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Mesocylindrical Aluminosilica Monolith Biocaptors for 
Size-Selective Macromolecule Cargos
 Immobilization of biological macromolecules, such as protein, onto solid sup-
ports is an important method for diagnostic assays andgenetechnology. This 
present study reports the size-selective adsorption/removal of virtual proteins 
that have different shapes, sizes, functions, and properties, such as insulin, 
cytochrome c, lysozyme, myoglobin,   β  -lactoglobin,   α  -amylase, hemoglobin, 
and myosin in aqueous water using mesobiocaptor monoliths. To prevent 
large proteins from adsorbing and remaining attached to adsorbent surfaces, 
large, open, cylindrical-pored, three-dimensional cubic aluminosilica mes-
ostructures with large aluminum contents and micrometer-sized monolith 
particles were fabricated. The unique physical properties and the surface 
functionality of the mesobiocaptors enhance protein adsorption characteris-
tics in terms of loading capacity and quantity of the sample, ensuring a higher 
concentration of adsorbed proteins, interior pore diffusivity, and encapsula-
tion in a short period. Thermodynamic studies indicate that protein adsorp-
tion into the mesobiocaptor pores is favorable and spontaneous. Theoretical 
models were used to investigate the major driving forces for the most optimal 
performance of the protein adsorption. The geometrical fi ndings point to key 
factors, such as surface energy, intermolecular forces, charge distribution, 
hydrophobicity, and electrostatic interaction, which might control the adsorp-
tion into the interior large, open cylindrical mesobiocaptor cavities (sized 
3–16 nm) without aggregation of these proteins on the exterior surfaces 
of monoliths. Indeed, the availability of adsorption of single proteins from 
mixtures based on size- and shape-selective separation opens new avenues of 
research in encapsulation of proteins and bioanalysis. 
  1. Introduction 

 With the remarkable progressin the fi eld ofgenetechnology, pro-
teins have an important place in the fi eld of disease diagnosis and 
treatment. [  1–6  ]  The arrival of protein at the interface is driven solely 
by diffusion processes that are dependent on bulk concentration 
and diffusion coeffi cients, resulting in frequent collisions. [  6  ]  In 
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particular, thanks to its low maintenance 
costs, high effi ciency, and ease of operation, 
adsorption has proven to be one of the most 
attractive and effective techniques. The 
uptake of protein on the substrate follows 
a complex mechanism that involves many 
events, such as conformational changes, 
hydrogen bonding, and/or hydrophobic and 
electrostatic interactions. Protein adsorbs 
in different qualities, conformations, and 
orientations, depending on the chemical 
and physical characteristics of both the pro-
tein and the supported surfaces. [  7  ,  8  ]  Many 
studies use several nanostructures for the 
targeted separation of biomolecules from 
biosamples, such as, nickel oxide, multi-
functional magnetic nanorods, and dif-
ferent core/shell and porous materials. [  1–4  ]  

 Furthermore, biomedical and nanote-
chnological applications increasingly use 
interfaces between inorganic material and 
polypeptides in various scientifi c fi elds, 
such as nanobioscience, material science, 
artifi cial implant, protein-purifi cation strat-
egies, biosensors, drug delivery systems, 
catalysis, catalysis support, and molecular 
biology/biotechnology. [  9  ]  Several kinds of 
materials with different retention mecha-
nisms have been developed to improve 
the effi ciency and specifi city of solid-phase 
extraction, such as conventional chro-
matographic separation materials, [  10  ,  11  ]  
magnetic beads, [  12  ]  and organic and inorganic polymers [  13  ]  with 
reversed-phase or ion-exchange groups. With the remarkable 
developments in the area of nanotechnology in the last few 
decades, hieratical mesoporous structures are highly desirable 
materials that have a large surface area, high porosity with uni-
form and tuneable mesopores, hydrophilic character, and rela-
tively good chemical and mechanical stability in light of changes 
in the microenvironment. [  14–19  ]  These features make mesopo-
rous materials good substrates for hosting catalysts, adsorbing 
proteins, constructing biosensors, separation sensors, and fuel 
cells. [  2  ,  15  ,  16  ,  19  ]  Functional metal nanoparticle (NP)-supported mes-
oporous oxide powder hosts enhance potential activities because 
of their high surface area and continuous pore structure. Xu 
and Gao mentioned that different functional proteins are able 
to bridge SiO 2  nanoparticles via charge attraction and hydrogen 
bonding, thereby aggregating them into coralloid forms. [  14  ]  

 However, the main challenge of designing mesostructures 
capable of macromolecule immobilization and uptake into the 
3013wileyonlinelibrary.com
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    Scheme  1 .     3D Geometrical models (A,C) and pore surfaces (D,E) of 
mesobiocaptors based on cubic  Pm3n  mesostructures with aluminosilica 
cylindrical pore monoliths (B). The design indicates the feasibility of the 
protein adsorption interior mesopores (C) and inside pore surfaces (E) of 
3D cubic  Pm3n  aluminosilica structures with Si/Al ratio of 4. The colors 
of the atoms in the truncated aluminosilica cluster (A) are as follows: Al 
(green), Si (Blue), and oxygen (red), respectively.  
interior mesoporosity remains. To control the design of mac-
romolecule biocaptor-based mesostructures, uniform and tun-
able pore sizes play a crucial factor for protein penetration into 
mesopore cavities. Mesoporous silica (SBA-15) molecular sieves 
have shown high ability to immobilize   α  -amylase without con-
siderable protein leaching. [  19  ]  Among all mesostructures, three-
dimensional (3D) pore cavities have been receiving much atten-
tion as superior materials compared to one- or two-dimensional 
structures, such as MCM-41 and SBA-15, in terms of mass 
transfer and pore blocking. [  15  ]  Furthermore, biocaptors with 
functional acid sites or positively charged surfaces display a 
greater probability for hydrophobic interactions of protein. [  8  ]  

