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Abstract: The core-shell structured mesoporous silica nanomaterials (MSNs) are experiencing 

rapid development in many applications such as heterogeneous catalysis, bio-imaging and drug 

delivery wherein a large pore volume is desirable. We develop an one-pot method to large-scale 

synthesis of brain-like mesoporous silica nanocomposite based on the reasonably change of 

intrinsic nature of –Si-O-Si– framework of silica nanoparticles together with a selective etching 

strategy. The as-synthesized products show good monodispersion and large pore volume 

topped 1.0 cm3g-1 . The novelty of this approach lies in the use of inorganic-organic hybrid layer 

to assist the creation of large-pore morphology on the outmost shell thereby promoting efficient 

mass transfer or storage. Importantly, the method is reliable and grams of products can be easily 

prepared. The morphology on the outmost silica shell can be controlled by simply adjusting 

VTES-to-TEOS molar ratios (VTES : triethoxyvinylsilane, TEOS: tetraethyl orthosilicate) as well 

as etching time. The as-synthesized products exhibit fluorescent performance by incorporating 

rhodamine B isothiocyanate (RITC) covalently into the inner silica walls, which provide potential 

application in bioimaging. We also demonstrate the applications of as-synthesized large-pore 

structured nanocomposites in drug delivery systems and stimuli-responsive nanoreactor for 

heterogeneous catalysis.  

Keywords: mesoporous silica, brain-like, core-shell, nanoreactor, drug delivery 

 

1. INTRODUCTION 

After several decades of development, it is now possible to rationally design functional silicate 

materials on the nanometer scale by controlling their size, shape, composition, internal 

configuration, and surface properties.[1-9] In the research field of nanoparticulate materials, MSNs 

has attracted substantial attention during the past two decades due to their advantageous structural 

properties, such as biocompatibility, high internal surface area, colloidal stability and so on. [10-12] 

An important aspect about MSNs is that the core-shell structured MSNs with diverse 

properties could be achieved by encapsulating different materials. [13--21] These novel 
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structures make them widely used in many aspects such as separations, drug delivery, and 

bio-imaging wherein a large-pore MSNs (denoted as LPMSNs) is desirable. However, more 

porosity on the shell of a particle results in thin silica wall, which are prone to breakage or 

aggregation. Therefore, ultraporous mesostructured silica nanoparticles with good monodispersion is 

still challenge, especially for the core-shell strcutred MSNs with uniform size below 200 nm. 

In addtiton, the pore diameters of contemporary MSNs synthesized by using 

cetyltrimethylammonium bromide (CTAB) as a pore-template can reach up to 3 nm. But LPMSNs 

( pore sizes>3 nm ) exhibit supremacy over smaller pore-MSNs with regard to storage, diffusivity, 

and penetration ability of large drug molecules or proteins. Several groups have reported the 

successful synthesis of LPMSNs that can be classified into two generally pathway. [22,23] One is to 

utilize the amphiphilic copolymers, surfactants with longer hydrophobic chains as well as 

inorganic nanoparticles, to act as pore-forming agent, while the second pathway is to utilize 

microemulsion media. [24-26] The above-mentioned LPMSNs provide a promising basis for 

wide-ranging applications in catalysis and drug delivery. However, these LPMSNs are either too 

large for application in life science or too complex to meet the demands of industrialization. [27,28] 

Moreover, these silicate structures are mostly of limited use because of the same component of 

core and shell materials. In view of these difficulties, it is highly valuable to develop a facile 

and large-scale synthetic approach for the fabrication of monodisperse multifunctional 

LPMSNs with tunable porosity and particle size, particularly the size of LPMSNs smaller 

than 200 nm.  

In this work, we develop a facile and robust method for large-scale synthesis of brain-like 

structured Au@SiO2 nanocomposites (denoted as LPASN) based on the reasonably change of 

intrinsic nature of –Si-O-Si– framework of silica shell together with a selective etching strategy. 

