung, and kidney in different
groups were also performed after the various therapy
treatments. No obvious pathological changes were ob-
served in the main organs, confirming the good bio-
compatibility of NPs (Fig. 10).

CONCLUSION
Hollow structured SNTs with controllable size decorated
with heat generating agent CuS NPs and target LA group
were prepared. The SNTs with average size of
40 nm×25 nm show the highest cell uptake amount after
incubation with HepG2 cells. CuS NPs adsorbed onto the
SNTs can effectively convert NIR light to heat upon the
808-nm NIR irradiation. The introduced target groups
efficiently enhance the internalization of the NPs. The
synthesized nanocomposites have good biocompatibility
and photothermal property. The DOX-loaded nano-
composites show pH-dependent and NIR-triggered drug
release, which causes much higher ablation of cancer cells
under synergistic therapy. The in vivo cell cultivation and
histological section analyses reveal that the DOX-loaded
NPs can reduce the tumor growth, and cause no obvious
damage to the healthy organs. The chemo-photothermal
therapy vehicles with target ligand achieved a higher
therapeutic efficacy than that of individual chemotherapy
or photothermal therapy. Hence, the SNT-based nano-
platform could be potentially used in biomedical appli-
cations.
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可控合成空心多孔氧化硅纳米管/CuS体系应用于
化疗-光热靶向治疗
黄珊珊1*, 马平安2, 韦祎2, 程子泳2*, 刘蓓2, 邓晓然2, 谢忠曦2,
邢本刚4, 林君2,3*

摘要 多功能药物载体的设计合成并应用于肿瘤的联合治疗得到
了研究人员的广泛关注. 本文介绍了一种连接靶向基团的化疗-光
热联合治疗纳米平台. 首先制备了尺寸可控的平均长度为40、55
和150 nm的空心多孔氧化硅纳米管, 在表面修饰具有光热功能的
硫化铜纳米颗粒, 然后连接乳糖酸基团实现肝癌细胞靶向功能. 平
均长度为40 nm、修饰靶向基团的空心多孔材料显示出良好的生
物相容性, 且具有最大的HepG2细胞吞噬量. 负载盐酸阿霉素的纳
米复合材料表现出pH和808 nm近红外激光刺激响应的释放效果.
将CuS光热治疗和盐酸阿霉素化疗相结合的方法在体外和体内的
抑制肿瘤效果都优于单独治疗. 研究结果表明, 该纳米复合材料在
化疗-光热联合治疗方面具有潜在的应用价值.
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