 We have fabricated nanofi lter-based hexagonal mesocylinders 
or cage pores inside anodic alumina membrane (AAM) nano-
channels for promising size-exclusion separation of proteins; [  20  ]  
however, size-selective adsorption of low-molecular-weight pro-
teins into uniform, large mesopores could lead to their applica-
tions in encapsulation of proteins and bioanalysis. [  21  ]  In addition, 
the preparation of very active and stable biocaptors with appro-
priate dynamic working ranges and cycles, large pore sizes, and 
multidirectional geometries is a key requirement in successful 
protein immobilization and uptake. Due to tendency for large 
proteins, particularly at high feed concentration, to adsorb and 
remain attached to adsorbent surfaces, fabrication 3D cubic 
mesostructures with large, open, cylindrical pore cavities that 
have actively interior function sites for ensuring encapsulation 
of size-selective proteins is highly desirable in this fi eld. 

 In the current study, we report a simple yet general approach 
for the fabrication of 3D cubic mesobiocaptor aluminosilicas with 
large, open, cylindrical pore cavities (sized 3 nm to 16 nm) and 
micrometer-sized monolith particles. The physical features and 
active acid sites of monoliths function as mesobiocaptors that can 
rapidly (in minutes) encapsulate large quantities of biological pro-
teins into the cylindrical cavities. To the best of our knowledge, the 
present report is the fi rst to provide geometrical models of the 3D 
mesobiocaptors that involve the major driving forces for the most 
optimal encapsulation/adsorption performance in terms of diffu-
sivity and quantity, particularly with large molecular weight, size, 
and concentrations of proteins. Indeed, the availability of adsorp-
    Figure  1 .     XRD (A) and N 2  isothermal (B) patterns of meso-cage cubic  Pm3n  (a-d) aluminosilica 
biocaptors with Si/Al mole ratios of 19 (a), 4 (b), 1.5 (c) and 0.66 (d) that fabricated in micro-
emulsion systems of Brij 58 at Brij 58/TMOS ratio (w/w) of 0.5. Inserts (B) are S BET  (m 2 /g), 
D NLDFT  (nm), Vp (cm 3 /g).  
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tion of single proteins from mixtures based on 
size- and shape-selective separation might open 
up new avenues of research in encapsulation 
of proteins, bioanalysis, and drug delivery sys-
tems. Moreover, the retention of mesobiocap-
tors enables a controlled encapsulation/immo-
bilization process that involves the evaluation 
of manufacturability of adsorbents in terms of 
reusability and high capital tolerances. 

   2. Results and Discussion 

  2.1. Synthetically Constructed Cubic 
Pm3n Mesobiocaptors 

 The development of a new strategy to synthet-
ically construct cubic  Pm3n  mesostructures 
with large, tunable, and open cylindrical 
pores (3–16 nm) is therefore highly desirable 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
to trap large biomolecules, such as proteins ( Scheme    1  ). This 
stirring-assisted synthesis approach has several key advantages: 
(1) the ability to control enlargement of regular mesocylindrical 
pores, even with high Al contents of mesobiocaptor alumino-
silica monoliths; (2) the alumina/silica precursors are homo-
geneously distributed in all the structure matrices, thereby 
preventing formation of irregular bubbles or empty spaces that 
would traduce into undesired voids in the fi nal space confi ne-
ment monoliths (Scheme  1 D and  1 E); (3) quaternary microe-
mulsion liquid crystalline phases of Brij 58/C 12 -alkane/TMOS/
H 2 O-HCl/ethanol composition are used to control engineering 
pore systems with primitive-centered cubic  Pm3n  structures, 
as evidenced from XRD and HRTEM profi les ( Figure    1   and   2  ); 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3013–3021
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    Figure  2 .     Representative HRTEM micrographs and FTD (insets) patterns of cubic  Pm3n  alumi-
nosilica mesobiocaptors with Si/Al mole ratios of 19 (A,B). HRTEM and FTD patterns of cubic 
 Pm3n  were recorded along the [111] (A), and [001] (B) zone axes, respectively. (C-F) STEM-EDS 
mapping of the aluminosilica monoliths; (C) Dark-fi eld STEM image of monoliths, STEM-EDS 
mapping of (D) silica, (E) alumina and (F) oxygen.  
and (4), despite the stirring conditions, these mesocylinderical 
aluminosilica retain well-defi ned micrometric morphology 
of monoliths, thereby opening up new ways to realize micro-
objects tailor made to a given protein encapsulation design. 
Due to the morphological defects, particularly with the Al con-
tent samples, irregularly shaped intrapore voids (distributed 
between 100 nm and 1  μ m) are formed (see Supplementary 
Figure S1). The development of ultra- or micrometer-size-scale 
morphology composed of 3D tube-shaped mesoporous mono-
liths that could effectively separate large macromolecules, such 
as myosin, would greatly assist in other potentials for biomed-
ical applications.

