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Mesoporous silica (MPS) thin film biosensor platforms were established. MPS thin films were prepared from
tetraethoxysilane (TEOS) via using sol–gel and spin-coating methods using a poly-(ethylene oxide)-block-
poly-(propylene oxide)-block-poly-(ethylene oxide) triblock polymer, such as P123 ((EO)20(PO)70(EO)20) or
F127 ((EO)106(PO)70(EO)106), as the structure-directing agent. The MPS thin film prepared using P123 as the
mesoporous template and treated via vacuum ultraviolet (VUV) irradiation to remove the triblock copolymer
had a more uniform pore array than that of the corresponding film prepared via thermal treatment. Protein
adsorption and enzyme-linked immunosorbent assay (ELISA) on the synthesized MPS thin films were also
investigated. VUV-irradiated MPS thin films adsorbed a smaller quantity of protein A than the thermally treated
films; however, the human immunoglobulin G (IgG) binding efficiency was higher on the former. In addition,
protein A–IgG specific binding onMPS thin films was achievedwithout using a blocking reagent; i.e., nonspecific
adsorption was inhibited by the uniform pore arrays of the films. Furthermore, VUV-irradiated MPS thin films
exhibited high sensitivity for ELISA testing, and cytochrome c adsorbed on the MPS thin films exhibited high
catalytic activity and recyclability. These results suggest that MPS thin films are attractive platforms for the
development of novel biosensors.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Mesoporous silica (MPS)was developed in 1990 by Kuroda et al. [1,2],
and the sol–gelmethod for its preparationwas reported by researchers at
Mobil Co. in 1992 [3].MPS is a nanomaterialwith a uniformporediameter
in the range 2–50 nm, a high specific surface area, and a high pore volume
[4,5]. The structure of MPS, including its composition, orientation, diame-
ter, pore volume, and surface area, can be controlled by using structure-
directing agents such as surfactants and triblock copolymers. For this
reason, MPS is promising as an adsorption material, catalyst carrier, and
separation sensor. In addition, biological applications such as drug
delivery systems, transfect ion devices, and regenerative medicines are
expected to be developed based on MPS. We previously reported the
encapsulation of biomolecules onMPS particles for use in biological appli-
cations such as biocatalysis and bioaffinity chromatography [6,7]. These
MPS particles, which have regular structures with pore sizes 3–40 nm,
were synthesized via a sol–gel method. The immobilization of
enzymes and antibodies on MPS particles has also been investigated,
e.g., Yang et al. used MPS particles to develop electrochemical
immunosensors [8] based on functionalized MPS nanoparticles that
oshidami, Moriyama, Nagoya,
7405.
were shown to be effective for the ultrasensitive detection of low con-
centrations of antigens (0.01–10 ng/mL). In addition, MPS thin films
have also been prepared via the sol–gel method or using dip- and
spin-coating techniques. The spin-coating method is particularly suited
for the development of industrial methods because the film thickness
can be controlled by varying the viscosity of the coating solution and
the rate of spin coating. Therefore, MPS thin films have a potential for
use in optical devices, gas sensors, separation membranes, and adsorp-
tion materials [9–12].

Biosensor is a generic term for chemical sensors that rely onmolecular
recognition using biological materials. The biosensor concept was first
proposed in 1962 by Clark and first reported in 1967 by Updike and
Hicks [13]. This report described a sensor that indicated the presence or
absence of glucose using a glucose oxidase-supported electrode that
detected the generation of hydrogen peroxide (H2O2). Since then, many
biosensors have been developed, such as those that utilize the responses
of enzymes and antibodies and those that convert biological reactions into
electronic signals, e.g., a glucose sensor based on immobilized glucose
oxidase is used as an autological blood glucose monitoring sensor for
diabetic patients [14–17]. In the environmental field, biological oxygen
demand sensors based on immobilized microbes have been commercial-
ized and used for monitoring discharged water and the determining the
extent of water pollution [18]. In recent years, biosensors have been ap-
plied as measurement devices in a growing number of fields, and it is
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now possible to achieve both selective and simple measurements. The
uniformmesopore array ofMPS thinfilms is expected to enable thedevel-
opment of highly sensitive biosensors; however, to the best of our knowl-
edge, the development of biosensing systems based onMPS thin films has
not yet been reported. Therefore, the investigation of protein adsorption
on MPS thin films is very attractive as a potential approach to the devel-
opment of novel biosensors.

