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In this work, we report the fabrication of macroporous silica hollow microspheres through a
polystyrene (PS) templating route. Silica seeds are first deposited onto the surfaces of PS beads as a
result of the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in a basic condition.
Subsequent growth of silica seeds to nanoparticles with size of∼ 40 nm leads to the coalescence of the
adjacent particles, forming continuous two-dimensional silica networks on the PS surfaces. The
uncovered areas on PS surfaces were converted into macrosized through holes after core removal
through either dissolution or calcination, thus forming themacroporous silica hollow structures. The
monodispersed hollow spheres were demonstrated to be efficient collectors for capturing and loading
various nanoparticles, both hydrophilic and hydrophobic, from the external solutions. The func-
tional particles loaded macroporous hollow spheres will have promising applications in biotechnol-
ogy and catalysis.

Introduction

The fabrication of well-defined structures in the sub-
micrometer range has attracted increasing research inter-
est in recent years. Synthesis of nano/microsized hollow
spheres with empty interior, in particular, has been one of
the most active research areas because of their technical
importance in a variety of applications, including nanor-
eactors, drug delivery carriers, building blocks for photo-
nic crystals, catalyst carriers, and nanocapsules for
hydrogen storage.1-13 Most fabrication approaches rely
on the template-assisted synthesis, and the templates

employed include various nano/microparticles,12,14-16

emulsions,17,18 and vesicles,19,20 although there has been
an increase in the number of reports on novel template-
free or self-templating routes for the preparation of
hollow spheres.21,22 The design of hollow microspheres
with complex, specific, controllable shell structure is
currently of considerable scientific and technological
interests.23,24 For example, hollow spheres withmesopor-
ous shells have received much attention because of
the importance in various promising applications, espe-
cially in drug delivery systems. 25,26 However, access of
large entities, such as proteins and DNA, through these
shells with pores <10 nm is often a slow process or even
impossible.
To combat this challenge, several research groups have

investigated the synthesis of hollow structures with mi-
crothrough-holes on the shells. For example, hollow
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polystyrene capsules with single open hole have been
fabricated through a swelling and fast cooling process.27,28

Functional nanoparticles were also successfully encapsu-
lated through the holes, which could be further closed up
by thermal annealing or solvent treatment. Han et al.
obtained poly(o-methoxyaniline) hollow microspheres
with similar structure through a chemical polymerization
route, where the diffusion of monomers during this
process was responsible for the formation of the hole.29

Yoshizawa et al. demonstrated a unique phase-separation
method for preparing microcapsules (size ∼10 μm) with
holes in their shells.30 In this approach, the hole size could
be precisely controlled by adjusting two types of surfac-
tants, i.e., water-soluble surfactant molecules for shell
formation and oil-soluble surfactant molecules for hole
formation. Though lagging behind, silica hollow spheres
with macroporous shell have been successfully fabricated
in several reports. Compared with polymer, silica has
been demonstrated to be nontoxic, and more stable.31-33

By adding certain water-soluble polymers to a solution of
water/oil/water double emulsion system, Fujiwara et al.
synthesized silica hollow spheres with nano/macro-holes
like diatomaceous earth structure.34 Shiomi et al. ob-
tained similar structure by calcination of lysozyme-silica
hybrid particles, and the ship-in-bottle encapsulation of
proteins into the porous structure was realized.35,36 How-
ever, all these reported methods require either stringent
control of emulsion system or high-temperature treat-
ment (up to 700 �C), which makes the synthesis process
tedious and difficult to control. Moreover, silica hollow
microspheres obtained through these methods are often
not uniform in size, which might jeopardize the practical
applications and quantitative analysis. Therefore, facile
and simple routes to obtain monodisperse silica hollow
microspheres with macroholes in their shells are highly
desirable.
Very recently, we reported a novel oil-in-diethylene

glycol microemulsion route, through which silica compo-
site nanospheres incorporated with an ultrahigh loading
of superparamagnetic iron oxide nanoparticles (SPIONs)
could be obtained.37 By purposely increasing the amount
of toluene in the oil phase, macroporous hollow micro-
spheres with SPIONs loaded in their shells could be also
synthesized.38 The increase in interior pressure due to
droplet contraction during the transformation of liquid

