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A facile one-pot synthesis of colloidal stable,
monodisperse, highly PEGylated CuS@mSiO2

nanocomposites for the combination of
photothermal therapy and chemotherapy†

Feng Lu, Jinfeng Wang, Lin Yang and Jun-Jie Zhu*

A facile one-pot approach was developed for the synthesis of colloidal

stable, monodisperse, highly PEGylated mesoporous silica coated copper

sulfide nanocomposites for the combination of photothermal therapy

and chemotherapy. The proposed method can also be extended to the

synthesis of other metal sulfide nanocomposites.

Benefiting from the unique physicochemical properties of
nanoparticles, nanomedicine has become a rapidly growing and
heavily explored field, providing an alternative way for cancer
treatment.1,2 On the one hand, nanocarriers can take advantage
of the enhanced permeation and retention (EPR) effect to deliver
therapeutic agents to tumor sites, which is well known as the
passive targeting effect.3 On the other hand, nanoparticles provide
a versatile platform for the integration of multimodal therapies,
such as chemotherapy, hyperthermia, photodynamic therapy and
radiation therapy.4–7 Among them, mesoporous silica nanoparticles
(mSiO2) with high payload capacity, good biocompatibility and ease
of surface modification, have been widely investigated as potential
drug carriers. In particular, mSiO2 can be integrated with photo-
thermal agents for a combination of photothermal and chemo-
therapy, which can provide a high therapeutic index with synergistic
effects.8 However, mSiO2 always suffer from poor colloidal stability in
aqueous solution, which results in a rapid unintentional uptake by
the reticuloendothelial system and greatly restricts their clinical
application.9 Polyethylene glycol (PEG) grafting is one of the most
popular strategies for surface passivation to improve the colloidal
stability and enhance the EPR effect. Therefore, photothermal agent
coated with a PEGylated mSiO2 layer provides a standard modality
for the synergy of photothermal therapy and chemotherapy towards
cancer treatment.

Recently, copper sulfide nanoparticles (CuS NPs) have emerged
as a new class of photothermal agents due to their low cost, good

biocompatibility and high extinction in the near infrared range.7,10

Furthermore, CuS nanoparticles are more stable under laser irra-
diation compared with traditional gold nanostructures.11 Thus the
fabrication of PEGylated mesoporous silica coated copper sulfide
(CuS@mSiO2–PEG) nanocomposites provides a useful platform for
dual cancer treatment.

In nanotechnology, a key challenge in the synthesis of these
multicomponent nanoparticles towards biomedical applications is
obtaining reproducible, monodisperse, colloidal stable nanoparticles
in the minimum number of steps.12 Although PEGylated mSiO2

coated gold nanorod, Cu9S5, graphene and carbon nanotubes were
already synthesized,8,13,14 these methods require multiple steps,
which makes the process complicated and reduces the reproduci-
bility. And most of the synthesis methods involve reactions in
organic solvents, which is not favored for biomedical applications.
Importantly, PEGylation on these already formed mSiO2 cannot lead
to colloidal stable nanoparticles in most cases due to their poor PEG
grafting efficiency.15 Meanwhile, although PEG grafting enables
many characterizations essential for in vivo applications (prevents
protein adsorption, lower hemolytic activity, reduces nonspecific
cell uptake, enhances blood circulation time and improves passive
target efficacy), these benefits only become effective under high
coverage density.16 Thus, a simple and convenient method for highly
PEGylated mesoporous silica-based nanocomposites is highly
required to bring these nanoparticles into clinical applications.

Herein, we present a facile one-pot approach for the synthesis of
colloidal stable, highly PEGylated CuS@mSiO2 nanocomposites in
aqueous solution. This method is straightforward to achieve the
final product, but also can be paused in between to obtain CuS and
CuS@mSiO2 nanoparticles. The as-prepared nanocomposites were
of sub-50 nm size, monodisperse and highly stable in aqueous
solution.

