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ABSTRACT: A latex-templating method for synthesizing the core-shell silica nanoparticles (NPs) with porous shell was developed via

biomineralization in the presence of poly[2-(methacryloyloxy)ethyl] trimethylammonium chloride (pDMC)-modified polystyrene

latex. Calcination of the as-obtained SiO2 NPs led to the removal of the latex core and consequently to hollow silica NPs with porous

shell. In particularly, the microstructure and thickness of silica shell could be controlled by simply changing the reaction parameters

of silicification. Furthermore, facile encapsulation of a drug molecules and its sustained release were demonstrated. VC 2016 Wiley Peri-

odicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44200.
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INTRODUCTION

Silica nanomaterials have attracted expanding interests mainly

due to their outstanding properties, such as excellent mechanical

and thermal stability, easy modification, low toxicity and high

biocompability,1 especially for the core-shell silica NPs, giving a

rise to potential applications of catalysis,2 biological imaging,3

controlled drug delivery,4 and adsorption diagnostic.5 Up to now,

there are two approaches to obtain the core-shell silica nano-

structures. One is the self-assembly of surfactants with different

compositions or the supramolecular assembly based on molecular

recognition,6 and another is based on surface reactions or precip-

itation/deposition on the preformed nano-objects through elec-

trostatic intereaction,7 covalently grafting,8,9 or affinity coating.10

For instance, Mandal and Kruk had performed the silica deposi-

tion into the shell domain of the individual micelles assembled

by block copolymers.11 Whitaker and Furst reported the synthesis

of silica@polystyrene particles with multilayered shells by consec-

utively assembling silica NPs and poly(allylamine) hydrochloride

onto the colloids based on the layer-by-layer self-assembly tech-

nique.12 Graf had used poly(N-vinylpyrrolidone) as a coupling

agent to anchor the silica shell onto polystyrene NPs by a sol-gel

process.13 However, the above-mentioned methods of silica for-

mation variously incorporate some nonideal conditions, includ-

ing the use of acidic or basic pH and elevated temperature, or

the large waste of templates and/or organic cosolvents.14,15 More-

over, the modification and synthetic procedure of silica nano-

structure is tedious and time-consuming.

On contrast, silica biomineralization in nature happens under

more environment-friendly conditions, such as room tempera-

ture, near neutral pH, and the aqueous environment with high

efficiency. Amounts of studies have testified that polyamine is

the key functional group for catalyzing silica deposition.16 Yuan

et al. described using cationic polyamine-based block copolymer

micelles as colloidal templates to direct the synthesis of silica

hybrid NPs of around 35 nm diameter.17 Yang et al. had used

the polystyrene latex assisted adsorbed with poly-L-lysine as

templates to catalyze silica mineralization.18 However, how to

accurately control the morphology and chemical composition of

silica NPs during mineralization period is still a big challenge.

As we know, template-directed synthesis is just a copy process.

The advanced synthetic strategies in the polymer colloid science

open us a convenient door to obtain the particles with the cer-

tain size, morphology, and composition whatever we wanted to

be used as templates. Compared with the noncovalent-driven

self-assemblies as templates, emulsion polymerization techni-

ques can provide an alternative pathway achieving more stable

and versatile latex with tunable chemical composition and

diverse morphology. The polyamine-based hydrophilic micro-

gel19 and core-shell latex20 covalently bonding DMC and 2-

diethylamino ethyl methacrylate (DEA) chains, respectively,

were served as scaffold for silica deposition. To the best of our

knowledge, polystyrene (pSt) latex covalently modified cationic

pDMC capable of both stabilizing latex templates and catalyzing

biosilicification around the latex core have not been reported,
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especially to the fabrication silica NPs with porous shell without

adding any pore-forming agents.

In this article, the uniform cationic pSt latex modified by

pDMC chains had been synthesized and used as hard templates

for silica biomineralization, which leading to the facile forma-

tion of core-shell pSt-co-pDMC@SiO2 hybrid NPs, and nontem-

plated silica was obtained. The influence of reaction parameters

of mineralization on the change of microstructure and thickness

of silica shell have been investigated in detail. Calcination treat-

ment of the as-synthesized SiO2 hybrid NPs led to the removal

of the scarified polymer core to obtain the hollow SiO2 (HSiO2)

NPs with porous shell. Aspirin had been adopted as the loading

drug into the HSiO2 NPs to investigate theirs in vitro drug-

release behavior.