tetraethyl orthosilicate (TEOS) to solid silica was believed
to be the major reason for the formation of such a
structure. Lim et al. also obtained nanoparticle-loaded
capsules with single open hole in their shells through a
similar approach but using different solvent and surfac-
tant.39 In this work, we demonstrated another simple,
fast, and general route to synthesize monodisperse
macroporous silica hollow microspheres (denoted as
MSHMs) of which the through-holes in shells are >50
nm in diameter, by using polystyrene (PS) beads as
template. Silica seeds are first formed at the polyvinyl-
pyrrolidone (PVP)-modified surface of PS beads as a
result of the hydrolysis and condensation of TEOS in a
basic condition. Subsequent growth of silica seeds to
nanoparticles with size of∼40 nm leads to the coalescence
of adjacent particles, forming an intact shell consisting of
connected silica nanoparticles. The uncovered areas on
PS surfaces become macrosized through holes after core
removal through either dissolution or calcination, thus
forming MSHMs. More importantly, we demonstrate
that the as-synthesizedMSHMs could be used as efficient
collectors for capturing and loading various nanoparti-
cles, both hydrophilic and hydrophobic, from the exter-
nal solutions.

Materials and Methods

Materials. Polyvinylpyrrolidone (PVP, MW = 55000), 4, 4-

Azobis(4-cyano-valeic acid) (ABCVA, 75%), hexadecanediol

(90%), gold(III) chloride hydrate (99.9%), and Lumidot CdSe/

ZnS quantum dots stabilized with a mixture of hexadecylamine

and trioctylphosphine ligands (5 mg/mL) were purchased from

Aldrich. Styrene (99.5%), iron(III) acetylacetonate (Fe(acac)3,

97.9%), oleic acid, oleylamine (70%), and tetraethyl orthosili-

cate (TEOS, 99.0%) were obtained from Fluka. Sodium bor-

ohydride (98.5%), toluene (99.5%), and sodium citrate were

purchased from Sigma-Aldrich. Ammonia aqueous solution

(28 wt %) was obtained from Univar. All chemicals were used

as received without any further purification. Absolute ethanol

(analytical reagent grade) from Fisher Scientific and ultrapure

water (≈ 17 MΩcm-1) from a Milli-Q water system was used

throughout the experiment.

Synthesis of PVP-Modified Polystyrene (PS) Beads. The

monodisperse PVP-modified PS beads were prepared through

a dispersion polymerization described as follows: PVP (1.5 g),

ABCVA (0.2 g), H2O (5 g), styrene (5 g), and ethanol (22.5 g)

were charged to a three-necked flask with magnetic stirring. The

reaction solution was deoxygenated by bubbling nitrogen gas at

room temperature for 30 min, ad was then heated to 70 �C for

1.5 h. Another 5 g of styrene and 22.5 g of ethanol were added to

the system. The reaction was allowed for 6 h, and the as-

prepared PS beads were collected through centrifugation and

washed with absolute ethanol for 3 times. The final products

were dispersed in ethanol with volume ratio to the original

reaction solution of 4, which was used as stock solution for later

silica encapsulations.

Synthesis of Silica MSHMs. Ten milliliters of PS stock

solution in ethanol was added to a mixture containing 30 mL

of ethanol, 3 mL of H2O and 1 mL of TEOS. The mixture was
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slowly heated up to 50 �C in an oil bath. Two and a half millilters

of ammonia hydroxide was added quickly, and the reaction was

terminated after 25 min. PS@SiO2 core/shell composite beads

were collected through centrifugation, washed with ethanol

3 times, and finally dispersed in absolute ethanol. The MSHMs

were obtained by dissolving PS core with toluene or calcination

at 450 �C for 1 h.

Synthesis of 14 nm Sized Gold Nanoparticles. Uniform gold

nanoparticles, ∼14 nm in diameter, were prepared by rapidly

injecting a sodium citrate solution (2 mL, 40 mM) into a boiling

aqueous solution of HAuCl4 (20 mL, 110 ppm) under vigorous

stirring. 40 After boiling for 15 min, heat was removed to cool to

room temperature. The final volume was adjusted to 20 mL to

compensate for the evaporation during boiling, and the as-

synthesized gold colloid was used without any washing proce-

dures.