     The molecular engineering model of the 3D cubic  Pm3n  
network clusters may be the key to the precise manipulation 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3013–3021
of encapsulation/immobilization process of 
protein (Schemes  1 A and  1 C). The particular 
shape and connecting pores with columnar 
 Pm3n  phase domains might render the size-
selective adsorption of protein into inter-
faced cavities to be more easier. In addition, 
the large molecular masses and the density 
of functional groups of aluminosilica octa-
hedral (O h ) clusters connected in 3D cubic 
network structures are vital and important 
to the development of effi cient mesobiocap-
tors. In this way, the structural-ordering fea-
tures of cubic  Pm3n  phase architectures are 
combined with the ability for distinct protein 
adsorption that corresponds to the pore dif-
fusivity (Schemes  1 D and  1 E). 

 Scheme  1 A shows the 3D cubic  Pm3n  
molecular networks assembled from the con-
nection of aluminosilica octahedral (O h ) clus-
ters. Analysis of the truncated aluminosilica 
cluster reveals high symmetry with the com-
position of Al 3 Si 12 O 30  or AlSi 4 O 10 . The trun-
cated octahedral structure is based on orien-
tation of the oxygen atoms around the main 
axis passing through the Al. Generally, two 
types of oxygen linkages exist: oxygen-bridge 
Si or Al and siloxane species. The fi rst group 
has Si-O bond distance of 1.65 Å, whereas 
the bond distance of the siloxane groups is 
1.61 Å. Each octahedron cluster shares a face 
with another via siloxane groups through 
linear extension, generating eight irregular 
faces. The Al atom is coordinately bound to 
the oxygen, forming a C 2  axis of symmetry 
with Al (Al distance measuring 3.81 Å). This 
cluster orientation results in open, nanos-
cale, cylindrical network pores. Schemes  1 C 
and  1 E show the stability of the orientational 
mesobiocaptor pores after immobilization of 
the proteins (see below). 

   2.2. D Biocaptor Networks with Mesocylinder 
Hierarchical Structures 
 The XRD profi les of the calcined mesoporous aluminosilica 
( Figure    1  A) refl ect the high quality of the materials. The diffrac-
tion peaks provide evidence that the ordered primitive-centered 
cubic  Pm3n  structures are characteristic of the fabricated mon-
olith biocaptors (Figure  1 A). [  27  ,  28  ]  Despite the high loading level 
of adsorption of protein molecules into the pore surface, fi nely 
resolved Bragg diffraction peaks are clearly evident for the 
cubic  Pm3n  biocaptors with Si/Al ratio of ≤ 4 (Figures  1 A-a and 
 1 A-b). Retention of the mesoscopic orientation order of biocap-
tors might lead to successful adsorption of different adsorbates, 
especially protein molecules, into the condensed framework 
pore matrices of the 3D cubic mesostructures. However, the 
stability of the mesoporous matrices, even with high Al con-
tents (Figures  1 A-c and  1 A-d) increases the possibility of high 
3015wileyonlinelibrary.comheim
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    Scheme  2 .     Atomic charge distribution of 3D cubic  Pm3n  network cluster 
units of aluminosilica mesobiocaptors. Note that the Si/Al ratio used in 
this clusters is 4.  
fl ux and uptake of protein adsorption process (see below). In 
turn, the partial collapse of mesostructures may be due to a lack 
of long-range crystallographic order or to the fi nite size effects 
of Al-SiO 2  inside the mesopore structures, as evidenced from 
the low-intensity refl ections with high Al contents. [  29  ,  30  ]  Two key 
fi ndings from the increased the unit-cell constants of the cubic 
 Pm3n  structures ( a  pm3n   =  d 210  √ 5) with increase in the Al con-
tents were as follows: (1) the high aluminum salt in the compo-
sition synthesis domains might change the micellar aggregate 
sizes and volume fractions of the sphere core and the corona 
of the Brij 58 (C 16 EO 20 ) surfactant at specifi c synthesis compo-
sitions, [  30  ]  (2) the addition of swelling agent (C 12 -alkane) and 
cosurfactant (ethanol) under stirring-assisted synthesis leads to 
the formation of large, open cylindrical mesostructures. 

 A high specifi c surface area and meso–macroporous hier-
archy are required for the immobilization of elevated proteins. 
The nitrogen adsorption–desorption isotherms for the different 
 Pm3n  monoliths samples showed type-IV behavior as per 
IUPAC classifi cation and pronounced hysteresis loops of H 1  
types with well-known sharp infl ection of the adsorption/des-
orption branches featuring uniform and open cylindrical pore 
architectures (Figure  1 B). [  27  ,  31  ,  32  ]  These results can be attributed 
to capillary condensation taking place within a narrow range 
of tubular pores. Under this stirring-assisted microemulsion 
system, increases of aluminum content signifi cantly led to a 
shift of adsorption/desorption isotherms toward a higher rela-
tive pressure ( P/Po ). The lower closure point of the hysteresis 
loop was signifi cantly depended on the Al content; this indicates 
the columnar-induced stepwise desorption in the open tubular 
pores, leading to more easier diffusion, particularly for large 
macromolecules, such open tubular-like pore scaffolds, than 
that of ink bottle pore materials with narrow entrances. [  33  ,  34  ]  
Based on the N 2  isothermal results, the physical characteristics 
of the cubic  Pm3n  monoliths, such as large porosity, specifi c 
surface area, and pore volume, allow the protein molecules 
to access the monoliths. The large increase in the cylindrical 
mesopore cavities of biocaptors may be attributed to the insta-
bility of aluminum in the frameworks and the stirring-assisted 
conditions. In fact, homogenous diffusion and rapid transport 
of protein molecules onto the ordered pore networks lead to 
excellent adsorption in a short period. In addition, the direct 
fabrication method of biocaptors offers a wide range of pore 
sizes, leading to the immobilization of a sizeable number of 
macromolecules. [  35  ]  

