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Hierachically Structured Hollow Silica Spheres for High 
Effi ciency Immobilization of Enzymes
 In this work, the fi rst example of a hierarchically structured hollow silica 
system is reported without any chemical modifi cation to the enzyme involved 
in the process. The leaching of the physically adsorbed enzyme is substan-
tially restrained in comparison to pure hollow silica supports. The hierarchical 
architecture is composed of the ordered hollow silica spheres with a shell-
in-shell structure. This rationally integrated architecture, which serves as the 
host for glucose oxidase immobilization, displays many signifi cant advan-
tages, including increases in mechanical stability, enzyme loading, and bio-
activity, and a decrease in enzyme leaching compared to existing pure hollow 
silica matrices. This facilitates further multifarious applications for enhanced 
enzyme immobilization, biosensors, and biocatalysis. 
  1. Introduction 

 New advance in biocatalysis is determinant in lowering the 
environmental footprint of chemical processes by utilizing 
enzymes. However, the strategy of enzyme immobilization rep-
resents one of the main challenges that hamper the develop-
ment of industrial-scale biocatalytic processes. [  1  ]  Essentially, the 
enzyme immobilization protocols can be achieved by physical 
or chemical attachment to a solid polymer or by entrapment or 
encapsulation within inorganic or organic host matrices. [  2  ,  3  ]  It 
is reported that the adsorption of enzymes onto high-surface-
area supports is the simplest and most inexpensive method. [  2  ,  4  ]  
Moreover, the bioactivities of the loaded enzyme can be retained 
better. However, the binding force (non-covalent bonding) based 
on this method, such as the van der waals force, electrostatic 
interaction, hydrophobic affi nity and hydrogen bonding, is 
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weak, resulting in the unwanted leakages 
of enzyme. [  2  ,  3  ,  5  ]  In situ sol–gel encapsu-
lation can offer high retention of enzy-
matic activity and low enzyme leaching, 
however, the confi ning environment of 
the enzyme is very hard to control, which 
imposes large diffusion resistance on the 
transport of the substrate or product. [  4–6  ]  
To conciliate the confl ict, shrinking the 
pore openings to encapsulate enzymes is 
a good way to prevent enzymes from the 
direct contact with a harsh environment. [  7  ]  
Previous investigations have shown that 
the ordered hollow mesoporous silica 
spheres are promising candidates for 
the encapsulation of enzymes, due to 
their inherent characteristics of large surface area and internal 
spaces inside the shell, as well as tunable pore size matching 
the dimensions of enzymes. [  1  ,  8  ]  However, the major limitation 
of hollow silica matrices in a wide of applications is slowly 
kinetic response and low mechanical stability. [  9  ,  10  ]  

 Hierarchical fabrication at the nano- and microscale to inte-
grate multi-functional composite materials has been of great 
challenge and increasing interest in chemistry, biology, and 
materials science. [  5  ,  11  ]  The hierarchical composites have prom-
ising applications in the fi elds of adsorption, separation, sensing, 
drug release/delivery, and catalysis. [  12  ]  To meet a complex set of 
construction and performance requirements, improved proper-
ties and combined functions by fabricating a variety of multi-
level architectures, such as core-in-shell, wire-in-tube, segmented 
tubes, and multi-channels, could be achieved. [  12  ]  

 Recently, the rising of the multi-shelled structures becomes a 
powerful tool to achieve advanced performance of materials, [  13  ]  
such as enhanced surface area, great thermal/mechanical sta-
bility, and optimized cargo loading. In this work, we report the 
fi rst example of an ordered silica microspheres system, which 
has a shell-in-shell hollow structure, for high effi cient immobili-
zation of glucose oxidase. In comparison with pure hollow silica 
materials, hierarchical hollow silica spheres not only maintain a 
well-defi ned structure, high surface area, and pore volume, but 
also exhibit high hydrothermal and mechanical stability due to 
the hierarchical interaction caused by the two consecutive shell 
layers, resulting in high enzyme loadings and low leaching. [  13  ,  14  ]  
In order to show the potential of these novel materials as sup-
ports for bulky molecules, they were tested for enzyme immobili-
zation by using glucose oxidase (GOx) as a model enzyme. GOx, 
with good characterizations in literature, [  15  ]  is one of the most 
extensively used enzymes in the development of bio-devices for 
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     Figure  1 .     TEM and SEM images of hierarchically structured hollow silica supports.  
the self-monitoring of diabetic patients, [  16  ]  the determination of 
glucose in food and beverages, [  17  ]  and in fermentation tanks. [  18  ]  
the study has shown that the hierarchically structured hollow 
silica matrixes offer high GOx loading and bio-activity, improved 
stability, as well as low leaching, leading to faster kinetic response 
in comparison with pure hollow silica host.   