Synthesis of Hydrophobic SPIONs. Hydrophobic SPIONs

were prepared using a previously described method, which is

based on the thermal decomposition of Fe(acac)3.
41 Typically,

4 mmol of Fe(acac)3, 20 mmol of 1,2-hexadecanediol, 12 mmol

of oleic acid, 12 mmol of oleylamine, and 40 mL of benzyl ether

weremixed in a round-bottom flaskwith nitrogen flowing under

magnetic stirring. The mixture was heated to 200 �C for 2 h and

then heated to reflux at 300 �C for another 2 h. The reaction

solution was then cooled to room temperature and 80 mL of

ethanol was added. The black product was collected by centri-

fugation (6000 rpm, 10 min) and dispersed in hexane with the

presence of oleic acid. The SPIONs were then subjected to two

cycles of precipitation in methanol and centrifugation. Finally,

hydrophobic SPIONs were dispersed in toluene.

Capturing Gold Nanoparticles with MSHMs. The as-synthe-

sizedMSHMs were first dried at 50 �C for 3 h before using them

to capture gold nanoparticles. Various amounts (0.8-3.2 mg)

of driedMSHMswere dispersedwith 2mLof gold colloid (79.01

ppm) with magnetic stirring. The capturing process was termi-

nated after 24 h, and the volume of solution was adjusted to

12.5mLwithH2O.The gold nanoparticles captured byMSHMs

were separated from the uncaptured ones through centrifuga-

tion at low speed (2000 rpm, 4 min) because of their much larger

weight. Eleven mL of supernatant aqueous solution contain-

ing only uncaptured gold nanoparticles was carefully taken

for further characterizations (denoted as SPT01-04). The re-

maining MSHMs loaded with gold nanoparticles were diluted

with 2 mL of H2O for UV-vis measurement (denoted as

PPT01-04).

Characterizations. The morphology was examined by using

field emission scanning electron microscopy (SEM; XL 30 FEG

Philips, Hillsboro, OR). All transmission electron microscopy

(TEM) images were obtained by using a JEOL 3010 instrument

(300 kV). Samples were prepared by dipping carbon-coated

copper grids into the sample solution followed by drying at

room temperature. The UV-vis absorption spectra were regis-

tered by using a UV-vis-NIR spectrophotometer (Varian,

Cary 5000). The concentration of gold was determined through

inductively coupled plasma (ICP) analysis (PerkinElmer, Dual-

viewOptima 5300DV ICP-OES system,USA). Thermal gravity

analysis (TGA) data were recorded by using an SDTQ600

instrument. PS beads, PS@SiO2 beads, andMSHMswere dried

at 50 �C overnight to yield dried powders before examination.

The nitrogen adsorption/desorption experiments were carried

out using a NOVA 3000 series instrument (Quantachrome

Instruments) at -196 �C. Prior to measurements, the sample

was degassed at room temperature for 6 h.

Results and Discussions

For the synthesis of MSHMs, monodisperse PS beads,
which were used as templates for subsequent silica de-
position, were first fabricated through a dispersion po-
lymerization route with PVP as surfactants and
stabilizers. PS beads have always been attractive spherical
templates because they are relatively inexpensive and
available in uniform size.8,14 Scanning and transmission
electron microscopy (SEM and TEM, respectively) ob-
servations (Figure 1A-C) demonstrated that the as-pre-
pared PS beads had an average size of 704.6 nm, with a
very narrow distribution (standard deviation smaller
than 3%), as shown in the size distribution histogram
(see Figure S1 in the Supporting Information). PVP-
modified PS beads were directly applied as templates
for silica coatingwithout any other surfacemodifications.
As shown in Figure 1D, after a simple sol-gel coating
process for 25 min, silica nanoparticles were successfully
attached onto the surface of PS beads, forming PS@SiO2

core/shell composite beads. More importantly, it
was observed that the PS surface was not fully covered
with silica shells. Careful investigation revealed that the
shell was actually made of connected individual primary
silica nanoparticles with size of around 40 nm (Inset,
Figure 1D). This agreed with the average diameter of
PS@SiO2 (784.4 nm), which equaled to the summation of
the diameters of PS beads and silica nanoparticles (see
Figure S1 in the Supporting Information). Typical
PS@SiO2 core/shell structure was observed under TEM
(images E and F in Figure 1). The uneven distribution of
contrast across the shell demonstrated its distinction from
normal core/shell structures with uniform and smooth
shells. Individual silica nanoparticles in the shell could be
clearly observed in high-magnification TEM images (see
Figure S2 in the Supporting Information). The amount of
silica estimated from thermogravimetric analysis (TGA)
was 26.4 wt % (see Figure S3 in the Supporting In-
formation), from which the thickness of the silica shell
was estimated to be 28.6 nm. This slightly smaller value
compared with TEM and SEM observations is reason-
able because we have assumed a fully covered uniform
silica shell in calculation.
One of the most important advantages to use PS beads