 TEM images of cylindrical cubic  Pm3n  aluminosilica 
monoliths (with Al/Si ratios of 19) recorded along [111] and 
[001] directions reveals evidence of well-ordered pores con-
necting to large regions of cubic  Pm3n  aluminosilica mono-
liths ( Figure    2  A and  2 B). These images show uniformly sized 
pores arranged with cubic  Pm3n  lattice symmetry. FTD pat-
terns (insets) provide more details on the primitive-centered 
cubic symmetries according to the abundance of lattice fringes. 
Arrangement of planes in these specifi c lattice fringes along the 
[111] and [001] zone axes provide further evidence of the for-
mation of ordered cubic  Pm3n  lattice symmetry. [  37  ]  Despite the 
decrease of long-range structural ordering of cubic lattices with 
Si/Al ratios as high as 1.5, these mesobiocaptors show a high 
degree of mesoscopic pores, consistent with their XRD and N 2  
profi les. [  21–23  ,  35  ,  36  ]  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
 Further evidence for the formation of well-distributed mes-
oporous aluminosilica monoliths under the stirring-assisted 
approach is revealed by the STEM images (Figure  2 C and  2 D). 
The dark fi elds in the STEM images confi rm the formation of 
nanoscale monoliths. The morphology and the EDS mapping 
of mesobiocaptor were further characterized using STEM and 
STEM-EDS, as shown in Figure  2 C– 2 F. In order to characterize 
the surface composition and atomic distribution of mesoporous 
alumina, STEM-EDS mapping was carried out. The STEM-EDS 
map of aluminosilica mesostructure exhibits the presence of Si, 
Al and O (Figure  2 D–F). However, the contribution of O and Si 
and Al are mainly from mesostructure (Figure  2 C). The STEM-
EDS mapping also indicates that Si, Al, and O atoms are uni-
formly distributed in the mesobiocaptor aluminosilica, leading 
to homogenous diffusion of the proteins into this mesobio-
captor monoliths. 

   2.3. Surface Acidity and Composition of Mesobiocaptors 

 To investigate the pore surface acidity of mesobiocaptors, 
atomic charge distributions of 3D cubic  Pm3n  network clusters 
for 12 units of AlSi 4 O 10  composition were calculated using the 
semiempirical PM3 method implemented on HyperChem 8.0.7 
program package (developed by Hypercube, Inc.) ( Scheme    2  ). 
Note that the Si/Al ratio used in this cluster was 4 (see sup-
plementary Table S1). The existence of Al 2 O 3  nodes at the edges 
of the truncated aluminosilica clusters created functional acid 
sites at the ends and inside the pore walls. Results show that 
the oxygen atoms in the Si–O–Al linkages were more negative 
than other oxygen atoms in the linkage species, pointing to the 
high acid sites. In addition, the Al atoms had different charges 
depending on their position on the surface or towards the pore. 
According to our calculations, Al charges were 1.89 and 1.82 on 
both the surface and pore, respectively, leading to creation of 
Brönsted and Lewis acidity, as evidenced from NMR and TPD 
analyses (see supplementary Figure S2 and Figure S3).  
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3013–3021
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 To confi rm the presence of surface acidity of the guest-free sam-
ples,  27 Al NMR and NH 3 -TPD were measured (see supplementary 
Figure S2 and Figure S3). Three  27 Al peaks centered at chemical 
shifts of  − 1, 37 and 58 ppm, indicating the existence of octahe-
dral (Al VI , AlO 6 , and extra framework), pentahedral Al V , AlO 5 , and 
extra framework) and tetrahedral (Al IV , AlO 4 , and framework) alu-
minum sites, respectively. The formation of the coordination state 
of the aluminum species in four-, fi ve-, and six-coordinate envi-
ronments indicates the existence of different bonds between Al, 
O, Si, and H. The coordination and location of aluminum sites 
in the frameworks were key determinants in the generation of 
surface acidity in the aluminosilica samples. The  27 Al MAS NMR 
spectrum result clearly indicates that the aluminum was mainly 
incorporated into the mesoporous framework, as evidenced by 
the EDX analysis (see supplementary Figure S1). 

 The NH 3 -TPD results show two main peaks of NH 3  desorption 
around 200  ° C and a small, broad peak at 200–500  ° C, indicating 
the formation of the weak “Lewis” and mildly strong “Brönsted” 
acid sites of the OH-groups of aluminosilica mesobiocaptors 
(see supplementary Figure S3). To determine quantitatively the 
amount and strength of acid sites, the peaks around 100  ° C to 
500  ° C were deconvolved using a Gaussian function, with the 
temperature as the variant. The number of acid sites increased 
with the amount of aluminum in the monoliths, leading to the 
formation of interaction sites for the biomolecules. 
   2.4. Batch Adsorption Assays of Macromolecules 
    Figure  3 .     Time dependence of adsorption amount of proteins (q t , mg.g  − 1 ) onto biocaptors 
based on monoliths: (A) study the effect of Si/Al ratios of mesobiocaptors (1.6 g/L) on the 
adsorption process of (1  ×  10  − 5  mol/L) Mb at 25  ° C. (B) Effect of molecular weight, and size 
of (1  ×  10  − 5  mol/L) proteins on adsorption assays using (1.6 g/L) mesobiocaptors with Si/Al 
ratio of 0.66 at 20  ° C; (C) Effect of concentration range of Mb protein on adsorption assays 
using (1.6 g/L) mesobiocaptors with Si/Al ratio of 0.66 at 25  ° C; and (D) effect of temperature 
on adsorption of (1  ×  10  − 5  mol/L) Mb using mesobiocaptors with Si/Al ratio of 0.66.  

