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Porous nanomaterials have attracted extensive interests in adsorption, catalysis, biosensors, and biomedicine due
to their high surface area, well-defined pore structure and tunable pore size. However, how to obtain porous
nanomaterials of desirable component and unique structure with multifunctionalities and synergetic properties
is still a great challenge. In this work, a novel nest-like Ag@mTiO2 hierarchical nanostructure with Ag nanoparti-
cle as the core and a mesoporous crystalline TiO2 as the protective shell was successfully prepared by layer-by-
layer assembly technique and alkali-etching hydrothermal route. By simply changing the conditions of alkali
etching, different nanostructures could be obtained, such as core-shell or rattle type. In the process, the thickness
of coating silica layer and TiO2 shell both played important roles for the formation of desired nanostructures. The
as-prepared products had a large specific surface area of 301m2/g and a tailored TiO2 outer shell. Raman spectra
results showedperfect SERS signal of the tags enhanced and remained good stability even after onemonth. Doxy-
cycline (Doxy) was chosen to evaluate their drug loading and controlled release properties. The results indicated
that the obtained Ag@mTiO2 nanoparticles exhibited good biocompatibility and excellent drug-loading capacity.
Consequently, they are also expected to serve as ideal candidates for more potential applications including
photocatalysis, drug controlled release, biosensor and cell imaging, etc.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery of MCM-41 in 1992 by Mobil [1], mesoporous
materials have attracted extensive interest in many fields such as ad-
sorption, catalysis, sensors and biomedicine due to their high specific
surface area, adjustable pore size, tailored pore structure and controlled
morphology, etc. [2–5] Up to now, significant progress has beenmade to
prepare the mesoporous materials with various morphologies and
nanostructures to expand their more applications. However, the appli-
cation of traditional porous materials with single component was hin-
dered owing to their limited functionality. Consequently, many efforts
have been devoted to rationally design of core-shell, hollow or yolk-
shell nanostructures with functional interior core and useful outer po-
rous shell [6–16]. In these materials, the functional nanoparticles
(NPs) as the core usually contain Au NPs [17,18], quantum dots (QDs)
[19,20],or Fe3O4magnetic NPs, etc. [21,22]On theother hand, functional
outer shells can be achieved through appropriate chemical tailoring, for
example, well-known layer-by-layer (LBL) method [23]. As a result, the
ry and Nanobiology, School of
iversity, Shanghai 200444, PR
core-shell nanostructures not only own the function of a single compo-
nent, but also more interesting properties. For the reason, core-shell
nanostructures have recently been subject to extensive research for
their unique characteristics including high surface area, low density,
and potential applications in various fields [24–29]. So far, numerous
approaches based on the template-assisted process [30,31], Kirkendall
effect [32,33], Ostwald ripening [34,35], and surfactant-involved strate-
gy [36] have been developed to fabricate special core-shell structures.
Especially, it should be mentioned that silica-etching technique has
been regarded as an effective route to obtain various core-shell or
rattle-type nanostructures through a facile etching process. In general,
the etching agents such as NaOH, aqueous ammonia solution, Na2CO3

are widely used, as well as HF. Compared with toxic and corrosive HF,
the basic reagents are relatively mild, safe, and easily tunable. Hence,
constructing novel and hybrid nanostructures by a facile silica-etching
method is still important. In addition, since great progress has been
achieved for fabrication of porous core-shell or yolk-shell structure by
using Ag as core, which is usually composed of anisotropic building
blocks regarding one-dimensional (1D) nanowire, nanotube, and 2D
nanosheet [37–39]. Therefore, it remains a great challenge to develop
a new strategy for fabricating the desired hierarchical nanostructures
with a Ag core and a functionally mesoporous shell with expected syn-
ergetic properties, especially some unique shell structures.
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Herein, a novel nest-like Ag@mTiO2 hierarchical nanostructure with
Ag nanoparticle as the core and a mesoporous crystalline TiO2 as the
protective shell was prepared starting from tetrabutyl titanate (TBOT)
and tetraethyl orthosilicate (TEOS) by an alkali-etching hydrothermal
assisted crystallization. In this case, the coated TiO2 shell greatly en-
hanced the stability of the surface enhanced Raman scattering (SERS)
signal of the tags to meet the potential application of bioimaging. In
the meanwhile, the TiO2 porous shells effectively reduced the possible
cytotoxicity of Ag NPs owing to the oxidative effect in living cells [40].
Moverover, Ag@mTiO2 nanostructure with a porous shell and a high
surface area could make it as a promising candidate as drug carrier.