as template to synthesize hollow structures is that PS core
can be easily removed by either calcination or solvent
dissolution.8,42 Here, we demonstrated that both ap-
proaches could be applied to obtain silica hollow struc-
tures. As shown in a typical SEM image (Figure 1G),
silica hollow microspheres could be easily obtained by
dissolving the PS core in toluene. The average sphere size
wasmeasured to be 794.6 nm,which is slightly bigger than
that of the PS@SiO2 composite spheres (see Figure S1 in
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the Supporting Information). It is believed that the small
increase in size was due to the slight relaxation in silica
shell after PS core removal. More remarkably, through
holes with irregular shapes could be easily observed in the
silica shells under SEMobservations (inset in Figure 1G),
suggesting the successful formation of the macrophorous
silica hollowmicrospheres, namelyMSHMs. It should be
noted the dimension of holes observed under SEM was
less than the real value because of a layer of gold sputtered
prior observations. TEM images revealed typical hollow
structures with the shell thickness of around 40 nm, the
same as the dimension of primary silica nanoparticles in
PS@SiO2 composite spheres before core removal
(Figure 1H). The characteristic through holes with typical
diameters larger than 50 nm in the shells could be clearly
observed (Figure 1I) (see large-magnification TEM and
SEM images in see Figure S4 in the Supporting In-
formation), further confirming the formation of
MSHMs. Due to the presence of large through-holes at
the shell, the core removal process in toluene was fast,
usually less than 30 min. Only two weight-loss stages in
TGA measurement were observed for the as-obtained

MSHMs (see Figure S3 in the Supporting Information),
i.e., below 300 and above 400 �C, which corresponded to
the evaporation of physically adsorbedwater and residual
solvent, and the decomposition of silica-bonded groups
such as -OH and/or unhydrolyzed -OR, respectively.14

This confirmed the complete removal of PS core during
the dissolution process, because the decomposition
of polystyrene mainly occurred in the temperature range
from 300 to 400 �C. Alternatively, MSHMs could be
also obtained by calcining PS@SiO2 composite beads at
450 �C for 1 h, as shown in see Figure S5 in the Supporting
Information. Again, because of the presence of large
through-holes, collapsed MSHMs were seldom observed
after calcination because the holes could act as channels
for effective transfer of decomposed molecules. More-
over, the specific surface area of MSHMs estimated
through nitrogen sorption isotherms was 49.0 m2/g. By
taking 2.2 g/cm3 as the density of silica, the diameter for
primary silica nanoparticles was estimated to be 56.6 nm,
slightly larger than the SEMandTEMobservations. This
is easy to understand, as we assumed that the silica
nanoparticles were isolated and untouched from each

Figure 1. (A, D, G) SEM and (B, C, E, F, H, I) TEM images of the as-synthesized (A-C) PS beads, (D-F) PS@SiO2 core/shell composite beads, and
(G-I) MSHMs. Scale bars: (A, D, G) 2 μm; (B, E, H) 500 nm; (C, F, I) 100 nm; (insets in A, D, G) 200 nm.
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other in calculation, whereas the particles were connected
with adjacent ones in MSHMs.
To obtain MSHMs with well-defined shell morphol-

ogy, it is essential to first fabricate the corresponding
PS@SiO2 core/shell microspheres. Figure 2 presents the
morphology evolution of the composite beads obtained
upon various silica deposition times, i.e., 1, 3, 6, 10, 15, 25,
40, and 60 min. As shown in Figure 2A, no silica deposi-
tion on the PS surface was observed when the reaction
was only allowed for 1 min. TEM observations also
revealed that the PS surfaces were completely smooth
after 1 min deposition (see Figure S6A-B in the Support-
ing Information). However, after 3 min, nanosized silica
seeds (size ∼10 nm) were evenly distributed on the sur-
face, corresponding to the white spots under SEM ob-
servations (Figure 2B). At this stage, the silica seeds were
isolated from each other and had irregular shapes (see
Figure S6C-D in the Supporting Information). The
average distance among the silica seeds was estimated to
be 80-100 nm. The silica seeds quickly grew bigger in
dimension to around 25 nm after another 3 min
(Figure 2C), which remained untouched from each other
(see Figure S6E-F in the Supporting Information).
When the reaction was allowed for 10 min, the dimension
of silica particles continued to increase, and coalesce
among adjacent nanoparticles was clearly observed
(Figure 2D). However, complete silica shells at this stage
were not formed yet. This was evident by the appearance
of some composite microspheres with poor coverage of
silica nanoparticles, indicated by the white arrows
(Figure 2D). The coalescence among silica nanoparticles
continued to increase after another 5 min reaction
(Figure 2E). As shown in Figure 2F, after 25 min of
reaction, further increase in dimension (size ∼ 40 nm) of
the silica nanoparticles led to a complete connection
among them, thus forming a complete macroporous