The morphology and particle sizes can be controlled by simply adjusting VTES-to-TEOS molar 

ratios as well as etching time. The pore size and pore volume can reach up to ~19 nm and ~1.3 

cm3g-1 via an etching process. We also demonstrate the multifunctional applications of LPASN for 

drug deliver and LPASN grafted with PNIPAM as stimuli-responsive nanoreactor for 

heterogeneous catalysis, respectively. Moreover, the as-synthesized LPASN exhibit fluorescent 

performance by incorporating rhodamine B isothiocyanate (RITC) covalently into the inner silica 

walls, which provide potential application in bioimaging. To the best of our knowledge, there are 

few reports of such a novel structured Au@SiO2 nanocomposites, especially nanospheres with 

monodispersion and uniform size below 200 nm. More importantly, it is a reliable method for the 

fabrication of grams of products. The typical synthetic procedure for the LPASN includes three 

main steps, as shown in Scheme 1. After the in situ reduction of chloroauric acid by formaldehyde, 

the Au nanoparticles were stabilized by the surfactant CTAB in the alkaline aqueous solution. The 

electrostatic interactions between silicate oligomers hydrolysed from TEOS/APTES-RITC 

and CTAB-stabilized core materials lead to the formation of core-shell structured 

Au@CTAB/SiO2-RITC. After the addition of VTES/TEOS into the system, a hybrid outer 

layer was formed on the surface of Au@CTAB/SiO2-RITC by using the hydrolysis and 

co-condensation between TEOS and VTES. A dense and porous outmost shell can be more easily 

etched. Finally, brain-like structured LPASNs were obtained after selective-etching process. 
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Scheme 1. Schematic illustration of the preparation process for LPASN. 

2. EXPERIMENTAL SECTION 

Chemicals. All chemicals were analytical grade and used without further purification. Hexadecyl 

trimethyl ammonium bromide (CTAB), triethoxyvinylsilane (VTES), N-isopropylacrylamide 

(NIPAM), N,N-methylenebis (acrylamide) (MBA) and tetraethyl orthosilicate (TEOS) were 

purchased from Sigma. Potassium persulfate (KPS), (3-aminoprophy)triethoxysilane (APTES) 

were purchased from Aladdin. Gold chloride and sodium hydroxide were purchased from 

Sinopharm Chemical Reagent Co., Ltd. Ultrapure water (18.25 MΩ cm−1) was obtained using a 

Nanopure system from Aquapro International Company LLC. 

Synthesis of RITC-APTES. 10 mg of rhodamine B isothiocyanate (RITC) was reacted with 44 μ

L of 3-aminopropyltriethoxysilane (APTES) (molar ratio of RITC:APTES = 1:10) in 0.75 mL of 

ethanol under dark conditions for 2 days. The prepared RITC-APTES stock solution was kept at 

4oC. 

Synthesis of LPASN. In a typical synthesis, 0.05 g Hexadecyl trimethyl ammonium bromide 

(CTAB) was dissolved in the deionized water (24 mL) containing NaOH (0.02 M). After stirring at 

80 °C for 20 min, formaldehyde solution (1.0M, 1 mL) and chloroauric acid aqueous solution 

(77.6 Mm, 1 mL) were separately added. Then, tetraethyl orthosilicate (TEOS) (0.15 g, 0.67 mM ) 

was added with stirring and obtain Au@CTAB/SiO2. Ten minutes later, 20 µL RITC-APTES was 

added. After stirring for a certain time, a mixture TEOS/ VTES (molar ratios: 1:0.44/0.72/1.05) 

was added with vigorous stirring. The products were filtered after stirring for 24h/48h. To remove 

the surfactant, the as-synthesized products were dispersed in a solution of ethanol (120 mL) and 

ammonium nitrate (72 mg), and the mixture was heated at 60°C for 3 h. 