2. Experimental

2.1. Materials

All chemicals were of analytical grade and used without further pu-
rification. Tetraethoxysilane (TEOS) (99.9%), tetrabutyl titanate (TBOT),
polyvinylpyrrolidone (PVP, Mw= 55.000), aqueous ammonia solution
(NH3·H2O, 25–28 wt%), sodium hydroxide (NaOH), sodium carbonate
(Na2CO3), AgNO3, NH4NO3, ethanol, ethylene glycol, acetone, which
were supplied by Sinopharm Chemical Reagent Co., Ltd. Doxycycline
(Doxy, 99.9%) was purchased from Beijing Huafeng United Technology
Co., Ltd. Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Mo-
lecular Technologies (Japan). For cell culture medium, Dulbecco's Mod-
ified Eagle's Medium (DMEM), fetal bovine serum and glutamine were
obtained from Invitrogen (USA), penicillin/streptomycinwas purchased
fromGIBCO (USA).Mesenchymal stemcells (MSC)were provided byDr.
Lu Zhang fromShanghai Jiao TongUniversity. Deionizedwaterwas used
in all experiments.

2.2. Synthesis of Ag nanoparticles

The Ag nanoparticles (NPs) were synthesized via a modified meth-
od, as reported by Xia et al [41]. Typically, 2.5 g of PVP (Mw =
55.000) was dissolved in 200 mL of ethylene glycol before 1.0 g of
AgNO3 was added. After a three-neck flask was set in an oil bath, the
mixture was then heated to 130 °C within 30 min under vigorous stir-
ring and maintained at 130 °C for 1 h to obtain the Ag nanoparticles.
The Ag NPs were isolated by precipitating the solution with acetone
(300–800 mL), followed by centrifugation at 10000 rpm for 3 min,
and re-dispersed in 40 mL of ethanol to obtain 0.02 g/mL Ag NPs
solution.

2.3. Synthesis of Ag@SiO2 core-shell nanoparticles

The Ag@SiO2 nanoparticles with different thickness of silica layer
were prepared according to a typical Stöber method. In a typical proce-
dure for the silica layer coating with the thickness of ~30 nm, 10 mL of
Ag NPs/ethanol solution (0.02 g/mL) obtained above was dispersed in
themixture of ethanol (130mL) andwater (20mL) and 2.5mL of aque-
ous ammonia solution (28 wt%), then 1000 μL of TEOS was added
dropwise in above solution under stirring. The reaction was continued
for 12 h. The Ag@SiO2 nanoparticles were separated by centrifugation
and washed by ethanol and water for several times. The thickness of
the silica layer could be readily controlled by changing the TEOS
amounts. For example, silica coating layer with the thickness of
~50 nmwas obtained using the procedure similar to the above increas-
ing the TEOS concentration to 2000 μL.

2.4. Synthesis of Ag@SiO2@TiO2 core-shell nanoparticles

The core-shell Ag@SiO2@TiO2 nanoparticles were synthesized based
on the hydrolysis and condensation of TBOT. Typically, the above ob-
tained Ag@SiO2 NPs (0.15 g) were dispersed in 200 mL of ethanol and
mixed with 0.9 mL of aqueous ammonia solution (25–28 wt%) by
ultrasonication for 15 min. Afterwards, 1000 μL of TBOT was added
dropwise within 5 min, and the reaction was allowed to proceed at
45 °C for 24 h under stirring. The resultant product was separated by
centrifugation and washed with deionized water and ethanol for 3
times, respectively. Similarly, the thickness of the TiO2 layer could also
be adjusted by altering the TBOT amounts. For example, TiO2 layer
with the thickness of ~50 nmwas obtained using the procedure similar
to the above increasing the TBOT concentration to 2000 μL.