 2. Results and Discussion 

  2.1. The Fabrication of Hierarchically Structured Hollow Silica 
Supports 

 The hierachically architectured hollow silica spheres are synthe-
sized by using a consecutive template-guided self-assembly as 
described in the Experimental Section. The high-magnifi cation 
transmission electron microscopy (TEM) image in  Figure    1  a 
shows that all particles have two clear rings within one sphere 
and are composed of inner and outer small cavities with double 
walls, indicating the hierarchical hollow structures of the silica 
microspheres. [  9  ,  13  ]  Interestingly, no free solid or pure hollow 
silica particles are observed in these samples, which sug-
gests that the template-guided self-assembly technique can 
create a unique hierarchical structure, avoiding the formation 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2162–2167

     Figure  2 .     a) DLS curve and b) N2 adsorption/desorption isotherms of the 
of unwanted silica particles during the surrounding process 
of inner and outer silica walls. Another representative scan-
ning electron microscopy (SEM) image presented in Figure  1 b 
reveals that the hierarchical hollow silica spheres have a highly 
ordered and well-defi ned morphology, as fairly agrees with 
results determined in  Figure    2  a by dynamic light scattering 
(DLS). The hierarchical structure is further confi rmed by the 
higher magnifi cation SEM image of the several broken silica 
spheres (Figure  1 b, inset), which allow one to see ordered 
double layer ring of the inner wall and outer wall. Unlike pure 
hollow silica, [  19  ]  the isotherm of the hierarchical architecture 
samples shown in Figure  2 b exhibits a characteristic hysteresis 
loop observed over almost whole range (0.05–0.96  P / P  0 ), [  13  ]  and 
achieves higher BET (Brunauer-Emmett-Teller) specifi c area 
of ca. 365.482 m 2 g  − 1  (pure hollow silica: 198.427 m 2  g  − 1 , Sup-
porting information, Figure S1). Therefore, the above results 
confi rm that the hierarchically structured hollow silica spheres 
have been successfully prepared in the present work.     

 2.2. Effi cient Immobilization of GOx for Hierarchical Silica 
Supports 

 In order to highlight improved properties of hierarchical hollow 
silcia, the pure hollow silica spheres with well-defi ned size and 
2163wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Time profi le for GOx immobilization.  
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     Figure  5 .     The DLS curve of GOx-loaded hierarchical hollow spheres.  
morphology (Supporting Information, Figure S2) were synthe-
sized according to the methods described in our previous works, [  19  ]  
and used for enzyme immobilization of glucose oxidase. 

   Figure 3   (initial GOx concentration: 4.56 × 10  − 4  mg mL  − 1 ) 
shows that there is an initially fast period of increase and then a 
slow increase in the GOx loading. Moreover, the GOx loading at 
about 8 h shows no clear difference from that at 10 h, indicating 
the GOx immobilization approaches equilibrium within 8 h. In 
practice, the encapsulation process is very complicated, com-
prising adsorption of GOx onto the external surface of hollow 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  4 .     TEM and SEM images of GOx loaded on the pure and hierarc
supports.  
silica followed by further encapsulation of GOx inside the inner 
channel. [  20  ]  Therefore, it can be expected that well-defi ned mor-
phology and higher surface area of the hierarchical hollow silica 
supports would enhance GOx loading, as shown in Figure  3 . 
Surprisingly, the GOx adsorption-amount of pure hollow silica at 
10 h has a markedly decrease than that at 8 h, which is probably 
ascribed to its weakly mechanical stability because it has only a 
wall. This can be further confi rmed by TEM and SEM images 
and the DLS curve of GOx loaded. After the GOx immobiliza-
tion, most originally intact (Supporting information, Figure S2) 
hollow silica spheres have been deformed and broken as shown 
mbH & Co. KGaA, Wei

hical hollow silica 
in  Figure    4  a,c. In contrast, the morphology 
and dispersity of the hierarchical hollow 
silica have no obvious damages (Figure 
 4 b,d and  Figure    5  ) before and after the GOx 
immobilization, denoting that the hierar-
chically structured supports present higher 
mechanical stability, which is vital for high 
effi cient immobilization of enzymes. [  2  ,  4  ,  14  ]       