Synthesis of LPASN-1 grafted PNIPAM 

The as-synthesized LPASN-1were ( 35 mg ) dispersed into 20 mL water/ 12mL ethanol by 

ultrasonication for 15 min, and then added into a 50 Ml round-bottom flask with a magnetic stirrer, 

thermometer, nitrogen and Graham condenser. Then, NIPAM (50 mg )and cross linking agent 

MBA (5 mg) were added into the system. The dispersion was deoxygenated by a fine stream of 

nitrogen at room temperature for 30 min. The initiator KPS (25 mg) was added into the mixture 

and keep the polymerization process carrying out at 75°C for overnight. The LAPSN-1 grafted 

PNIPAM was centrifuged and washed three times with ethanol. 

Synthesis of Yolk-shell Structures. The synthesis for the yolk-shell structures was similar to the 

synthesis of LPASN, except the addition of APTES in the mixture containing TEOS/VTES (molar 

ratios: 1:0.72: 0.68).  

Cytotoxicity Assay.  

The cytotoxicity of LPASN was investigated via standard MIT assays 

(MIT=3-(4,5-dimethylthiazol-2-yl))-2,5,-diphenyltetrazolium bromide) using Hela cells. The cells 
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were initially seeded in 96-well plates at 2×104 cells per well, and incubated in a standard growth 

medium for 24 h prior to exposure to the LPASN dispersion. The cells were then incubated with 

various concentrations of LPASN for 48 h. The absorbance of each well was measured at a 

wavelength of 570 nm by a microplate reader. The experimental results were calculated by the 

following formula: cell viability (%) = OD(SAMPLE)/OD(CONTRAST) × 100, where OD(SAMPLE) is the 

optical density of the treated cells measured, while OD(CONTRAST) represents that of the untreated 

cells. 

Protein adsorption. Protein adsorption experiments were carried out by contacing100 mg of 

LPASN 4 with 100 mL of solution containing 1mg mL-1 BSA in pH 4.7 and 50 mM acetate buffer. 

The solution were shaken at 150 rpm and 25°C for 6h. The amount of protein adsorbed was 

calculated by subtracting the amount found in the supernatant liquid after adsorption from the 

amount of protein present before the addition of the adsorbent LPASN, by UV absorption at 278 

nm for BSA. The adsorbed amount of BSA was calculated according to the following equation: 

q = V0 (C0 – C) / W, 

where q is the equilibrium adsorbed amount in the LPASN, C0 and C are the protein 

concentrations at initial and equilibrium solution, respectively, V0 the volume of the initial protein 

solution, and W is the weight of the adsorbent. 

Characterization.X-ray diffraction (XRD) patterns were recorded using a Bruker D4 X-ray diffractometer with 

Ni-filtered Cu Kα radiation (40 kV, 40 mA). Structural and morphological investigations of the products were 

performed using a Ultra-high resolution scanning electron microscope (HRSEM, SU8020) and transmission 

electron microscope (TEM, Tecnai-G2-F30). The fluorescence performance was recorded on a FL-920 T 

fluorescence spectrophotometer equipped with a 450 W Xe light source and double excitation monochromators. 

The nitrogen sorption experiments were performed at 77 K using a Micromeritics ASAP Tristar 3000 system. The 

samples were degassed at 120 °C for 6 h using a vacuum line. The surface area and pore size were obtained by 

using Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, respectively. A Lambda 750 

ultraviolet and visible (UV-vis) spectrophotometer was employed for the analysis of BAS adsorption and 

desorption.  