2.5. Synthesis of nest-like and yolk-shell structured Ag@mTiO2

nanoparticles

The Ag@mTiO2 NPs were synthesized through using a kind of alka-
line aqueous solution with different concentration as the etching
agent such as NaOH, aqueous ammonia solution, Na2CO3. Typically,
the above obtained Ag@SiO2@TiO2 (0.5 g) were mixed with an aqueous
alkaline solution of NaOH (20mL, 1.0M), then added into a Teflon-lined
stainless-steel autoclave at 150 °C for 24 h. After reaction, the products
were immersed in HCl solutions (100 mL, 0.1 M) for 20 min and subse-
quently washedwith deionizedwater until pH value was close to 7, and
then dried at 60 °C. Finally, the nest-like Ag@mTiO2 nanoparticles were
obtained.

Especially, when using the aqueous ammonia solution as the alka-
line etching agent under similar conditions, the morphologies have ob-
viously changed and the yolk-shell structured Ag@mTiO2 nanoparticles
were got. Additionally, it should bementioned that the yolk-shell struc-
tured Ag@mTiO2 nanoparticles were also prepared under different con-
dition. For example, the as-prepared Ag@SiO2@TiO2 were mixed with
an aqueous alkaline solution of Na2CO3 (0.5 M) at 80 °C for 3 h. To fur-
ther explore the formation mechanism of the Ag@mTiO2 nanoparticles,
a series of productswere also prepared by varying the precursor compo-
sitions and reaction time.

2.6. Cell viability test

Mesenchymal stem cells (MSC) were grown in Dulbecco's Modified
Eagle's Medium (DMEM) supplementedwith 10% heat inactivated fetal
bovine serum, 2mMglutamine and 100 IU/mL penicillin and 100 μg/mL
streptomycin in a humidified incubator with 5% CO2 at 37 °C. The mor-
phology of cells was observed by using an optical microscopy (Leica,
Germany).

The cell viability in the presence of Ag@mTiO2 nanoparticles was
evaluated using the cell counting kit-8 (CCK-8) assay. MSCwere seeded
into 96-well plates at a density of 1∗104 perwell in 100mLofmedia and
grown overnight. The cells were then incubated at various concentra-
tions of nest-like Ag@mTiO2 nanoparticles (5, 15, 25, and 50 μg/mL)
for 12 h and 24 h, respectively. Following the incubation, cells were
washed with D-Hanks buffer solution and incubated in100 μL fresh
cell culture medium containing 10 μL CCK-8 solution (5 mg/mL) for
4 h. Thereafter, the CCK-8 solutionwas removed and the precipitated vi-
olet crystals were dissolved in 100 μL of DMSO. The absorbance in cell
testwasmeasured at 450nmusing amicroplate reader (Bio-TEK instru-
ment, Inc). The following formula was used to calculate the viability of
cell growth: Viability (%) = (mean of absorbance value of treatment
group / mean absorbance value of control) × 100. The results were
expressed as an average over six identical measurements of each time
point.

2.7. Loading and in vitro release of doxycycline (Doxy)

The doxycycline (Doxy) solutions with various concentrations were
obtained by dissolving the given amounts of drug in PBS (pH= 7.4) so-
lutions. In a typical experiment, 10 mg of nest-like Ag@mTiO2 nanopar-
ticles was dispersed in 10 mL of Doxy solution with various initial
concentrations, and stirred at 25 °C for 24 h to achieve equilibrium.
The equilibrium concentration of Doxy was determined by UV–Vis
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spectrophotometer at themaximumabsorbance of 272 nm. The follow-
ing formula was used to calculate the loading rate:

Loading rate (%)=100%× (Total amount of Doxy− FreeDoxy in so-
lution) / Total amount of Ag@mTiO2 nanoparticles.

The Doxy releasewas performed by immersing 5mgof Doxy-loaded
Ag@mTiO2 particles in dialysis bag containing 6 mL of PBS solution
(pH = 7.4). Then, the dialysis bag was placed in a beaker filled with
200mL of PBS solution (pH=7.4), keeping stirring at 37 °C. Afterwards,
the sampleswere removed at a given time interval and an equal amount
of the same medium was supplied to maintain a constant volume. The
amount of released drugwasmeasured by a UV–Vis spectrophotometer
at 272 nm.