 2.3. Analysis of Isotherms 

 The adsorption isotherms of GOx loaded 
onto hollow supports are shown in  Figure    6  . 
The general trend is increase in the adsorp-
tion capacity with the increase in initial 
GOx concentration. Compared with pure 
hollow silica, the novel host not only offers 
the higher GOx loading due to its improved 
BET surface area, but also retains lower 
equilibrium concentration and improves 
the immobilization rate in the relative ini-
tial concentration range of 0.456–1.368 (10  − 3  
mg mL  − 1 ), indicating that the hierarchically 
structured matrix achieves high effi cient 
immobilization of glucose oxidase.  
nheim Adv. Funct. Mater. 2013, 23, 2162–2167
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     Figure  6 .     GOx adsorption isotherms after 8 h.  
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 In this work, the kinetics of GOx immobilization onto two 
matrixes are evaluated based on two classical models, the Lang-
muir and Freundlich models, which have been widely used to 
fi t the experimental results. [  21  ]  

 Langmuir model:

 

C
Q

= 1
bQm

+ 1
Q m

C
  

Freundlich model:

 
= kC 1/nQ

Q m   

or

 
ln Q = 1

n ln C + ln kQm  

where  C ,  Q , and  Q  m  are the equilibrium concentration 
of GOx, the adsorption capacity at a certain time, and the 
maximal loading of GOx, respectively, and  b ,  n , and  k  are con-
stant under specifi c conditions. As shown in  Figure    7  , the 
correlation coeffi cients of the curve from Langmuir isotherm 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2162–2167
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     Figure  7 .     a) Langmuir and b) Freundlich fi tting curves.  
fi tting are very poor, indicating the immobilization of GOx 
does not follow the fi rst-order kinetic model. On the contrary, 
Freundlich isotherm fi tting gives good correlation coeffi cients, 
suggesting that the adsorption of GOx obeys the pseudo-
second-order kinetic model. [  21  ]  In other words, the encapsula-
tion process comprises an adsorption of GOx onto the external 
surface of hollow silica hosts followed by a further encapsu-
lation of GOx inside the inner channel/cavity along with the 
increasing loading of GOx. Therefore, the better correlative 
coeffi cients from Freundlich fi tting than Langmuir fi tting 
appear to be logical and reasonable.    

 2.4. Enzymatic Activity Tests 

 The slowly kinetic response of hollow silica supports is very 
easy to confi rm by adding a minute amount of GOx (i.e., 
0.000456 mg mL  − 1 ) for enzyme immobilization. The residual 
activity of GOx loaded into the pure and hierarchical hollow 
silica supports approach to about 88% and 62% even after 24 h 
(Supporting Information, Figure S3), respectively, indicating 
that the kinetic response is closely related to the structures of 
hollow silica supports. Evidently, GOx being strongly encapsu-
lated inside the inner cavity is key factor to lower the activity of 
GOx loaded. In this work, the drawback can be effectively over-
come by slightly increasing the amount of GOx added. In fact, 
from GOx adsorption isotherms (Figure  6 ), the increase in GOx 
loading is very evident with the increase in the concentration of 
GOx added. Understandably, the higher GOx loading certainly 
results in much better GOx activity, as shown in  Figure    8  . There 
exists a good linear relation between the amount of GOx added 
and the activity of GOx loaded for pure and hierarchically struc-
tured hollow silica matrixes, in which their correlation coeffi -
cients are as high as 0.976 and 0.993. This indicates that higher 
GOx loading are favorable to create higher GOx activities. More 
interestingly, there is a crossing point between two curves: 
below the critical content ( ≈ 0.0031 mg) of GOx added, the syn-
thesized hollow silica obtains lower GOx activity; above the 
critical content, it offers higher GOx activities, indicating 
that the hierarchical host can achieve faster kinetic response 
through its higher GOx loading. It should be pointed out that 
such a GOx loading is far from fully occupied the large area 
2165wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  8 .     Activity of GOx loaded on pure and hierarchical hollow silica 
matrixes.  
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of the synthesized hollow support, and thus, it can be expected 
that some advanced systems such as biosensors and biocatalysis 
could be fabricated by employing the novel materials, offering a 
fast kinetic response within a short time.    