Cytochrome c (cyt c) is one of themost extensively studied eukaryotic
proteins, and it is synthesized in the cytoplasm. It is a redox-active heme
protein (molecular size 2.5 × 2.5 × 3.7 nm,MW12 kDa) consisting of 104
amino acid residues. The active heme center of cyt c consists of a porphy-
rin ring in which the four pyrrole nitrogens are coordinated to the Fe
atom, forming a squareplanar complex. The iron center switches between
the ferric (Fe3+) and the ferrous (Fe2+) state, thus acting as an electron
carrier. Posttranslational addition of the cyt c heme moiety is catalyzed
by heme lyase in the inner membrane space of the mitochondria
[19–21]. Biosensors based on immobilized cyt c as an electron carrier
have been reported for the detection of organophosphorus and for use
as electrodes [22–24]. Such biosensors have several advantages, including
simple fabrication, fast response, and high stability. Importantly, commer-
cial use of cyt c onMPS thin films as sensors and catalysts has been rarely
reported.

Herein, we describe the preparation and use ofMPS thin films as plat-
forms for biosensors. MPS thin films were prepared via spin coating, and
their use in biosensors was investigated. Specifically, the relationship
between the mesoporous structures of the MPS thin films and the sensi-
tivity of the developed biosensors was evaluated because both the pore
size and array structure of the thin films are major factors determining
the sensitivity of such biosensors. Therefore, understanding the effect of
the mesoporous structure should enable the preparation of novel, highly
sensitive biosensor platforms. In addition, protein adsorption on the MPS
thin films was investigated via dynamic force microscopy, and enzyme-
linked immunosorbent assay (ELISA) and catalytic reactions of cyt c as a
model biocatalyst on the MPS thin films were also performed.
2. Materials and methods

2.1. Materials

All materials were analytical grade and used as received without
further purification. Ethanol (EtOH) and H2O2 were procured from
Wako Pure Chemical Industries, Tokyo, Japan. The triblock copoly-
mer P123 (Mw = 5800, (EO)20(PO)70(EO)20; EO = ethylene oxide,
PO = propylene oxide), protein A (from Staphylococcus aureus, cat-
alog number P6031; molecular weight = 42 kDa; isoelectric point
(pI)= 5.1; molecular size= approximately 3 nm), human immuno-
globulin G (IgG) conjugated with fluorescein isothiocyanate (FITC–
IgG, catalog number F9636; molecular weight = 150 kDa; isoelectric
point (pI) = 10.0–10.5; molecular size = 7 nm × 19 nm × 7 nm), a
fluoroprofile protein quantification kit (FP0010), and cyt c (from
equine heart, catalog number C7752; molecular weight = 12 kDa;
isoelectric point (pI) = 10.0–10.5; molecular size = 2.6 nm
× 3.2 nm × 3.3 nm) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Triblock polymer F127 (Mw = 12500, (EO)106(PO)70(-
EO)106) was obtained fromBASF Japan (Tokyo, Japan). Tetraethoxysilane
(TEOS) was obtained from Shin-Etsu Chemical Co., Tokyo, Japan. Hydro-
chloric acid (HCl) was purchased from Kanto Chemical Co. Inc., Tokyo,
Japan. A human IgG ELISA quantitation kit was obtained from BETHYL
(Montgomery, AL, USA). The compound 2,2′-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS) was acquired from Tokyo Chemical
Industry Co., Tokyo, Japan. A superblock blocking buffer (SBBB, No.
37535) in Tris-buffered saline (TBS) was obtained from Pierce, Rock-
ford, IL, USA. This blocking reagent was used for the prevention of the
nonspecific adsorption of human reference serum (antigen) during
the ELISA experiments.
2.2. Preparation of the sol–gel solutions

MPS thin films were prepared from sol–gel solutions using a spin-
coating method. Three types of silica sol solutions were prepared:
P123-sol, F127-sol, and Silica-sol. P123-sol and F127-sol were prepared
via the addition of P123 and F127 as mesoporous organic templates,
respectively, and the Silica-sol was prepared without using an organic
template. Templates with different molecular weights were employed
in order to investigate the performance of MPS thin films with different
mesopore diameters. First, a polymer solution was prepared by dissolv-
ing a triblock copolymer (P123 or F127) in ethanol with stirring for 2 h
at 25 °C. A silica precursor solution was prepared separately by mixing
TEOS, HCl (10 M), and EtOH for 2 h in another vessel. Next, each poly-
mer solution was mixed with the silica precursor solution and stirred
for another 2 h. The three types of sol solutions that were prepared
were as follows:

i) P123-sol: P123, 1.0 g; TEOS, 3.9 g; EtOH, 32.9 g; H2O, 5.1 g; 10 M
HCl, 0.3 mL.