EXPERIMENTAL

Materials

Styrene (St; 99%; sinopharm chemical Reagent Co., Ltd) was

distilled under vacuum and stored at 25 8C before use. [2-

(Methacryloyloxy)ethyl] trimethylammonium chloride solution

(DMC; 75 wt % in H2O) and acetylsalicylic acid (aspirin; 99%)

were purchased from Aladdin. 2,20-Azobis[2-methylpropionami-

dine] dihydrochloride (AIBA) and tetramethyl orthosilicate

(TMOS; �95%) were obtained from ACROS. Ethanol absolute

was purchased from Tianjin Bodi Chemicals Co., Ltd.

Phosphate-buffered saline solution (PBS; NaCl 137 mmol/L,

KCl 2.7 mmol/L, Na2HPO4 4.3 mmol/L, KH2PO4 1.4 mmol/L,

pH 7.2, at 25 8C). Deionized water was used in all experiments.

Synthesis of pSt-co-pDMC Latex

The pSt-co-pDMC latex with different incorporation concentra-

tion of DMC were synthesized by surfactant-free emulsion poly-

merization. Typically, the polymerization was performed in a

0.25 L four-necked kettle equipped with mechanical stirrer,

thermometer, reflux condenser and inlet system of nitrogen.

100 mL deionized water, 10 g St, and a certain amount of DMC

(see Table I) were charged into the kettle at room temperature

followed by purged with nitrogen for 30 min. Then the resulted

pre-emulsion system was added 10 mL AIBA aqueous solution

(10 mg mL21) and heated to 75 8C for 5 h. The total conver-

sion of monomers was determined gravimetrically to be about

90 wt %. A 0.25 wt % pSt-co-pDMC emulsion was prepared by

dispersing the prepared emulsion in water with the aid of ultra-

sonic bath.

Synthesis of pSt-co-pDMC@SiO2 NPs

The synthesis was adapted from an experimental procedure

published earlier.20 A desired amount of TMOS was dispersed

with 20 mL pSt-co-pDMC emulsion (0.25 wt %) to start the

growth of silica shell. The nanocomposite particles were aged

for typical 12 h using magnetic stirring at room temperature,

and purified by several cycles of centrifugation with 15,000 rpm

for 30 min and cautious redispersion in ethanol. The products

were dried overnight under a vacuum.

Synthesis of HSiO2 NPs with Porous Shell

Finally, the pSt-co-pDMC@SiO2 NPs were calcined by heating

to 600 8C at a heating rate of 20 8C/min, and keeping at this

temperature for 2 h in order to completely remove the latex

core and get pure silica NPs with hollow structure.

Preparation of Drug-Loaded HSiO2 NPs

The drug loading and in vitro release profiles were obtained

from earlier reports.21 Nonsteroidal anti-inflammatory aspirin

was chosen as the model drug. Hundred milligrams of aspirin

powder was added into 20 mL PBS and fully agitated for 24 h.

Then 10 mg of HSiO2 NPs was added into the mixture to fur-

ther stir for another 24 h at 37 8C. The aspirin-loaded sample

(Aspirin@HSiO2) was separated from the above mixture by cen-

trifugation at 6000 rpm, and then washed three times with PBS.

The products were dried overnight under a vacuum. The drug

loading efficiency (LE) can be calculated as follows:

LE %5 M02 M1ð Þ=M03100%

where M0, M1 represented the drug concentration before and

after loading.

In Vitro Drug Release Study

The in vitro release behavior of Aspirin from HSiO2 NPs at dif-

ferent pH was monitored by dialysis bag diffusion techniques.