shells. This fully connected shell greatly reduced the
possibility of silica fall-offs, as poorly covered PS beads
were seldom observed. As the reaction proceeded to
40 min, further increase in the silica dimension led to a
higher degree of silica coverage (Figure 2G). Finally,
complete coverage with silica shells was observed after
1 h, and virtually no holes left at the PS surface
(Figure 2H). TGA results also indicated that the silica
content for PS@SiO2 composite beads gradually in-
creased with increase in reaction time (see Figure S7 in
the Supporting Information).
The PS@SiO2 composite beads prepared at various

silica deposition times were further treated in toluene to
remove the cores, in order to study the effects of deposi-
tion time on formation of the silica hollow structures. As
shown in Figure 3A, no intact hollow spheres were
observed but macroporous silica sheets when the deposi-
tion time was 10 min. The silica sheets consisted of
primary silica nanoparticles with size of around 30 nm.
Moreover, it was possible to differentiate the interior
surface, which was previously attached to the PS beads,
with exterior ones. The top surface for the silica sheet
indicated by the white arrow was attached to the PS
surface before core removal, as it was much smoother
compared with that indicated by the black arrow (inset in
Figure 3A. The enlarged image is shown insee Figure S8A
in the Supporting Information). At this stage, the macro-
sized holes could be clearly observed in the incomplete
shells, forming networklike structures, as shown in a
typical TEM image (see Figure S8B in the Support-
ing Information). For 15 min composite beads, hollow
spheres could be obtained after dissolution, although
there were substantial amount of incomplete ones
(Figure 3B). This was due to the low degree of coalescence
among silica nanoparticles in the shells, which also
resulted in hollow spheres with deformed shapes (see

Figure 2. SEMimages ofPS@SiO2 core/shell composite beads obtained atdifferent reaction times: (A) 1, (B) 3, (C) 6, (D) 10, (E) 15, (F) 25, (G) 40, and (H)
60 min. The white arrows in D show the PS beads with poor coverage of silica nanoparticles. All the images and corresponding insets are in the same
magnification, and scale bars are 1 μm and 500 nm, respectively.
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Figure S9 in the Supporting Information). When 25 min
PS@SiO2 particles were used, monodisperse MSHMs
without collapse were obtained (Figure 3C). Low-magni-
fication SEM image shows that the obtained MSHMs
readily formed hexagonal close-packed 2D structures
after solvent evaporation at room temperature (see Figure
S19 in the Supporting Information). 40 min PS@SiO2

particles could be also used to obtain hollow spheres;
however, both the number and the size of the through-
holes reduced dramatically as the result of silica growth
(Figure 4D). Nearly no through-holes were observed
when 60 min PS@SiO2 particles were used (Figure 4E).
Moreover, it was found that the dissolution process
became increasingly slower for PS@SiO2 particles ob-
tained at longer reaction times. Core removal could be
completed within 30 min for 25 min composite particles.
However, TGA results indicated that almost no PS dis-
solution occurred after dissolving 60 min sample even for
24 h (see Figure S11 in the Supporting Information).
TEM&SEMobservations also confirmed the presence of
PS cores after the treatment by toluene (see Figure S12 in
the Supporting Information). This reduction in dissolu-

tion speed was resulted from the absence of macro-sized
through holes in the shells, which could greatly facilitate
the dissolution process. Moreover, the through holes in
the shells of MSHMs could be easily closed up by a
further silica coating, thus forming dense hollow spheres,
as shown in Figure 3F. SEM images also showed the
shells were fully covered without holes after this treat-
ment (see Figure S13 in the Supporting Information).
In this process, the formation of isolated primary silica

nanoparticles at the PS surface is the key to forming the
macroporous shell. As shown in Scheme 1, silica seeds are
first formed after introduction of ammonia hydroxide,
and immediately attached onto the PVP-modified PS
surface within 3 min (Scheme 1B). It is known that PVP
is usually used as surface linker to assist attachment of
various materials onto another substrate. For example,
Graf et al. successfully obtained nanoparticle-decorated
silica spheres by using PVP as a surface coupling agent.43