3. RESULTS AND DISCUSSION 

HRSEM images (Figure 1a) indicate the as-synthesized LPASN-1 consists of colloidal silica 

spheres of uniform size and the average size is 170 nm (Figure S. 1a). High magnification of these 

images reveals that the materials possess brain-like morphology on the shell (Figure 1b). Further 

structural characterization of as-synthesized silica nanospheres performed by transmission 

electron microscopy (TEM) reveals that the materials have a good dispersion and alomost each 

core materials is encapsulated by a shell (Figure 1c). The efficiency of formation of core-shell 

structures can reach up to ninety-five percent. High-resolution transmission electron microscopy 

(HRTEM; Figure 1d) shows that LPASN-1 has a typical characteristic of double-shell structures, 

in which mesoporous pores disperse in the core and lager pores disperse in the outmost shells. The 

outmost shell appears porous and less homogeneous in transmission contrast, which attributed to 

partial and localized etching of silicate materials. The monodispersion of LPASN-1 was further 

demonstrated by high-angle annular dark-filed scanning transmission electron microscopy 

(HAADF-STEM) (Figure 1e). Close inspection of these images further confirm the core-shell 

structured dual-mesoporous structures (Figure 1f). The composition and elemental distribution of 

LPASN-1 was mapped through energy dispersive X-ray spectroscopy (EDS) by displaying the 
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integrated intensity of silicon and gold signals as a function of the beam position when operating 

the transmission electron microscope in scanning mode. Mapping of elements indicates that both 

samples are composed of Si, O and Au. 

 

Figure 1. HRSEM (a, b), TEM (c, d), HAADF-STEM (e, f) images and their corresponding 

nanoscale elemental mappings of Si, O and Au (f) of LPASN-1. 

The rhodamine B isothiocyanate (RITC) were incorporated covalently into the inner silica walls 

by treating these dyes with 3-aminopropyltriethoxysilane and carrying out a subsequent silica 

sol-gel reaction, thereby endowing the as-synthesized LPASN fluorescence property. The 

dye-derivatized Au@SiO2 dispersed in water showed the typical emission of rhodamine B at 570 

nm. The emission at 801 nm is attributed to Au nanoparticles (Figure 2a). LPASN with and 

without dye were well-dispersible in water. Under UV excitation, the dye-doped LPASN emitted 

colors, while there was almost no fluorescence from the LPASN without the dye ( Figure 2b). 

 

Figure 2. (a) Photoluminescence spectra of LPASN (λex=520 nm), (b) dispersion of LPASN 
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without (A) and with (B) dye functionalization in water under white light and UV light. 

To study the effect of the organosilane on the silica morphology, VTES-to-TEOS molar 

ratios were varied, while other experimental parameters keep constant. When decreasing the 

amount of organosilane, a significantly increasing number of silicon atoms fully coordinated 

to nearest neighbours of other silicates would occur, thereby improving the ability of silica 

against alkaline etching. A relatively smooth surface was observed (denoted as LPASN-2) (Figure 

3a), which is consistent with the results observed from the responding TEM images (Figure 3b). 

Meanwhile, the average particle size of LPASN-2 decrease from 170 nm to 130 nm. These results 

indicate that the VTES-to-TEOS molar ratios plays important role in adjusting the porous 

morphology. This was also evident when the synthesis of LPASN with an increasing amount of 

VTES was conducted. When increasing the amount of VTES, the –Si-O-Si– framework of the 

outer shell became less dense and more porous. Logically, less dense and more porous framework 

results in the larger particle size. However, in this case, a less dense and more porous shell is 

conducive to accelerate etching process of silica framework, thereby resulting in the structures 

collapsing in some extent. Therefore, in spite of adding more amount of VTES, the average 

particle size slightly decrease (Figure S. 1b). Different from the brain-like morphology, pore 

connectivity of LPASN-3 decrease (Figure 3d), while many independent larger pores formed 

(Figure 3c). Wide-angle XRD pattern of LPASN-2/LPASN-3/LPASN-4 was shown in Figure S2. 

 

Figure 3. HRSEM and TEM images of the as-synthesized LPASN-2, LPASN-3 by adjusting 

VTES-to-TEOS molar ratios. 