10 mg Aspirin@HSiO2 were first mixed with 10 mL PBS and

then placed into a dialysis bag (molecular weight cutting 5

3500 g/mol). Then the dialysis bag was immersed into 250 mL

PBS and stirred at 37 8C in a separated baker. Drug release

started when the dialysis bag was put into PBS. 5 mL PBS was

Table I. Synthetic Conditions and Compositions of pSt-co-pDMC@SiO2 Nanoparticles

Run
DMC
(wt %) P:T Time (h)

SiO2

content
(wt %)

Diametera

(nm) Diameterb (nm)

Thickness
of silica
shellb (nm)

Zeta
potential (mV)

1 2 1:20 12 33.16% 116.1 105.47 6 8 3.94 6 0.50 212.8

2 2 1:50 12 40.49% 132.3 108.48 6 4 5.44 6 0.71 214.1

3 2 1:50 9 33.70% 124.7 106.60 6 7 4.30 6 0.53 213.7

4 2 1:50 5 29.47% 121.3 103.13 6 6 2.75 6 0.38 210.6

5 5 1:50 12 41.91% 124.5 96.37 6 8 5.96 6 0.62 219.8

6 30 1:50 12 43.75% 156.4 89.76 6 12 6.47 6 0.76 217.5

7 50 1:50 12 44.82% 194.1 — — 233.3

a Obtained by DLS.
b Obtained by TEM, analyzed more than 100 particles
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taken out from the drug release system every hour to exam the

extent of drug release and add 5 mL fresh PBS in. The amount

of the drug release was evaluated by monitoring the absorption

of aspirin in the solution by UV/Vis absorption spectroscopy at

a wavelength of 296 nm.

Characterization

Malvern Zetasizer instrument (HPPS5001) was used for dynam-

ic light scattering measurements on highly dilute aqueous nano-

particle dispersion. Thermogravimetric measurements were

performed in a Perkin-Elmer Diamond TG/DTA instrument at

a heating rate of 10 8C/min. TEM studies were operated on Tec-

nai G20 microscope (FEI Corp.). SEM images were recorded on

FE-SEM instrument (JEOL JSM-6700F). Aqueous electrophore-

sis measurements were operated on Malvern Zetasizer NanoZS

instrument. The surface areas of the HSiO2 NPs were estimated

from N2 adsorption-desorption experiments using an Autosorb-

1-MP surface area analyzer (Quantachrome Company). UV–Vis

spectroscopy (Perkin-Elmer Lambda17) was used to analyze the

drug loading efficiency and drug release of Aspirin.

RESULTS AND DISCUSSION

Controlled Synthesis of the Core-Shell

pSt-co-pDMC@SiO2 NPs

In nature amino-based peptides or protein plays an important

role in accuracy control the rapid deposition of silica.22 Previ-

ous studies has demonstrated that the synthetic amino-

functioned polymers, such as poly-L-lysine,23 polyethylenei-

mine,24 and poly(allylamine hydrochloride),25 have the same

ability to guide silicification under more ambient conditions in

the presence of suitable templates.

In the typical synthetic process, the uniform pSt latex covalently

modified with cationic pDMC chains was chosen as bifunctional

templates, followed by mixture with TOMS to initiate silica bio-

mineralization, and resulted to obtain pSt-co-pDMC@SiO2 NPs

and HSiO2 after removing the latex components. Figure 1 showed

the typical TEM and SEM images of pSt-co-pDMC latex (a/d),

pSt-co-pDMC@SiO2 NPs (b/e), and HSiO2 NPs (c/f), respectively.

Silicification formed a coarse shell in the thickness of �10 nm

around the smooth pSt-co-pDMC latex core, which exhibit a dis-

tinct core-shell morphology. The number-average diameter of the

pSt-co-pDMC@SiO2 NPs was calculated to be 108.48 6 4 nm by

analyzing more than 100 particles, while DLS studies indicated an

intensity-average diameter of 132 nm at 25 8C. The size of pSt-co-

pDMC@SiO2 NPs measured by DLS were larger than those deter-

mined by TEM, due to the surrounding water molecules and swell-

ing of pDMC chains. Furthermore, neither free latex templates nor

nontemplated silica was observed, which means the SiO2 deposition

occurred exclusively on the surface of latex templates.