2.8. Characterizations

The properties and morphology of samples were studied by trans-
mission electron microscopy (TEM, JEOL 200CX), scanning electron mi-
croscopy (SEM, JEOL JSM-6700F), High resolution transmission electron
microscopy (HRTEM, JSM-2010F). Elemental qualitative analysis was
conducted by the energy-dispersive X-ray spectroscopy (EDX,
OXFORD INCA) which was mounted in the JSM-6700F. X-ray powder
diffraction (XRD) patterns were obtained on the Japan Rigakul D/max-
2550 instrument operating at 40 kV and 40 mA using CuKα radiation
(λ = 0.154 nm). Raman spectra were measured with Renishaw inVia
Raman microscope using 514 nm lasers as a light source. N2

adsorption-desorption isotherms were recorded on a QUADRASORB SI
surface area & pore size analyzer at 77 K, after the product were
annealed at 120 °C for 6 h. The Brunauer-Emmett-Teller (BET) specific
surface areawas calculated by using adsorption data. UV–Vis absorption
spectra were recorded on a HITACHI U-3010 UV–Vis
spectrophotometer.

3. Results and discussion

3.1. Structure and morphology

A typical schematic representation for the formation process of Ag@
mTiO2 hierarchical nanostructure is illustrated in Scheme 1. The total pro-
cess was mainly divided into four parts. Firstly, Ag NPs was synthesized
according to the previous method [41]. Then, the silica layer was coated
onto the surface of Ag NPs according to a typical Stöber method. Subse-
quently, TiO2 was explored to uniformly coat the SiO2 layer by the
Scheme 1. A typical schematic representation for the fo
hydrolysis and condensation of TBOT, giving rise to a typical sandwich
structure (Ag@SiO2@TiO2). Finally, the desired hierarchical nanostruc-
tures were obtained through the hydrothermal alkali treatment process
when the thickness of TiO2 layer was suitable. During the process, the
SiO2 layer coated Ag NPs in the second step played the role of the media
and template, which could be controlled from 10 to 50 nm by simply
changing the amount of TEOS in the precursor (Fig. S1). Similarly, the
shell thickness of TiO2 layer was also a very important parameter, which
directly decided the formation of the desired nanostructures (Fig. S2).
More significantly, the structure and morphology of the final products
could be well-tailored by accurately adjusting the reaction time, the
strength and types of alkali sources, such as nest-like and rattle-type
nanostructure (Scheme 1 and Fig. S3).

Themorphology evolution of the productswas observed by TEM tech-
nique. Fig. 1 shows the TEM images of the products at different stages. As
was observed, the Ag NPs obtained were well-dispersed with an average
diameter of 60 nm (Fig. 1A), followed by coating the silica layer with a
thickness of 30 nm (Fig. 1B). After that, the uniformTiO2 layerwas further
deposited onto the surface of silica layer, and the thickness was about
30 nm, inwhich the sandwich-like Ag@SiO2@TiO2 nanostructurewas ob-
tained (Fig. 1C). By close observation, the Ag@SiO2@TiO2 NPs possessed
relatively rough surface compared with Ag@SiO2 NPs, which may be at-
tributed to the fact that the hydrolysis and condensation of TBOT was
clearly faster than TEOS. TEM images (Fig. S2) further confirm the rough
surface and the typical sandwich structure. At the end, the target product
was successfully formed after the hydrothermal treatment in NaOH solu-
tion (1.0 M) at 150 °C. The Ag@mTiO2 NPs showed the unique nest-like
hierarchical nanostructures with an average size of 200 nm (Fig. 1D and
Fig. S2E), and the outer shell was built by numberous thin TiO2

nanosheets.
Fig. 2a shows the HRTEM image of the product. That further con-

firmed that Ag@mTiO2 was composed of a compact core and a lower
density porous shell, in accordance with the above TEM result. The
SAED pattern and magnified TEM image (inset in Fig. 2a) indicated
the crystalline nature of TiO2 shell. STEM image clearly revealed that
the Ag@mTiO2 was constructed by the Ag core and TiO2 porous shell
(Fig. 2b and Fig. 2c). Elemental mapping analysis (Fig. 2d–f) combining
with the EDX spectrum of the nanoparticles (Fig. 2g) also showed the
presence of Ag, Ti and O elements, indicating their high purity, while a
small amounts of Na and Si elements derived from the residue after
the hydrothermal treatment in NaOH system, in linewith the results re-
ported by Zhao et al [37].
rmation of Ag@mTiO2 hierarchical nanostructures.