0 4 8 12 16 20
0

2

4

6

q
t 
(m

g
.g

-1
)

Time (min)

Si/Al = 0.66

Si/Al = 1.5

Si/Al = 4

 Si/Al = 19

(A)

0 4 8 12 16 20 24

0

3

6

9

12

Time (min)

q
t 
(m

g
.g

-1
)

Mb

LYS
CytC

INS (B)

0 20 40 60
0

5

10

15

20

25

q
t 
(m

g
.g

-1
)

Time (min)

[Mb]1x10-6M

[Mb] 1x10-5 M

[Mb]2.5x10-5 M

[Mb] 5 x10-5 M
(C)

0 20 40 60 80 100
0

3

6

9

M YS

Hb

0 4 8 12 16 20 24
0

3

6

9

12

15

q
t 
(m

g
.g

-1
)

Time (min)

25 oC

30 oC

35 oC
40 oC

(D)
 Several key factors, such as molecular shape 
and size, concentration, and composition of 
proteins, in addition to the amount of active 
surface sites of aluminosilica adsorbents, 
were investigated in the adsorption assays 
( Figure    3  A to  3 C). To study the effect of 
active surface sites of mesocylindrical bio-
captors on the performance of protein size-
selective adsorption into the internal pores, 
a series of Mb (1  ×  10  − 5 M) adsorption assay 
was performed using biocaptors synthesized 
with different Si/Al ratios (from 19 to 0.66) 
(Figure  3 A). Due to the performance of the 
adsorption assays in water, all Lewis acid sites 
might transform into Bronsted acid sites of 
the aluminosilica mesobiocaptors. Therefore, 
the number of Bronsted acid sites for meso-
biocaptors is the key factor for the enhanced 
adsorption uptake with high Al contents. The 
natural surfaces of these acid sites strongly 
induce the H-bonding and dispersive inter-
actions with biomolecules inside the interior 
pores (Scheme  1 C). [  37  ,  38  ]  This fi nding indi-
cates that the biomolecules may be readily 
adsorbed into monoliths with large numbers 
of aluminum sites.

   Protein molecular size and concentra-
tion play signifi cant roles in the effi ciency of 
mesobiocaptors in terms of the large-quantity 
and high-speed adsorption of proteins or any 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3013–3021
biomolecules. Figure  3 B shows the adsorption assays with dif-
ferent protein sizes and molecular weights such as INS, CytC, 
LYS, Mb,   β  -LG, Hb, AMY, and MYS, and at various concentra-
tion ranges of Mb protein using mesobiocaptors with Si/Al 
ratio 0.66 and with large cylindrical pore size of 16 nm. This 
adsorption assay had three characteristics: (1) induced adsorp-
tion period in the order of minutes, depending on each protein 
molecular weight, shape and size, was clearly distinct; (2) the 
adsorption rate was signifi cantly increased with the increase of 
time; and (3) the saturation of the adsorbed amount at the equi-
librium state was observed in such S-adsorption curves. Results 
reveal that the adsorption rate and capacity increased with 
decreases in protein molecular weight and size and concentra-
tion (Figure  3 B and  3 C). To investigate the feature of adsorption 
effi ciency in terms of rate and capacity and stability of protein 
immobilization into the interior pores of mesobiocaptors during 
the adsorption assays, kinrtics and thermodynamic study were 
conducted on protein bioadsorption at different temperatures 
at 25–40  ° C range ( see  Figure  3 D and supplemnetary S4). The 
Results show that the adsorption amounts of proteins increased 
with increasing temperatures. 

   2.5. Tendency of Adsorption Isotherm of Biomolecules 

 In order to study the adsorption isotherm of proteins in an 
aqueous solution using mesobiocaptor monoliths, we applied 
the Langmuir isotherm model at equilibrium as a theoretical 
3017wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  4 .     Langmuir adsorption isotherms (A and B) and the linear form of the Langmuir plot 
(C and D) for the adsorption of proteins into (1.6 g/L) mesobiocaptor with Si/Al of 0.66 at 
25  ° C. Inserts (C, D) are the q m  and K L  values of the protein adsorption assays.  
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model for monolayer adsorption. The monolayer coverage of 
proteins onto biocaptor surfaces at constant temperature is rep-
resented by the Langmuir isotherm ( Figure    4  ). Results reveal 
the increase in the adsorption amount of mesobiocaptor mono-
liths with increasing concentration at equilibriums (Figure  4 A 
and  4 B). The straight line of the C e /q e  versus C e  plot of this 
adsorption assay (Figure  4 C and  4 D) is evidence of the forma-
tion of monolayer coverage of proteins in the interior pore sur-
faces of monoliths. The linear adsorption curves indicate that a 
wide range of concentrations of biomolecules can be removed 
from aqueous water in a one-step treatment. A linear graph 
(Figure  4 C and  4 D) with a correlation coeffi cient range of 0.98 to 
0.99 clearly showed that Langmuir adsorption isotherms char-
acterized the adsorption assays for all proteins. The monolayer 
adsorption capacity, q m , and the Langumir coverage constant, 
K L , were obtained from the slope and the intercept of the linear 
    Figure  5 .     Fractional attainment of equilibrium ( f e  ) of (1.6 g/L) of mesobiocaptors (with Si/Al 
ratio of 0.66) at different sizes and shapes of proteins at 25  ° C. Inserts (A, B) are the intrapar-
ticle diffusion coeffi cient  D  of the protein adsorption assays.  
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plot. The q m  and K L  values decreased in the 
following order: MYS  <  Hb  <     α   -AMY <    β  -LG 
 <  Mb  <  LYS  <  CytC  <  INS. This tendency is 
consistent with the adsorption behavior of 
these biomolecules.