The well-defined spherical HSiO2 NPs were obtained after calci-

nation, and EDX spectrum [Figure 2(a)] of randomly-selected

HSiO2 showed the distinguish peaks of Si and O elements. TGA

curves [Figure 2(b)] of pSt-co-pDMC@SiO2 NPs (Run 1)

showed the mass ratio of silica was about 33.16%.

Zeta potential of pSt-co-pDMC latex and pSt-co-pDMC@SiO2

NPs was examined by aqueous electrophoresis measurements.

As shown in Figure 2(c), the pSt-co-pDMC latex exhibited posi-

tive zeta potentials in the pH range from 2 to 12 due to the cat-

ionic character of pDMC chains, which mean the surface of the

pSt latex was covered a pDMC layer to provide a favorable con-

dition for silica deposition in situ. In contrast, pSt-co-

pDMC@SiO2 NPs exhibited negative zeta potentials in the same

Figure 1. Typical TEM and SEM images of (a) and (d) pSt latex modified with 2 wt % DMC; (b) and (e) pSt-co-pDMC@SiO2 hybrid NPs synthesized

by using (A) as templates, P:T 5 1:20, 12 h; (c) and (f) HSiO2 NPs synthesized by calcination (b) at 600 8C.
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pH range, reflecting the anion nature of the silanol groups due

to the deposition of silica onto the cationic network. This evi-

dent change of surface charge inferred that the silica deposition

was occurred on the surface of latex templates.

The chemical composition of pSt-co-pDMC@SiO2 NPs were fur-

ther studied by XPS. As shown in Figure 2(d), the additional

peak value at 104.09 eV (Si2p) was only observed in the spectrum

of pSt-co-pDMC@SiO2 NPs, but the peak value at 399.9 eV (N1s)

from pDMC was observed in the spectra of both pSt-co-pDMC

and pSt-co-pDMC@SiO2 NPs. This indicated that the silica shell

was hybrid with the polyamine chains because the hydrophilic the

pDMC segments intent to form hairy shell attached to pSt latex.

The synthesized recipes and composition of the pSt-co-

pDMC@SiO2 hybrid NPs were summarized in Table I. The pSt

latex had significant cationic and hydrophilic character due to

the pDMC modification, so it could act as a bifunctional tem-

plates capable of both catalyzing biosilicification under ambient

conditions and serving as the physical scaffold for silica deposi-

tion. By simply changing the biomineralization conditions,

including the mass ratio of DMC to St (D/S ratio), TMOS

amount (namely, the mass ratio of polymer to TMOS, P:T) and

reaction time, the pSt-co-pDMC@SiO2 NPs with tunable nano-

structure and chemical composition could be obtained.

The D/S ratio was varied from 2 wt %, 5 wt %, 30 wt %, and

50 wt % to observe effects on the incidence of pSt-co-pDMC

latex morphology. As showed in Figure 3(a–d), the TEM images

revealed that with increasing the mass amount of the hydrophil-

ic cationic monomer DMC, the surface of pSt latex became

blurring and sticky, so it was difficult to see the profile of pSt

latex while the D/S ratio was higher to 50 wt %. D/S ratio

seemed have more impact on the silicification process. As

shown in Figure 3(e–g), the pSt-co-pDMC@SiO2 NPs prepared

by templates with low D/S ratio had uniform ball-like core-shell

morphology and their surfaces were smooth and regular. How-

ever, the surfaces became rougher and irregular with increasing

D/S ratio. When the D/S ratio was beyond 30 wt %, the pSt-co-

pDMC@SiO2 NPs had a strawberry-like surface morphology.

It was noteworthy that the diameter of pSt template was

decreased with increasing D/S ratio, because that the superflu-

ous DMC could serve the surfactant besides of the modification

monomer, which induced more entanglement of template latex.