Zou et al. fabricated dense silica hollow spheres with
PVP-modified PS beads.44 Subsequent growth of silica
nanoparticles leads to necking and coalescence among
adjacent nanoparticles, hence forming an intact silica
shell (Scheme 1C). The well-defined MSHMs are ob-
tained by removing the PS core through dissolution in
toluene or calcination at 450 �C,which have characteristic
macroporous shells resulted from incomplete coverage of
silica nanoparticles (Scheme 1D). Post close-up of
through holes in the shells were easily achieved through
further silica coating process. Interesting close-packed
patterns formed by the obtainedMSHMs could be clearly
observed under TEM because of their good monodisper-
sity and macroporous shells (see Figure S14 in the Sup-
porting Information).
We next demonstrate the usage of the as-prepared

MSHMs as novel microcollectors to capture nanoparti-
cles from external solutions. We first chose hydrophilic
Au nanoparticles (diameter ∼14 nm) as modal particles,
which were prepared separately through the classic so-
dium citrate reduction method (see Figure S1 in the
Supporting Information). It was found that MSHMs
could efficiently capture Au nanoparticles by utilizing
the through-holes in the shells as channels, where Au
nanoparticles migrated from external environment to the
interior space of MSHMs. As shown in an SEM image
(Figure 4A), Au nanoparticles, corresponding to the
white spots, were clearly observed inside a crushed
MSHM, while few Au particles were observed at the
outer surface of MSHMs. TEM also revealed successful
loading of Au nanoparticles within the hollow interiors
(Figure 4B-C). As the TEM sample was dried during
preparation, Au nanoparticles were resided at the inner
surface of MSHMs. Crushed MSHMs gave us a better
visualization of this complex structure, as shown in
Figure 4D. It was easy to notice that the majority of
nanoparticles attached on the inner shell (black arrow),

Figure 3. SEM images of products obtained by dissolving the PS cores
using correspondingPS@SiO2 core/shell beads obtained at (A) 10, (B) 15,
(C) 25, (D) 40, and (E) 60min. (F) TEM images of the products after hole
close-up through further silica coating. Image A-E and corresponding
insets are in the same magnifications, respectively. Scale bars: (A-E)
1 μm, (insets) 500 nm, and (F) 200 nm.

(43) Graf, C.; Vossen, D. L. J.; Imhof, A.; van Blaaderen, A. Langmuir
2003, 19, 6693–6700.

(44) Zou, H.; Wu, S.; Ran, Q.; Shen, J. J. Phys. Chem. C. 2008, 112,
11623–11629.



Article Chem. Mater., Vol. 21, No. 15, 2009 3635

and very few were observed on the outer surface. An
enlarged area indicated by a rectangle is shown in
Figure 4E, where the macrosized holes (indicated by the
arrows) together with the loaded Au nanoparticles could
be clearly seen. The through holes in Au-loadedMSHMs
could be also facilely closed up through further silica
coating, as shown in Figure 4F. This type of internal-
decorated hollow microspheres has been synthesized
previously through either attachment of particles at core
surface or secondary reaction through the shells.45-48

Compared with the previous synthetic approaches, our
method offers the following several advantages: (1) large
amount of nanoparticles can be loaded; (2) nanoparticles
with desired structures and properties can be engineered
separately before loading; (3) more than one type of
nanoparticles can be loaded simultaneously.
Moreover, we conducted a quantitative study on the

loading efficiency of Au nanoparticles. Increasing
amounts of MSHMs, i.e., 0.8, 1.6, 2.4, and 3.2 mg, were
dispersed in 2 mL of Au aqueous solutions, respectively.
MSHMs after loading were separated through low-speed
centrifugation. The supernatant solutions after centrifu-
gation were denoted as SPT01, 02, 03, 04, respectively,
while the Au-loaded MSHMs were denoted as PPT01,
02, 03, 04, respectively. Figure 5A demonstrates the UV-
vis absorption spectra for original Au colloid and