     2.6. Diffusivity of Biomolecules into Open 
Cylindrical Mesobiocaptors 

 The most commonly used mechanism for 
identifying the adsorption process is the 
intraparticle diffusion model. To understand 
the factors affecting the mass transport of 
the biomolecules from aqueous phase to the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
binding sites of the open cylindrical mono-
liths, the fractional attainment of equilib-
rium ( f e  ) against  t  1   /   2  of mesobiocaptors was 
plotted at different sizes and shapes of pro-
teins, according to Fick’s second law rela-
tionship. [  24  ,  25  ]   Figure  5 A  and    5B  show that 
S-curves that can be classifi ed into three 
portions. The fi rst linear portion refl ects the 
instantaneous adsorption stage of proteins. 
During this step, the micrometric particles 
of the mesobiocaptors are considered as sur-
rounded by a boundary layer of fl uid fi lm 
through which the protein might diffuse prior 
to external adsorption on the mesobiocaptor 
pore surfaces. The second curve portion sig-
nifi es the intraparticle diffusion step into the 
open cylindrical pores of 16 nm, and the third 
portion is the fi nal equilibrium stage. How-
ever, the intraparticle diffusion coeffi cient  D  
is calculated from the slope of the second por-
tion of Figure  5 A and  5 . [  24–26  ]  The results here 
indicate that the diffusion of the biomolecules 
across the aqueous diffusive boundary layer 
at the adsorbent-water interface might also 
affect the molecular transfer to the receiving 
adsorbent phase. [  39  ,  40  ]  Such S-curve forma-
tion, in general, indicates that the intra-par-
ticle diffusion may control the mass transport 
of protein molecules from aqueous phase to the binding sites 
into the mesobiocaptor monoliths. Results reveal that the inser-
tion of aluminum into the framework pores of monoliths might 
have enhanced the interior biomolecule-pore interactions.

   In order to investigate the effect of molecular weight, size, 
and concentration of proteins on the coverage pore surface of 
mesobiocaptor within the interior diffusivity, the fraction of 
the coverage mesobiocaptor pore surfaces ( f  c , g/m 2 ) occupied 
by the protein molecules were determined (Figure S5). Cov-
erage surfaces  f c   of proteins were signifi cantly affected by active 
functional acid sites. Figures  5  show evidence that the ƒc and 
D parameters of the mesobiocaptors decreased in the following 
order: MYS  <  Hb  <    α  -AMY <     β   -LG  <  Mb  <  LYS  <  CytC  <  INS. 
Based on these adsorption parameters, the lower adsorption 
effectiveness of these proteins was clearly consistent with the 
high molecular weight and concentrations of proteins. 
nheim Adv. Funct. Mater. 2012, 22, 3013–3021
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    Figure  6 .     Absorbance studies (A) with size-selective adsorption assays 
of a (CytC and Hb) mixture of proteins with concentration of 2.5  ×  10  − 5  
mol/L per each protein by using (1.6 g/L) mesobiocaptors with Si/Al ratio 
of 4 (pore size of 4.8 nm) at 25  ° C. Inserts (B), the amount adsorbed at 
equilbirium (q e , mg.g  − 1 ) of (2.5  ×  10  − 5  mol/L) CytC in single (a) and (CytC 
and Hb) mixture (b) assays at 25 ° C.  
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  2.7. Size-Selective Adsorption of Biomolecules 

 Our fi ndings reveal that the size and shape of the each protein 
molecules played an important role in the adsorption process 
of protein molecules. However, proteins with main molecular 
    Scheme  3 .     Theoretical adsorption models of hemoglobin/aluminosilica mesobiocaptors gen-
erated by soft docking. Hemoglobin crystal structure was extracted from the protein data bank; 
the aluminosilica model was designed using quantum mechanics.  
sizes of  ≤  4 and 7 nm (INS size  ≈  2.4, CytC 
 ≈  3.0 nm, LYS  ≈  3.3 and   β  -LG size  ≈  4.2 nm) 
and (  α  -AMY  ≈  6.8 and Hb  ≈  7 nm) could 
be effectively adsorbed into mesocylindrical 
biocaptors fabricated with Si/Al  ≤  4 and 1.5 
(i.e., with pore size of  ≤  4.8 and  ≤  8.4 nm, 
respectively) (Figure  1 B). Large biomolecules, 
such as MYS (size  ≥ 14 nm) were restrictively 
adsorbed into meso-biocaptor-fabricated 
Si/Al  ≤  0.66 (i.e. with pore size of 16 nm). We 
must note that the fabricated mesocylindrical 
biocaptors with Si/Al ratio of 19 (pore size of 
3.3 nm) only adsorbed INS protein. 