N2 sorption analysis was performed to further demonstrate the structure of LPASN. As shown in 

Figure 4, the nitrogen sorption isotherms of the LPASN-1 show two major capillary condensation 

steps in the relative pressure ranges 0.1-0.3 and 0.75-0.98, respectively, indicating that two sets of 
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pores coexist in the materials. The average pore size at ~ 3.5 nm and ~ 10 nm can be observed 

from the corresponding distribution curve of LPASN-1, which is obtained by the 

Barrett-Joyner-Halenda (BJH) method. The pore distribution centered at ~3.5 nm was mainly 

assigned to the CTAB template, while the pore distribution centered at ~ 10 nm was assigned to 

the partial and localized etching of silicate materials, which result in a wide pore size distribution. 

In contrast, when decreasing or increasing VTES-to-TEOS molar ratios, obvious pore structures 

almost disappear. Note that the large distribution of pores above 20 nm belongs to inter particle 

voids between the packed LPASN. The porosity and average pore size can be controlled by 

adjusting VETS-to TEOS molar ratios, which is consistent with the results observed from their 

corresponding SEM and TEM images. Structure for more details was shown in Table 1.  

 

Figure 4. N2 physisorption isotherms of the as-synthesized LPASN-1/LPASN-2/LPASN-3 and 

their corresponding pore size distribution curves calculated by the BJH method. 

Table 1 Structure for more details.  

 

Sample name 

BET Surface Area 

(m
2
 g

-1
) 

Pore Volume 

(cm
3
 g

-1
) 

Pore Size 

(nm) 

LPASN-1 473.8 0.56 12.1 

LPASN-2 421.9 0.34 4.4 

LPASN-3 460.3 0.38 7.3 

LPASN-4 468.6 1.29 18.3 

 

In addition to chemical stability, consistent pore structure and monodispersion, large-scale 

synthesis is also crucial for industrial application. The one-pot approach mentioned in this work 

does not require specific equipment as well as harsh conditions. Grams of LPASN can be easily 

prepared in a facile one-pot reaction. About ~ 3 g of LPASN was prepared when the reaction 

system was expanded to 10 times ( inset ). Althought a more porosity of outmost shell, the 

production still has good monodispersion as shown in Figure 5a. Note that, excepting for 

VTES-to-TEOS molar ratios, the morphology also has close connection with etching time. When 

extending the reaction time to 48 h, the materials became more porosity on the shell (Figure 5b). 

HRSEM images (Figure 5c) indicate the as-synthesized LPASN-4 consists of colloidal silica 

spheres with average size of ~140 nm (Figure S. 1a) and the transformation from brain-like to 

flower–like morphology occurs. The pore size increases from ~11 nm to ~19 nm (Figure 5d).  
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Figure 5. Low and high magnification TEM images of LPASN-4 and its corresponding photo of 

the as-synthesized LPASN-4 in a dish. 

Based on the aforementioned results, a VTES-assisted selective etching mechanism was proposed 

to explain the formation of LPASN structures (Scheme 2). The electrostatic interactions 

between silicate oligomers hydrolysed from TEOS/APTES-RITC and CTAB-stabilized 

core materials lead to the formation of core-shell structured Au@CTAB/SiO2-RITC. After 

the addition of VTES/TEOS into the system, a hybrid outer layer was formed on the 

surface of Au@CTAB/SiO2-RITC by using the hydrolysis and co-condensation between TEOS 

and VTES. The outer shell was less dense and more porous because of the vinyl groups of VTES 

existing in silica framework. CTAB herein can not only act as a soft template to direct the 

formation of the mesoporous structures in the inner layer, but also stabilize the CTAB/SiO2-RITC 

inner shell against alkaline etching. Then, the sodium hydroxide, which was used in the synthesis, 

will preferentially etch the less dense and more porous VTES-rich silica shell, while the core 

almost remains intact. With increasing the concentration of VTES, a less dense and more porous 

outmost shell was obtained. However, such porous strcutres is conducive to accelerate etching 

process of silica framework, thereby resulting in the structures collapsing in some extent. 