Fig. 1.TEM images of various products: (A) AgNPs, (B) Ag@SiO2with the SiO2 layer of 30 nm, (C) Ag@SiO2@TiO2with the TiO2 shell of 30nm, (D)Ag@mTiO2 prepared fromC. The amounts
of TEOS and TBOT used were both 1000 μL, as described in the typical experiment.
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In recent years, Ag nanoparticles have fascinating optical properties
known as localized surface plasmon resonance (LSPR), which is essen-
tial to applications for surface-enhanced Raman scattering (SERS),
Fig. 2. (a) HRTEM image (inset is the magnified HRTEM image and SAED pattern, respectively
spectrum of typical nest-like Ag@mTiO2 nanoparticles.
optical sensing, and bioimaging [42]. Considering that, Rhodamine 6G
was used as probe molecule to test the SERS of nest-like Ag@mTiO2

nanoparticles. Seen from Fig. 3A, the product showed the perfect SERS
), (b, c) STEM images, (d-f) The corresponding elemental maps of Ag, Ti, and O, (g) EDX



Fig. 3. (A) Raman spectra of Ag nanoparticles (a), Ag@mTiO2 (b), and Ag@mTiO2 nanoparticles placed for a month (c); (B) XRD pattern, (C) N2 adsorption-desorption isotherm, (D) The
corresponding pore size distribution of nest-like Ag@mTiO2 nanoparticles.
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signal of the tags enhanced (Fig. 3A). Although the SERS signal of Ag@
mTiO2 (Fig. 3A-b) was weaker than Ag NPs (Fig. 3A-a), which was
much stronger than that of Ag@SiO2@TiO2 and Ag@SiO2 NPs (Fig. S4).
Moreover, Ag@mTiO2 NPs after placing for a month still showed very
strong signals (Fig. 3A-c), indicating a good stability,whichwas ascribed
to the protective shell of TiO2. XRD technique was utilized to detect the
crystal phase of the products. As shown in Fig. 3B, the resulting Ag@
mTiO2 NPs exhibited an obvious Ag crystal phase and a typical anatase
TiO2 phase, in which well-resolved diffraction peaks indexed to the
(111), (200), (220), (311), and (222) reflections was ascribed to the
face-centered cubic Ag (JCPDS cardNo. 87–0720)with a good crystallin-
ity, compared with pure Ag NPs (Fig. S5). At the same time, the (022),
(011), and (200) reflections of a typical anatase TiO2 material (JCPDS
card No. 21-1272) were clearly observed, indicating the high crystallin-
ity of TiO2 product. Fig. 3C presented the N2 adsorption-desorption iso-
therm of the product. A type-IV curve with a discern hysteresis loop (P/
P0 N 0.4) was clearly seen, revealing the existence of mesopores. The
product had a high BET surface area of 301 m2/g and the pore volume
was calculated to be 0.47 cm3/g. The corresponding pore size distribu-
tion was in the range of 2–6 nm (Fig. 3D), which was mainly from the
aggregation of nanoparticles.

3.2. Potential applications

In practical application, the susceptibility of elemental Ag to oxidation
often leads to corner truncation and thus deterioration of SERS activity.
The toxicity of the released Ag+ ions also limits the SERS application of
Ag NPs in a biological system. Consequently, before as the drug carrier,
we firstly investigated the biocompatibility of Ag@mTiO2 NPs. The cell vi-
ability was evaluated by using a cell counting kit-8 (CCK-8) assay. As
displayed in Fig. 5, mesenchymal stem cells (MSC) were co-cultured
with Ag@mTiO2 NPs at the concentrations in the range of 5–50 mg/mL
for 12 h and 24 h, respectively. The CCK-8 results indicated that the cell
viabilities (Fig. 4A and B) were above 97%, even higher than 100%, sug-
gesting that the Ag@mTiO2 product had a good biocompatibility. To
some degree, the Ag@mTiO2 product also plays the role of cell prolifera-
tion, even at the high concentration of 50 μg/mL. Furthermore, the corre-
sponding optical photos ofMSC after co-incubationwith 50 μg/mL of Ag@
mTiO2 for 12 h and 24 h, respectively, were displayed in Fig. 4D and E.
Compared with the blank control (Fig. 4C), there was nearly no cell apo-
ptosis and the morphology of the cells still kept well. The good biocom-
patibility may be due to the protection of TiO2 porous shell, which may
be considered as the drug carrier for more biomedical application.