So we chose the latex with low D/S ratio of 2 wt % as templates

to proceed the further experiments investigating the effect of

TMOS amount and reaction time. Previous reports indicate

that the mount of silica precursor is a key parameter to influ-

ence of the thickness of silica shell.19,20 Various TMOS amounts

Figure 2. (a) EDX spectrum of HSiO2 NPs, the insert figure is the SEM image of HSiO2. (b) A TGA curve of pSt-co-pDMC@SiO2 hybrid NPs. (c) Zeta

potential versus pH curves; (�) pSt-co-pDMC latex, ( ) pSt-co-pDMC@SiO2. (d) XPS profiles of (1) pSt-co-pDMC latex with 2 wt % DMC and (2)

pSt-co-pDMC@SiO2 NPs synthesized by (1) as template under P:T 5 1:20, 12 h. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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(P:T ratio) were investigated in the synthetic experiments to see

the possibility of control the thickness of silica shell. The pSt-

co-pDMC@SiO2 NPs were prepared by P:T 5 1:20 and 1:50

under 2 wt % D/S ratio and 12 h. The thickness of SiO2 shell

estimated from TEM images in Figure 4(c,d) were thin and

equal to 5.44 nm and 3.94 nm, respectively. TGA studies

Figure 3. Typical TEM images of pSt-co-pDMC latex prepared with various DMC amount, (a) 2 wt %; (b) 5 wt %; (c) 30 wt %; (d) 50 wt %; and TEM

image of the pSt-co-pDMC@SiO2 hybrid NPs under the different DMC amount: (e) 2 wt %; (f) 5 wt %; (g) 30 wt %; and (h) 50 wt %, Else otherwise

mentioned, polymer: TMOS 5 1:50 under 12 h.

Figure 4. TEM image of pSt-co-pDMC@SiO2 nanoparticles synthesized by (a) 5 h, (b) 9 h, (c) 12 h, fixed 2 wt % DMC and P:T 5 1:50; (d) P:T 5 1:20

fixed 2 wt % DMC and 12 h; (e) TGA curves of pSt-co-pDMC@SiO2 nanoparticles synthesized by different reaction time and P:T ratio. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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showed that the SiO2 content was about 40.49% for Figure 4(c)

and 33.16% for Figure 4(d) in mass, indicating that the increase

of TMOS ratio led to higher SiO2 content in the pSt-co-

pDMC@SiO2 NPs, as expected.

Moreover, we found that reaction time also affected strongly the

morphology and thickness of silica shell of pSt-co-pDMC@SiO2

NPs. Figure 4(a–c) showed the different TEM images of hybrid

silica NPs just prepared under different reaction time of 5 h, 9

h, and 12 h. After 5 h of reactive time, the smooth and thin sili-

ca shell apparently formed around the pSt latex templates with

a thickness of 8.05 nm. Prolonging reaction time to 9 h and

12 h, the surfaces of pSt-co-pDMC@SiO2 NPs became much

rougher, and the thickness of newly synthesized silica shell

increased to 9.75 nm and 13.55 nm, respectively. The SiO2 con-

tent of hybrid particles was also increased from around 29.49%

to 40.49% in mass, calculated by TGA curves. But the growth

of silicon conversion with increasing reaction time ran relatively

flat. However, adding more TMOS could not result larger sili-

con conversion. Therefore, a reasonable TMOS amount and

reaction time are crucial for high-efficient formation of pSt-co-

pDMC@SiO2 with an excellent morphology.

The Formation Mechanism of HSiO2 with Porous Shell

Here the HSiO2 nanoparticles with cavity could be simply

obtained just by calcination at 600 8C. We selected the pSt-co-

pDMC@SiO2 nanoparticles (Run 5) to calcine to get well-

defined HSiO2. Most HSiO2 nanoparticles maintained the whole

spherical structure from the inset TEM image in Figure 5(a),

and occurrence of a small amount of fragmentized HSiO2 con-

firmed the hollow interior. SEM image further revealed that

strawberry-like spherical HSiO2 NPs were obtained, which indi-

cated that many silica nanoparticles with tens nanometers size

accumulated each other to form the SiO2 shell, which implied

the narrow channel may be exited between the smaller silica

nanoparticles.