Therefore, the numbers of vinyl groups existing in silica framework determine the ability of outer 

silica shell against alkaline etching, thereby obtaining different morphology (LPASN-1/ 

LPASN-2/LPASN-3). In addition, as etching time increasing, some pores will merge into a large 

one resulting in a more rough morphology (LPASN-4). Therefore, the morphology has close 

connection with the VTES-to-TEOS molar ratios as well as etching time.  
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Scheme 2. The illustrate mechanism and their responding morphology at different VTES-to-TEOS 

molar ratios and etching time. 

The choice of VTES as an organic precursor to assisted coassembly of inorganic-organic shell is 

the key to the successful synthesis of LPASN. In our previous report, [29] the CTAB/SiO2 layer 

transform into a hollow cavity when adding APTES into the reaction system. When choosing 

APTES as organic precursor, the role of CTAB for stabilizing the silicate against alkaline etching 

was broken because of the electrostatic interactions between APTES and CTAB. On the other hand, 

the long hydrophobic chain (-(CH2)3-) existing in the silica shell can protect the silicate materials 

against the alkaline etching. In a word, the less dense and more porous part can be reasonably 

designed by choosing different organic precursor thereby deciding which part is preferentially 

etched. To confirm this, we replace TEOS/VTES with TEOS/VTES/APTES in the reaction system. 

APTES is more acidic and lower in concentration than the hydrolyzed TEOS in the mixture. 

Consequently, APTES/VTES should be consumed before TEOS. The less dense and more porous 

part is the middle layer via the hydrolysis and condensation of VTES/APTES and part of TEOS, 

which is preferentially etched by alkaline. Meanwhile, APTES oligomers reassembling into the 

outmost silica shell can protect the outmost layer against the alkaline etching. As a result, a novel 

yolk-shell structure was obtained as shown in Figure 6.  

 

Figure 6. Low and high magnification TEM images of novel yolk-shell structures. 
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Cell viability by the MIT assay (MIT=3-(4,5-dimethylthiazol-2-yl))-2,5,-diphenyltetrazolium 

bromide) revealed that the as-synthesized LPASN-1 do not show significant cytotoxicity against 

the Hela cells (Figure 7a). More than 72% of the cells are still viable by the presence of LPASN-1 

up to a concentration of 200µg·mL-1. The results indicate that such a large-pore structured silica 

nanocomposite has good cytocompatibility as a drug carrier. As we known, CTAB as a general 

pore-template play important role in fabricating mesoporous silica materials. However, the pore 

diameters of contemporary MSNs synthesized by using CTAB as a pore –template can reach up to 

~3 nm. They exhibit considerable resistance of diffusion especially in the case of long 

transportation distance due to pore size limitation, which may limit their practical applications 

involving in large molecule transportation, such as protein enrichment. Herein, we demonstrate 

that the as-synthesized LPASN can promote efficient mass transfer or storage. The results of the 

protein adsorption of the LPASN are shown in Fig. 7b. For adsorption measurements, Ph 4.7 (near 

the pI of BSA) was chosen because the adsorption capacity can be maximized near the pI. 

Comparatively, LPASN 1 exhibits a low adsorption capacity of BSA due to its low BET surface 

area. On the hand, LPASN-4 reached adsorption equilibrium more quickly. The dimensions of the 

BSA molecule are reported to be 40 × 40 × 140 Å. Since the largest dimension of BSA is close to 

the average pore size of LPASN-1, the large amount adsorbed in the original age is expected to be 

located on the external surface of LPASN or at the pore mouths. 

 

Figure 7. BSA adsorption curves of LPASN 4 and LPASN 1. 

According to etching process, vinyl groups existing in the organic-inorganic hybrid layer will be 

preferentially etched thereby exposing a large number of vinyl groups on the surface of LPASN. 