 2.5. Leaching Investigation 

 For enzyme immobilization via the adsorption or encapsulation 
approach, the leakage of enzyme is usually a big accompanied 
problem and disadvantage. [  4  ]   Figure    9   shows that the leaching 
of GOx increases along with time. A relatively fast desorption is 
observed within the fi rst 8 h. After then, since some of the des-
orbed GOx can be re-absorbed onto the matrixes, the absorption 
rate will drop slightly. More importantly, the unique hierarchi-
cally structured remarkably decreases the GOx leaching and 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  9 .     Leaching profi les of GOx loaded on pure and hierarchical 
hollow silica spheres.  
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achieves a lower desorption rate ( ≈ 4.8%) of GOx after 8 h, which 
can be mainly ascribed to their hierarchical protection because 
a higher activation energy is needed for desorbing enzyme. In 
contrast, a higher desorption-rate ( ≈ 8.8%) of GOx is observed 
after 8 h by using the pure hollow silica matrix. Therefore, the 
higher surface area and intact hierarchical structure of the syn-
thesized hollow silica is more effi cient to suppress the enzyme 
leakage, resulting in a more stable system.     

 3. Conclusions 

 In summary, we reported the fi rst effort of utilizing ordered 
hierarchically structured hollow silica supports as a host for 
high effi ciency enzyme immobilization. The larger surface area 
and higher mechanical stability of the novel supports could 
benefi t the achievement of a high enzyme loading, bioactivities, 
sensitivity, and lower enzyme leaching, leading to faster kinetic 
response, which thus makes it highly versatile for a broad 
range of applications such as biosensor, biocatalysis, separa-
tion, encapsulation, drug-delivery, and controlled release.   

 4. Experimental Section 
  Hierarchically Structured Hollow Silica : The ordered hierarchical 

hollow silica microspheres were synthesized by using a consecutive 
template-guided self-assembly according to our previous work. [  9  ]  In 
the fi rst step, the cationic polystyrene particles (CPS), which were 
prepared via emulsifi er-free polymerization (Supporting Information), 
were dispersed into ethanol medium, and tetraethyl orthosilicate 
(TEOS) and ammonia were then added quickly and the mixture was 
reacted at 50  ° C for around 6 h with constant stirring in the presence 
of methacryloxy-propyltrimethoxysilane (MPS), generating the core-shell 
structure of CPS/SiO 2  particles. In the second step, the synthesized 
CPS/SiO 2  particles were further used as the template and were  in situ  
polymerized with styrene and co-monomer DMC (2-(methacryloyloxy) 
ethyltrimethylammonium chloride), resulting in the sandwich-like CPS/
SiO 2 /CPS particles. In the third step, the sandwiches-like particles 
were further treated with TEOS in ammonia to create the exterior silica 
layer. Finally, the two CPS layers were removed by calcination at 450  ° C, 
forming a hierarchical hollow silica. 

  Enzyme Assay : Free and immobilized GOx activities were determined 
spectrophotometrically at 420 nm [  22  ]  by UV-vis spectroscopy (F-4500, 
Hitachi, Japan) by monitoring H 2 O 2  using ABTS substrate (2,2 ′ -azino-bis 
(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) in a 
secondary reaction with horseradish peroxidase (HRP). A calibration 
curve of glucose oxidase in phosphate buffer solution (4 mL; pH  =  7.0) 
was constructed (Supporting Information, Figure S4). 

  GOx Immobilization : The immobilization capacity of GOx 
was determined according to our previous work. [  8    d]  0.2 mL GOx 
(0.00912 mg mL  − 1 ) and 0.02 g matrix were mixed in a disposable plastic 
tube. A typical batch-type experiment was conducted in phosphate buffer 
solution (pH  =  7.0) at 25  ° C. The sample solutions (4 mL) were stirred 
for 8 h to allow the equilibrium of immobilization to be reached for each 
incubator, and they were then separated from solution by centrifugation, 
decantation, and washing with 2 mL fresh buffer solution for three 
times in order to remove the free enzymes completely. The amount of 
loaded GOx was calculated by measuring the concentration of enzymes 
in the supernatant and then subtracting from the free-enzyme amount 
added in the experiment. The GOx concentration in the supernatant was 
determined based on the GOx assay. [  22  ]  

  Stability/Leaching Studies : The samples of immobilized GOx on the 
pure and hierarchically structured hollow silica spheres were examined 
by desorption experiments in aqueous solution under the magnetic 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2162–2167
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agitation. In the case of a normal desorption, the GOx immobilized 
particles (0.02 g) were redispersed in 4 mL of fresh phosphate buffer 
solution (pH  =  7.0), and then equilibrated for a desirable time (about 
12 h) to ensure a steady state, prior to centrifugation. After that, 
the supports were rinsed three times with 4 mL of phosphate buffer 
solution. The concentration of the desorbed GOx in the supernatant was 
determined according to the GOx assay. The rate of leaching was then 
obtained through the formulation of the amount of desorption divided 
by the total amount of GOx loaded.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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