As shown in Scheme 1, the latex composing pSt-co-pDMC have

been synthesized by surfactant-free approach, that is, by homo-

geneous nucleation method. DMC being hydrophilic in nature

starts to polymerize first, followed by the polymerization of

more hydrophobic styrene. But because the polymer chains

from styrene are also hydrophobic in nature, they push the

hydrophilic chains of pDMC away to the surface, leading to

form the hairy-like shell morphology to guarantee the excellent

water-dispersity of pSt latex. Moreover, positively charged

pDMC chains may interact electrostatically with silanolate at

neutral pH, which in turn act as nucleation sites and direct sili-

ca growth through polycondensation of TMOS. So the large

amount of silica nanoparticles with smaller size have been

formed simultaneously between pDMC chains, and then accu-

mulated at the interface of pSt latex.

Si2p peak at 104.09 eV and N1s peak at 399.9 eV were both

observed in the XPS spectrum of pSt-co-pDMC@SiO2 nanopar-

ticles, which in turn confirmed that the silica shell was hybrid

with organic pDMC chains. Calcination post-treated on the

pSt-co-pDMC@SiO2 NPs did remove the core components, at

the mean time remove the pDMC in the silica shell to generate

the porous nanostructure without additional pore-forming

agents. BET test indicated that the surface area of HSiO2 was

around 388.1 m2/g [see Figure 5(b)]. The average pore diameter

Figure 5. (a) SEM image of HSiO2, insert images are SEM image of fragmental HSiO2 nanoparticles (up) and TEM image of HSiO2 nanoparticles

(below); (b) adsorption and desorption isotherms and pore size distribution curve of HSiO2.

Scheme 1. Schematic representation of the synthesis of silica hybrid nano-

particles with porous shell. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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was around 3.68 nm and the average pore volume was around

0.168 cm3/g based on Horvath-Kawazoe (HK) method.

The Drug Release Behavior of Aspirin@HSiO2

The porous structure and hollow interior play a significant role

in improving the solubility and decrease release rate of poorly

water-soluble drugs.26,27 We demonstrated facile encapsulation

and sustained release profile associated with the HSiO2 nano-

particles using aspirin as a model of poorly water-soluble drug.

And the loading capability of each HSiO2 was about 41.06%

when the silica shell thickness was about 10 nm.

The sustained release behavior of Aspirin from the HSiO2 was

further investigated in phosphate-buffered saline (PBS). Figure

6(a) showed that the height of peak at 296 nm increased slowly

after the interaction between PBS with the Aspirin@HSiO2

occurred, which indicating that the loaded aspirin could be

released slowly with time increasing. Figure 6(b) showed the

release behavior of aspirin from the Aspirin@HSiO2 capsules in

PBS at 37 8C under different pH conditions. Compared with

pure aspirin powder, the release rates of aspirin from the Aspir-

in@HSiO2 capsules were remarkably declined, and Aspirin@H-

SiO2 capsules showed 38.4% (pH 7.4) and 44.2% (pH 3.4) after

4 h. The aspirin release then gradually increased with time. The

aspirin loaded HSiO2 nanoparticles showed a faster release rate

at pH 3.4 than at pH 7.4, which was important for minimized

prenature release. As discussed above, the silica shell thickness

could be controlled by changing TMOS amount, if the depen-

dence of drug release rate is on the silica shell thickness, so we

can monitor the release rate of HSiO2 under controlled manner.

And this need further investigated.

CONCLUSIONS

Well-defined SiO2 hybrid nanoparticles were facile synthesized

using pDMC-modified pSt latex as templates based on biomin-

eralization process. pDMC-modified pSt latex modularized an

excellent water-dispersity with biosilicification activity, thus

achieving the formation of pSt-co-pDMC@SiO2 nanoparticles

under more ambient conditions, including room temperature,

neutral pH, and aqueous media. The nanostructure and chemi-

cal composition of the resulted pSt-co-pDMC@SiO2 NPs could

be controlled by simply adjusting the reaction parameters of

mineralization. Calcination to remove the latex templates conse-

quently led to hollow structure with porous shell. Since the

available interior cavity and highly permeable porous silica shell

were easy for loading the guest species, the HSiO2 had been

pursued in drug controllable release. And the results of in vitro

Aspirin release study demonstrated that the HSiO2 with high

loading capacity had a sustained release property. Therefore,

those clinical cases that demand biocompatibility, high dose

coupled with a more stable release will benefit from it.
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