Herein, we fabricate a thermo-responsive nonreactor by grafting LPASN with thermo-responsive 

polymer Poly(N-isopropyl acrylamide) (PNIPAM). FTIR spectroscopy was used to characterize 

the functional groups of the as-synthesized materials ( Figure 8a ). Bands located at 1400, 1101, 

953 and 802 cm-1 are associated with the C-H bending vibration in unhydrolyzed OEt groups, the 

Si-O-Si asymmetric bond stretching vibration, the Si-OH stretching vibration, and the network 

Si-O-Si symmetric bond stretching vibration, respectively. Bands located at 1600 cm-1 attributed 

to the vinyl groups in VTES. The vinyl groups in LPASN greatly facilitate their practical 

application. After grafting PNIPAM, two characteristic peaks for PNIPAM at 1650 (amide stretch) 

and 1553 cm-1 (N-H stretch) appear in the LPASN-PNIPAM but not in LPASN. After calcinations 

at 550 °C, the intensity of the bands related to vinyl groups, C-H bending vibration and Si-OH 

stretching vibration disappear or become indistinguishable, indicating that the removal of 
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organosilane and completely hydrolysis. The TEM images of PNIPAM-grafted LPASN-1 (denoted 

as LPASN-PNIPAM) as shown in Figure 8 b. The optical transmittance of LPASN-PNIPAM 

dispersed in aqueous solution can be controlled by temperature (Figure 5a, inset). The 

nanocomposite can be used as a thermo-responsive nanoreactor with controlled reaction rate. We 

used a well-known model reaction, where p-nitrophenol was reduced to p-aminophenol using 

NaBH4 as the reductant (Figure 8c). The reaction rate at different reaction temperature (15 °C / 

33 °C / 50 °C) were compared (Figure 8d). The reaction rate at 15 °C and 50 °C were faster than 

33 °C. The reasons were revealed in some reported literatures. [30] When the temperature higher 

than the lower critical solution temperature ( LCST ) of PNIPAM, the PNIPAM networks shrinks 

markedly with an increase in temperature thereby slowing down of the diffusion of reactants in 

and out the nonreactors. This change will in turn lower the rate of the reaction catalyzed by the Au 

nanoparticles encapsulated in LPASN-1. However, with a further increase in the temperature, 

thermal activity became the key factor that affecting the reaction rate. The catalytic properties of 

LPASN-PNIPAM for more details at different temperature were shown in Figure S3. 

 

Figure 8. FTIR spectroscopy of LPASN, LPASN-PNIPAM and the products after calcinations at 

550 °C (a); the inset shows the optical transmittance of LPASN-PNIPAM dispersed in aqueous 

solution. TEM images of LPASN-PNIPAM (b). UV-vis spectra showing the gradual reduction of 

4-NP over LPASN-PNIPAM at 50°C (c) and the plots of Ct/Co versus the time at different 

temperature, where Ct is the concentration at time t and Co is the initial concentration (Ln(Ct/Co) 

(d). 

In summary, we have developed a facile and reliable VTES-assisted selective etching strategy to 

fabricate monodisperse brain-like LPASN with uniform size below 200 nm. The porosity of 

shell can be controlled by adjusting VTES-to-TEOS molar ratios as well as etching time. 

The pore size and pore volume can reach up to ~19 nm and ~1.3 cm3g-1 via an etching process 

that facilitate the adsorption of protein. Moreover, this strategy introduces vinyl groups on 
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the surface of the LPASN, which greatly facilitate their practical application in grafting 

PNIPAM for thermal-responsive nanoreactor. The fluorescence properties provide their 

potential applications in bio-imaging. This method may provide a general strategy to 

synthesize large-pore structured silica nanocomposite, which provide opportunities to yield a 

variety of applications, such as confined nanoreactor, drug delivery systems as well 

bio-imaging. 
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