Meanwhile they exhibited good photothermal efficacy and
pH-responsive drug release behavior. A fast intercellular release and
drug accumulation in the nucleus was also observed via a direct
in vitro experiment. All these features make the as-prepared
CuS@mSiO2–PEG nanocomposites excellent vehicles for the
combination of chemo–photothermal therapy. In addition, there
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is great potential for extending the proposed method to the
preparation of multifunctional PEGylated mSiO2 nanoparticles
with different types of inner cores. The successful syntheses of
several other metal sulfide (CdS, Ag2S and HgS) nanocomposites
are also included here as an example.

The designed route for the preparation of CuS@mSiO2–PEG
nanocomposites is illustrated in Scheme 1. Copper chloride
and sodium sulfide were first mixed in a diluted cetyltrimethyl-
ammonium bromide (CTAB, 0.125 mg mL�1) aqueous solution
forming a brown homogenous suspension of Cu2�xS nanoparticles
(Fig. S1, ESI†). Under a nitrogen flow, the solution was heated up to
90 1C and dark green CuS nanoparticles of around 13 nm (Fig. 1a)
were formed. Subsequently, the solution was cooled to 70 1C and
additional CTAB was added to make a final CTAB concentration of
2 mg mL�1, which is suitable for mesoporous silica coating.17 Note
that direct synthesis of CuS nanoparticles at this concentration can
lead to ultrasmall CuS nanodots (Fig. S3b, ESI†), which also confirms
the possibility of controlling the size distribution of obtained CuS
NPs through the initial ligand concentration.18 Then a thin layer of

mSiO2 was grown on CuS NPs via hydrolysis of tetraethyl ortho-
silicate. PEG silane was added later to graft a polymer layer on the
surface of silica to maintain the colloidal stability. The nanocompo-
sites prepared with insufficient PEG silane will result in aggregation
after purification (Fig. S4, ESI†), while too much of PEG silane makes
it too difficult for the nanoparticles to be separated from the
solution. Under optimized conditions, the obtained nanocomposites
exhibited a clear core–shell structure with a total diameter of around
42 nm (Fig. 1b) and could be readily dispersed in water forming a
transparent green colored solution. Salting out the nanoparticles
from water into chloroform demonstrates the high PEGylation of the
nanocomposites (Fig. 1c inset),19 which has not been achieved for
mSiO2 based materials. The hydrodynamic diameter of obtained
CuS@mSiO2–PEG was measured to be 49.5 nm, which is excellent
for passive-targeting of solid tumors.1,20

A typical IV isotherm (Fig. S5, ESI†) was observed after extraction
of CTAB (Fig. S6, ESI†), demonstrating the mesoporous nature of the
nanomaterial.21 The BET surface area and pore size were measured
to be 577 m2 g�1 and 2.6 nm respectively, which guaranteed their
applications as drug carriers. XRD patterns (Fig. S7, ESI†) show that
the obtained CuS belongs to covellite phase (JCPDS: 079-2321). With
a strong plasmonic absorption of around 960 nm (Fig. 1c), the
photothermal effect can be simply conducted with a commonly used
980 nm laser. As shown in Fig. 1d, the CuS@mSiO2–PEG solution
with a concentration of 100 mg mL�1 can be heated up to 66 1C using
10 min of irradiation under a 2.4 W cm�2 laser. This power density
was adopted due to its fast response and large temperature separa-
tion between the nanoparticles and the control (water, Fig. S8, ESI†),
which is crucial for photothermal therapy. In accord with the
previous report,22 the MTT assay proved this power density is safe
for cells (Fig. S9, ESI†). Note that large temperature increase of pure
water was also observed here which is related to their absorption of
around 980 nm (Fig. S10, ESI†). To examine the cell ablation induced
by the photothermal effect, HeLa cells incubated with and without
nanocomposites were exposed to the laser (Fig. 2). Negligible cellular
death is observed when treated with laser alone without nano-
particles while for the HeLa cells incubated with CuS@mSiO2–PEG
nanoparticles, substantial cellular death can be observed in the
region exposed to the laser. Note that the cells were hardly influ-
enced in the region not exposed to the laser. Thus the confined
beam of the laser provides a remote-controlled and site-specific
photothermal treatment, which can greatly reduce the damage to
normal cells.