Figure 4. (A) SEMand (B, C) TEM images of the Au-loadedMSHMs. (D) TEM image of a crushedMSHM, illustrating a single macroporous shell with
Aunanoparticles residedat the inner surface. (E)TEMimage for anenlargedviewof the rectangle portion inD.Black arrows indicate the throughholes. (F)
TEM image of the product after hole close-up for Au-loadedMSHMs. (Inset of F) Complete coverage of the silica shell. Scale bars: (A, B) 500 nm, (C-F
and inset of F) 100 nm.

Scheme 1. Schematic Representation of the Preparation ofMSHMs through a Template-AssistedMethod: (A)PVP-Modified PSBeads;

(B) SiO2-Seeded PS Beads; (C) PS@SiO2 Composite Beads; and (D) MSHMs

(45) Kim,M.; Sohn,K.; Bin,N.H.;Hyeon,T.NanoLett. 2002, 2, 1383–
1387.

(46) Kamata, K.; Lu, Y.; Xia, Y. J. Am. Chem. Soc. 2003, 125, 2384–
2385.

(47) Kim, J. Y.; Yoon, S. B.; Yu, J. S. Chem. Commun. 2003, 790–791.
(48) Cheng, D. M.; Zhou, X. D.; Xia, H. B.; Chan, H. S. O. Chem.

Mater. 2005, 17, 3578–3581.
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SPT01-04. It could be easily observed that the intensity
at extinction peak ofAu colloid (λmax=526 nm) gradually
reduced with increasing amount of MSHMs used, also
shown in Table 1. This indicated that more nanoparticles
were captured by increasing the amount ofMSHMs used,
i.e., from 62.96%, to 83.33%, to 87.78%, to 91.48%. This
result also agreed with the results of ICP analysis
(Table 1). Particularly for SPT04, almost zero absorption
at wavelength of 526 nm was observed in the correspond-
ing UV-vis spectrum and its Au concentration was
beyond the ICP detection limit. The inset photograph in
Figure 5A shows the SPT01-04 solutions together with
the original Au colloid, from which we could clearly see
that the red color resulted from the surface plasmonic
resonance of Au nanoparticles was gradually reduced,
indicating that concentrations of Au nanoparticles were
gradually decreased with increase in the amount of
MSHMs used. Figure 5B shows the UV-vis spectra for
Au-loaded MSHMs (i.e., PPT01-04). First, λmax did not
have any significant shift, suggesting that the surface
chemistry ofAunanoparticles was not affected evenwhen
they were captured inside the hollow structure. Second, it
was noticed that the background absorption increased

from PPT01 to 04 linearly, which was due to the linear
increase in MSHMs used. Lastly, the increase in the
relative intensity of λmax from PPT01 to 04 indicated that
more Au nanoparticles were captured by MSHMs and
subsequently separated through centrifugation. The inset
photograph in Figure 5B shows samples PPT01-04,
where the color became darker from 01 to 04, confirming
more Au nanoparticles were captured. Moreover,
the number of nanoparticles within each MSHM could
be roughly estimated by taking some simple assumptions,
as shown in the last column of Table 1. It was found that
the calculated results were comparable with TEM obser-
vations.
Lastly, we found that the as-synthesizedMSHMs could

be also directly used for capturing hydrophobic nanopar-
ticles from nonpolar solutions. As shown in Figure 6A,
hydrophobic SPIONs prepared through a high-tempera-
ture decomposition route could be readily loaded within
MSHMs. selected area electron diffraction (SAED) pat-
tern acquired at the crushed pieces of SPION-loaded
MSHMs matched well with the magnetite phase of
SPIONs, and the big white area in the center was resulted
from the amorphous silica shell. Uniformly distributed
SPIONs and holes could be clearly observed in the shells
(see Figure S16 in the Supporting Information). Energy-
dispersive X-ray (EDX) analysis also confirmed the pre-
sence of SPIONs within the hollow interiors (see Figure
S17 in the Supporting Information). The as-prepared
SPION-loaded MSHMs dispersed in ethanol could
be easily separated by a magnet, demonstrating a strong
magnetic response (Figure 6C-D). Moreover, more
than one type of nanoparticles could be loaded with
MSHMs simultaneously. As a demonstration, hydropho-
bic SPIONs and CdSe/ZnS quantum dots (QDs) were
both encapsulated insideMSHMs (Figure 6B), whichwas
verified by EDX analysis (see Figure S17 in the Support-
ing Information). Most of the particles were successfully
captured in the interior space ofMSHMs, although some
nanoparticles adhered at the external surface (inset of
Figure 6B). These as-prepared QD/SPION-loaded
MSHMs emitted red fluorescence under UV illumination
(365 nm), which could be also separated by a magnet
(Figure 6E-F). A very small red shift of the photolumi-
nescence spectra was observed after loading (636.5 to
640.5 nm), and the half-maximum range did not have any
significant change (Figure 6G). This type of composite
microspheres can be potentially used as multifunctional