 To illustrate the role of the pore size of 
mesobiocaptors in the effi ciency of adsorp-
tion assays in terms of adsorption rate and 
diffusivity of macromolecules, size-selective 
adsorption assays of a mixture of proteins 
(CytC and Hb) by mesobiocaptors with Si/Al 
ratio of 4 (pore size of 4.8 nm) was applied. 
Spectroscopic analysis of the model pro-
teins in a binary mixture suggests that small 
changes might have occurred in the protein 
structures ( Figure    6  ). Due to the interaction 
affi nity “heterocoagulation” of the protein 
particles in a binary mixture, growth of the 
proper protein sizes might have occurred, 
leading to enhanced adsorption time of pro-
teins sized  <  4 nm, such as CytC. However, 
the large-molecular-weight and -size Hb 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3013–3021
protein might be accumulated and blocked into the pore open-
ings due to the low hydrodynamic hindrance of Hb compared 
with CytC proteins. [  32  ,  41  ,  42  ]  This fi nding indicates that the pore 
opening size is the key component for the size-selective separa-
tion of proteins.

      2.8. Theoretical Models for Interior Immobilization of Proteins 

 To clarify the interior immobilization of proteins during the 
adsorption assays of mesobiocaptors, the cubic  Pm3n  alumino-
silica monoliths outer and pore wall surface were analyzed to 
generate active receptor surface using protein soft-docking algo-
rism implemented on SYBYL-X suite program. [  43  ]  This method 
was originally developed for protein/ligand and protein–protein 
docking. Therefore, we modifi ed the code for solid adsorbent/
protein docking according to our mesobiocaptor design based 
on 3D cubic networks. Various chemical properties, namely, 
charge, electrostatic potential, and hydrophobicity, were cal-
culated to fi nd the most stable confi gurations of the surface/
protein-docking model. The crystal structure of hemoglobin 
(PDB ID: 2W72) was used as a model case for docking with 
our theoretical aluminosilica mesobiocaptor model. To com-
pare the activity of outer and inner pore wall surfaces, several 
active spheres (with radii of 25 Å) on the aluminosilica model 
were defi ned, wherein the protein was docked in each sphere 
separately. Energy-wise, the most favorable confi guration of the 
docked structure was selected in each docked model.  Scheme    3   
summarizes the energies for most stable docked models. The 
3019wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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scheme shows that the model with protein oriented inside the 
pore ( Model 1 ) is more stable by 10  kcal/mol  smaller than any 
docked models in the outer pore surface. This result refl ects 
the attraction between proteins and the active acid sites in the 
micrometer-sized particle of monoliths, which draws the pro-
teins to diffuse toward the particle pore centers.  

   2.9. Reusability of Mesobiocaptor Monoliths 

 The limit applications of synthesized biocaptors in medicine 
are due to their low pore density and non-uniform pore size 
within reuse cycles. A major advantage of biocaptor monoliths 
is their reducibility and reversibility after multiple cycles of 
adsorption. Figure S8 shows that the monoliths retain high 
protein adsorption effi ciency after a number of reuse cycles 
(i.e., dead-end adsorption). [  27  ,  35  ]  Due to the diffi culty of the 
clogging pores with proteins, Schmuki et al. reported a self-
cleaning process to overcome the clogging of membrane 
pores by macromolecules. [  20  ]  In the current work, a simple 
chemical treatment based on acidifi ed solution (HCl/NaCl) 
was used to effectively remove the trapped proteins in the 
monolith pores without signifi cant damage in the textural and 
physical properties of the mesostructures. Our experimental 
fi ndings show that, during the cleaning process, proteins with 
high molecular size and weight take longer to be removed 
from the interior of the monoliths ( Figure    7  ). In addition, the 
large molecular sizes of proteins such as MYS and Hb lead to 
higher pore caking within the reuse/cycles compared to that of 
the smaller-molecular-sized proteins. Therefore, the effi ciency 
of the monoliths during the reuse cycles of adsorption assays 
of proteins decreased in the order of MYS  <  Hb  <    α  -AMY 
 <   β -LG  <  Mb  <  LYS  <  CytC  <  INS, indicating the effectiveness 
of the protein size, shape and weight in the continuous dead-
end adsorption. Although the adsorption effi ciency drastically 
decreased with cycling number, the reused mesobiocaptors 
remained effective, to some extent, for the protein adsorption 
after six recycles
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

    Figure  7 .     Reusability study of the (1  ×  10  − 6  M) protein adsorption into (1.6 g/
with Si/Al ratio of 0.66 and at 25  ° C. The effi ciency (E%) of the meso-bio
lated from the% ratio of recovery adsorbed amount of protein at equilibr
cycle (No.) and the initially adsorbed amount (q o ) obtained from the initia
biocaptor monoliths.  
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      3. Conclusion 