Doxorubicin hydrochloride (DOX), a commonly used anticancer
drug was employed to examine the potential of the as-prepared
nanocomposites as drug delivery vehicles. After mixing in water,
120 mg of DOX can be incorporated per gram of the nanocomposites
which is sufficient for cancer therapy.23 The DOX loaded nano-
particles (CuS@mSiO2–PEG/DOX) still maintain colloidal stability in
aqueous solution (Fig. S11, ESI†) and exhibit characteristic absorp-
tion of both DOX and CuS (Fig. S12a, ESI†). The fluorescence of DOX
was almost completely quenched after loading (Fig. S12b, ESI†).
Thus, one can monitor the release of DOX real time by measuring
the emission intensity of a diluted suspension of CuS@mSiO2–PEG/
DOX. Here, three typical pHs, 7.4 (physiological environment),
6.5 (tumor environment) and 5.0 (endosome/lysosome) were applied

Scheme 1 Preparation and application of CuS@mSiO2–PEG nanocomposites.

Fig. 1 TEM images (a, b) and UV-vis spectra (c) of CuS and CuS@mSiO2–PEG
nanoparticles (inset: size distributions) of CuS and CuS@mSiO2–PEG.
(d) Temperature change of CuS@mSiO2–PEG solutions after irradiated NIR
laser (980 nm, 2.4 W cm�2). Inset in (c) shows the salting out of CuS@mSiO2–
PEG nanocomposites from water into chloroform by adding NaCl.
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to investigate the pH responsive drug release behavior (Fig. 3a and
Fig. S13, ESI†). Negligible fluorescence could be observed under
pH 7.4 within 20 min, indicating that no drugs were released
under the pH, probably due to the densely packed PEG which to
some extent blocked the pores of the mSiO2.24 While an obvious
increase of emission intensity appeared at pH 6.5, which was
more dramatic for pH 5. The cumulative release plots also
exhibited a similar pH-responsive release pattern (Fig. 3). The
dramatic release under lower pH can be attributed to the
decreased electrostatic interactions between DOX and silica.8

Meanwhile the thin silica shell here also makes it easier for the
drugs to diffuse out, which appears to be more pH-responsive
than the normally-used 100 nm mesoporous silica.23,25 Since the
nanoparticles enter the cells mainly through endocytosis and
accumulate within acidic endosomes and lysosomes,26 a fast
release can be triggered when the nanocomposites get into the
cells. After being incubated with HeLa cells for 1 h, the red
fluorescence of DOX spread all over the cells, but surprisingly
was mainly accumulated in the nucleus (Fig. 4), where DOX killed
the cancer cells via pharmacodynamic effects.27 Note that the fast
delivery of DOX into nucleus was very important for therapy but
was rarely observed for mSiO2-based materials.28 Here the fast
accumulation of drugs in the nucleus can be attributed to the fast
cell uptake and fast dissociation of DOX in the acidic organelles.

A limited portion of the drugs was released in the fetal
bovine serum (FBS) as well (Fig. S13, ESI†); all these observations
demonstrate their potential in vivo. (i) Only a limited amount of
drugs leak during their circulation. (ii) When they are passively
accumulated in an acidic tumor microenvironment, the drugs
start to dissociate from the silica. (iii) After endocytosis of cancer
cells, most of the drugs release efficiently from the carrier and
migrate into the nucleus to kill the cancer cells. Meanwhile, the
drug release rate can be enhanced by laser irradiation (Fig. 3).
Since the PEGylated nanoparticles are slowly released back into
the bloodstream after passive accumulation,29 photothermal
effects can be used to maximize drugs release in tumor tissues.