Subsequently, the drug-loading capacity of as-prepared nest-like Ag@
mTiO2 NPs was evaluated by using antibacterial drug doxycycline (Doxy)
as a model. UV–Vis absorption spectroscopy was used to determine the
effective Doxy-storage capacity of the Ag@mTiO2 NPs. As shown in
Fig. 5A, the decrease in absorbance at 272 nmwas attributed to the inte-
grated effects between the loading concentration and loading capacity.
Compared with blank Ag@mTiO2 nanoparticles, the Doxy-loaded Ag@
mTiO2 product appeared distinct absorption peaks corresponding to
Doxy, indicating the successfully loading of Doxy (Fig. 5B). The loading



Fig. 4.Cell viability of nest-like Ag@mTiO2 nanoparticles usingMSC cultured at different concentrations for 12 h (A) and24h (B), opticalmicroscopyof controlMSC (C), after co-incubation
with 50 μg/mL nest-like Ag@mTiO2 nanoparticles for 12 h (D) and 24 h (E), respectively.

1011Z. Zhang, H. Zhang Materials Science and Engineering C 75 (2017) 1006–1013
efficiency significantly increased with enhanced Doxy concentrations
from 1.0 to 3.5 mg/mL, as shown in Fig. 5C. When the concentration is
1.0 mg/mL, only 27 wt% of Doxy was loaded onto the Ag@mTiO2. Further
Fig. 5. (A) UV–Vis absorption spectra of Doxymolecules for separated supernatant solutionswit
after loading of Doxy, (C) The loading efficiency of Ag@mTiO2with different concentrations of D
including 1, 2, and 3 mg/mL), (D) The release profile of Doxy-loaded Ag@mTiO2 at PBS solutio
increasing the concentration to 3.0mg/mL, about 78wt%ofDoxy could be
encapsulated into the Ag@mTiO2. That was slightly lower than 81 wt% of
Doxy when the concentration is 3.5 mg/mL. The superior drug-loading
h different loading concentrations, (B) UV–Vis absorption spectra of Ag@mTiO2 before and
oxy (Inset is the digital photos of Ag@mTiO2 solutions after loading different Doxy amounts
n (pH = 7.4).
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capacity of Ag@mTiO2 NPs is higher than the reported materials [43,44].
That may be mainly attributed to their large surface area and porous
TiO2 shell assembled with nanosheets, which could provide more room
for drug molecule. Moreover, the discrepancy of loading capacity was di-
rectly observed according to the color change of the precipitate from pale
yellow (1.0mg/mL) to brown (3.0mg/mL) after absorbing Doxy (inset in
the Fig. 5C).Meanwhile, the release behaviour of Doxy-loaded Ag@mTiO2

(3.0 mg/mL) was also studied in PBS (pH= 7.4) solution. As can be seen
from Fig. 5D, Doxy underwent a fast releasing process in the initial 8 h,
where above 75 wt% of Doxy was released in this period. After 48 h,
about 92 wt% of Doxy was released. After that, the release amount of
Doxy had no obvious increase, suggesting an equilibrium release period
had been achieved. Overall, the prepared Ag@mTiO2 NPs exhibited a
high drug-loading capacity and excellent release properties.
4. Conclusions

In summary, we have successfully fabricated the Ag@mTiO2 hierar-
chical nanoparticles with high specific surface area and uniform mor-
phology by an alkali-etching hydrothermal assisted crystallization
method. The characterization results indicated that the thickness of
TiO2 shell layer played a critical role for the formation of the final
nest-like unique nanostructure. At the same time, the coated silica
layer was used both as medium and template. By simply changing the
hydrothermal reaction conditions, the desired structure can be obtain-
ed. More importantly, the porous composites prepared exhibited excel-
lent properties such as high drug loading capacity, strong SERS and good
biocompatibility. The study has important implications for preparation
of other core-shell porous nanomaterials. We also believe that the
Ag@mTiO2 with unique nanostructure will serve as ideal candidates
for more potential applications in targeted drug release, photocatalysis,
and biosensor, etc.
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