Figure 5. (A) UV-vis absorption spectra of the original Au aqueous
colloid, and supernatant solutions with Au-loaded MSHMs removed
through centrifugation, i.e., SPT-01, 02, 03, and 04. (B) UV-vis absorp-
tion spectra of Au-loaded MSHMs, i.e., PPT-01, 02, 03, and 04.

Table 1. Loading of Au Nanoparticle with Different Amounts ofMSHMs and Estimation of Nanoparticle Loading Efficiency by Using Both ICP and UV-
Vis Results

a

removal efficiency (%) Au nanoparticles per MSHM

sample MSHMs (mg) conc. (ppm) λmax intensity ICPc λmax
d ICPc λmax

d

SPT01 0.8 28.63 0.625 63.77 62.96 682 673
SPT02 1.6 9.63 0.281 87.81 83.33 469 445
SPT03 2.4 4.06 0.206 94.86 87.78 338 313
SPT04 3.2 NDb 0.143 91.48 244

a 2.2 and 19.3 g/cm3were used as the densities ofMSHMs andAu nanoparticles. A perfect hollow spheremodal with inner and outer diameters of 705
and 784 nm was assumed. Original Au colloid concentration determined from ICP analysis was 79.01 ppm, and intensity at λmax (526 nm) was 1.688.
bNot detected. cValues were calculated from ICP results dValues were calculated from λmax intensity in UV-vis spectra.
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nanoplatform for various biological applications after
careful surface modification and functionalization, for
example, simultaneous guided drug delivery, tracking,
and monitoring.39,49 It is believed that other functional
microspheres can be readily obtained by loading various
kinds of nanoparticles, like noble metal nanoparticles,
which may have potential applications in catalysis.

Conclusions

In conclusion, we demonstrated a facile route to pre-
pare monodisperse MSHMs with large through holes
(size >50 nm) in their shells. The formation of PS@SiO2

composite microspheres is essential to prepare MSHMs
with tailored structure. The continuous macroporous
silica shells on PS templates were formed when the silica
deposition time was optimized at 25 min, leading to the
successful fabrication of MSHMs with well-defined mi-

crostructure. The as-synthesized MSHMs could be used
as efficient microcollectors to capture and load either
hydrophilic or hydrophobic nanoparticles from polar or
nonpolar solvents. Quantitative analysis indicated more
nanoparticles could be captured by increasing the amount
of MSHMs used. The through holes of MSHMs could
also be readily closed up through a post silica coating
process, so as to permanently encapsulate entities inside
the hollow spheres. Composite MSHMs loaded with
various functional nanoparticles may find significant
applications in various fields, including biomedicine,
catalysis, etc.

Acknowledgment.Thiswork is supported by the Singapore
MOE’s ARF Tier 1 funding WBS R-284-000-050-133.

Supporting Information Available: Size distributions, TGA

analysis, and additional SEM and TEM images (PDF). This

material is available free of charge via the Internet at http://

pubs.acs.org.

Figure 6. TEM images of (A) SPION-loaded MSHMs and (B and inset) QD/SPION-loaded MSHMs. Photographs of (C) SPION-loaded MSHMs
dispersed in ethanol, (D) sample inCaftermagnetic separation, (E)QD/SPION-loadedMSHMsdispersed in ethanol underUV illumination (365 nm), and
(F) sample in E after magnetic separation showing concentrated red fluoresce emitted from the multifunctional particles (white arrow).
(G) Photoluminescence (PL) spectra for original QDs (blue) and QD/SPION-loaded MSHMs (red). Scale bars: (A, B) 500 nm, (inset of B) 50 nm.
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