The combined photothermal therapy and chemotherapy of HeLa
cells with CuS@mSiO2–PEG/DOX nanocomposites were applied
thereafter (Fig. 4d). The carrier (CuS@mSiO2–PEG) itself shows good
biocompatibility (Fig. S14, ESI†) while upon laser irradiation, only
62.2% cell viability remained when treated with 50 mg mL�1

CuS@mSiO2–PEG. However, the photothermal treatment efficacy
decreases significantly with the carrier concentration due to the
insufficient heat generated with a decreased amount of the absorp-
tion agent, which is typical for photothermal therapy.4,6,30 As a result,
the combination of photothermal and chemotherapy with CuS@
mSiO2–PEG/DOX nanocomposites also exhibited a concentration
dependent manner. When compared to free DOX, which can enter
the cells non-specifically and rapidly,31 CuS@mSiO2–PEG/DOX
nanocomposites with NIR irradiation exhibited slightly lower cell
toxicity at low concentrations (below 25 mg mL�1). While at relatively
high concentrations, their performances become comparable and

Fig. 2 Cell viability of HeLa cells incubated with CuS@mSiO2–PEG under
NIR laser treatment (980 nm, 2.4 W cm�2). Viable cells were stained with
calcein (green) and dead cells were stained with PI (red).

Fig. 3 Cumulative release of DOX under different pHs with and without
NIR irradiation.

Fig. 4 CLSM images of HeLa cells incubated with DOX loaded CuS@
mSiO2–PEG nanocomposites with a DOX concentration of 5 mg mL�1 for
1 h. (a) Hoechst 33342, (b) DOX, (c) overlays of the former two and bright
field. (d) Cell viabilities after incubated with different concentrations of free
DOX, CuS@mSiO2–PEG and DOX loaded CuS@mSiO2–PEG with and
without 3 min of NIR irradiation (980 nm, 2.4 W cm�2). All the groups
have equivalent CuS@mSiO2–PEG or DOX concentration.
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even better than free DOX, which implies a synergistic effect. Any-
how, the improvement achieved with NIR exposure demonstrates
the successful combination of chemo–photothermal therapy.

As-prepared CuS@mSiO2–PEG nanocomposites were also
compared with a PEGylated mesoporous silica coated gold
nanorod (Au NR@mSiO2–PEG), which was commonly used for
the combination of photothermal treatment and chemotherapy.32

CuS@mSiO2–PEG nanocomposites exhibited many advantages,
such as a smaller size, broader absorption peak, and higher photo-
thermal conversion efficiency (see Fig. S17 and S18 for details,
ESI†). All these features mentioned above make the as-prepared
CuS@mSiO2–PEG nanocomposites excellent drug delivery vehicles.
Note that the therapeutic efficiency may be further improved by a
target ligand (for example folic acid) functionalization.32 Addition-
ally, the proposed one-pot route was applied to synthesize some
other metal sulfide@mSiO2–PEG nanocomposites, such as CdS,
Ag2S and HgS, all of which show good uniformity and excellent
colloidal stability (Fig. S19, ESI†). Interestingly, red emitting CdS
quantum dots can be achieved using this route, which are rarely
reported in the literature.

In summary, a facile one-pot method was presented for the
preparation of colloidal stable, monodisperse, highly PEGylated
CuS@mSiO2–PEG nanocomposites of sub-50 nm size. The
as-prepared material exhibited good photothermal efficacy
and pH-responsive drug release behavior, which make it an
excellent vehicle for the combination of photothermal therapy
and chemotherapy. Since mSiO2-based nanocomposites have
been heavily explored recently, this synthetic method may
provide a standard approach for the preparation of colloidal
stable, highly PEGylated mesoporous silica nanocomposites for
biomedical applications.
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