 We developed ultra- or micrometer-size-scale morphologies com-
posed of 3D tube-shaped mesoporous monoliths, which could be 
used effectively to realize micro-objects tailored to a given pro-
tein encapsulation design. However, mesobiocaptor-based cubic 
 Pm3n  aluminosilica monoliths with open, large cylindrical pores 
of 16 nm could be fabricated using the stirring-assisted approach 
of microemulsion phases. Several key factors, such as molecular 
shape and size, concentration, and composition of proteins, in 
addition to the amount of active surface sites of monoliths, might 
control the potential immobilization of the proteins during the 
adsorption assays in terms of interior diffusivity and adsorption 
capacity. Our fi ndings reveal that the pore sizes of mesobiocap-
tors play key roles in the effi ciency of size-selective adsorption 
assays, particularly for separation of protein from a mixture. In 
the current work, geometrical models of the 3D mesobiocaptors 
were studied for the fi rst time to investigate the major driving 
forces for the optimal performance of encapsulation/adsorption 
process in terms of diffusivity and quantity, particularly with large 
molecular weight, size, and concentrations of proteins. Our ther-
modynamic studies featured the stability of the protein immo-
bilization into the interior pores of mesobiocaptors. This result 
refl ects the attraction between proteins and the active acid sites 
in the micrometer-sized particles of the monoliths, which draws 
the proteins to diffuse toward the particle center. Although opti-
mizing the reducibility and reversibility of the adsorbents remain 
a unique and interesting challenge, the protein adsorption effi -
ciency by monoliths was attained after a number of reuse cycles, 
indicating the signifi cant dead-end porosity of the biocaptor 
monoliths. The successful design of protein separation using 
such mesoporous materials might show promise in bioanalytical 
applications. Indeed, the proposed mesobiocaptor design might 
open up new avenues of research for the availability of com-
plete removal of single protein from mixtures based on size- and 
shape-selective separation, leading to the study of the structures 
of all proteins from a single organism or comparing, across many 
different species, proteins that play a specifi c biological role. 
mbH & Co. KGaA, Wein
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   4. Experimental Section 
  Synthesis of Mesoporous Aluminosilica with 

Micrometer-Sized Biocaptors : Stirring-assisted 
direct-template synthesis was used to fabricate 
large cylindrical mesopore aluminosilicas with 
different Si/Al molar ratios (19  <  Si/Al  <  0.66) and 
micrometer-sized monolith particles. Controlled 
cubic  Pm3n  aluminosilica mesostructures with 
low Si/Al ratio contents  ≥  0.66 were synthesized 
by using a direct templating method of quaternary 
microemulsion liquid crystalline phases of Brij 
5 8 / C  1 2  - a l k a n e / T M O S / H  2  O - H C l / e t h a n o l 
composition. For example, the direct synthesis of 
cubic  Pm3n  aluminosilica at Si/Al molar ratio of 
4 with TMOS/Brij-58 mass ratio of 0.5 (w/w), the 
precursor solution [1 g of Brij-58, 0.5 g of dodecane, 
2 g of TMOS, 1.26 g of Al(NO 3 ) 3 , 2.5 g of H 2 O-HCl 
(pH 1.3), and 10 g ethanol] was stirred for 5 min 
to form a homogenous sol-gel solution. The mass 
ratio of surfactant to dodecane was kept at 2:1 for 
all syntheses of the mesoporous aluminosilica. To 
heim Adv. Funct. Mater. 2012, 22, 3013–3021
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obtain samples with aluminum content at Si/Al ratios of 19, 4, 1.5 and 
0.66, the composition of Al(NO 3 ) 3  was varied from 0.7  ×  10  − 3  to 20.61 
 ×  10  − 3  mole ratios. As the hydrolysis/condensation reactions continued 
during the stirring for 2 h, the liquid viscosity of the material increased, 
and the resulting optical gel-like material acquired the shape and size of 
the reaction vessel. The solid material was allowed to dry completely at 
40  ° C overnight. The organic moieties were removed by calcination at 
550  ° C in air for 5 h. [  22  ]  

  Batch Adsorption Method of Organic Pollutants : The batch adsorption 
of the insulin (INS, 5.733 kDa, 2.4 nm), cytochrome C (CytC, 12,327 kDa, 
3.0 nm), lysozyme(LYS, 14,300 kDa, 3.2 nm), myoglobin (Mb, 16,950 kDa, 
4.0 nm),   β  -lactoglobin (  β  -LG, 18.4 kDa, 4.2 nm),   α  -amylase (  α  -AMY, 
 ∼ 54 kDa, 6.8 nm), hemoglobin (Hb, 68.000 kDa, 7.0 nm) and 
myosin (MYS, 200–500 kDa,  ∼ 14–19 nm) proteins using (0.05g) 
mesobiocaptor monoliths was performed in an aqueous solution 
(30 mL) under constant stirring and at different temperatures (25  ° C 
to 40  ° C,  ± 0.1  ° C range). The initial concentration used of proteins 
was in the range of 1  ×  10  − 6 mol/L to 5  ×  10  − 5  mol/L. Afterwards, the 
protein aliquots were collected and monitored as a function of exposure 
time. The concentration of LYS and   β  -LG proteins were studied using 
fl uorescence spectroscopy (PerkinElmer LS45) at  λ  emission  of 350 and 
342 nm, respectively, with excitation wavelengths of 292 and 290 nm, 
respectively. However, the concentration of INS, CytC, LYS, Mb, Hb, 
AMY, and MYO proteins were studied using UV–Vis spectroscopy 
(a Shimadzu 3700 model solid-state) at  λ  of 277, 409, 408, 405, 252, 
and 267 nm. The decrease of the UV-Vis and fl uorescence spectra of 
all proteins at specifi c wavelengths indicated the adsorbed amount of 
proteins inside the mesocylindrical biocaptors within these adsorption 
processes. 

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