ii) F127-sol: F127, 1.0 g; TEOS, 4.1 g; EtOH, 34.5 g; H2O, 5.3 g; 10 M
HCl, 0.3 mL.

iii) Silica-sol: TEOS, 3.9 g; EtOH, 32.9 g; H2O, 5.1 g; 10 M HCl, 0.3 mL.
2.3. Synthesis of MPS thin films

MPS thin films were prepared via spin-coating of the sol solutions
described above. TheMPS thinfilmswere coated on slide glass substrates
(ϕ 15 mm) that were first cleaned via UV irradiation at 1.3 × 10−3 Pa for
15 min using an eximer UER20-172V UV lamp (Ushio, Inc., Tokyo, Japan;
light source: Xe lamp;wavelength: 172 nm; light intensity: 10 mW/cm2).
Each cleaned slide was dripped with 150 μL of each sol solution, and the
slides were spin-coated first at 500 rpm for 5 s and then at 3000 rpm
for 30 s. The coated glass slides were then dried at 80 °C for 3 h in order
to enable evaporation-induced self-assembly (EISA) [25,26]. Finally, the
organic template polymers were removed by calcining at 500 °C for 3 h
or via vacuum UV (VUV) treatment at 1.3 × 10−3 Pa for 1 h [27].
The thin films prepared using the Silica-sol, P123-sol, and F127-sol is
referred to as Silica-F, P123-F, and F127-F, respectively. In addition, VUV
irradiation and thermal treatment are abbreviated as V and T, respective-
ly, e.g., P123-FV refers to the thin film prepared from the P123-sol and
subjected to VUV irradiation, while P123-FT refers to the thin film
prepared from the P123-sol and calcined at 500 °C. P123-FN indicated
the as-made film prior to the removal of the polymer.

2.4. Characterization of the MPS thin films

All of the preparedMPS thin films were characterized using a small-
angle X-ray diffractometer (XRD, RINT2100V/PC, Rigaku, Tokyo, Japan)
(Fe-Kα, 40 kV, 30 mA) over a scanning range 0.6°–12° (2θ). The hydro-
philic properties of theMPS thin filmswere evaluated viameasurement
of the contact angle using a CA-X (Kyowa Interface Science Co., Tokyo,
Japan). Dynamic force microcopy (DFM, scanning probe microscope
(SPM), SPA-400, SII NanoTechnology Inc., Tokyo, Japan) was used to
investigate the surface characteristics of each of the MPS thin film,
such as the surface area and root mean square (RMS) roughness. An
area of 2 μm × 2 μm was scanned using a 110 μm scanner and an SI-
DF20 cantilever (SII NanoTechnology Inc.). The thickness of the MPS
thin films was determined based on ellipsometry measurements
obtained using a M2000 ellipsometer (J.A. Woollam Co. Inc., Lincoln,
NE, USA) at room temperature over the energy (E) range 0.7–5.0 eV
using light with angles of incidence to the films of 50°, 60°, and 70°
[28–30]. Protein adsorption on the MPS particles was confirmed by
analyzing the nitrogen gas adsorption/desorption isotherms and pore
distributions of the mesoporous silica particles at 77 K obtained using
a TriStar 3000 system (Shimadzu Co., Kyoto, Japan). MPS particles
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Fig. 1. X-ray diffractometer (XRD) patterns of mesoporous silica (MPS) thin films prepared
via vacuum ultraviolet (VUV) and thermal treatment. MPS thin films using (a) P123
(P123-F) and (b) F127 (F127-F). (I) As-made films, (II) VUV treatment, and (III) thermal
treatment.
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prepared via hydrothermal treatment at 130 °C for 3 dayswere found to
have a composition similar to that of the P123-sol.

2.5. Protein adsorption on the MPS thin films

Protein adsorption on the MPS thin films was performed using
protein A and FITC–IgG [31–33]. MPS thin films were placed in 24 well
plates, protein A solution (40 μg/500 μL) dissolved in 10mMphosphate
buffer solution (500 μL, pH 7.0) was then added to each well, and the
solutions were gently stirred overnight at room temperature. Using
the fluoroprofile fluorescence reagent, the amount of protein remaining
in the supernatant was then determined by measuring the excitation/
fluorescence band at 355 nm/615 nmwith a fluorescence spectrometer
(RF-5300PC, Shimadzu Co., Kyoto, Japan). The amount of adsorbed
protein on the MPS thin films was then calculated using the quantity
of protein detected in the supernatant.

The MPS thin films with adsorbed protein A (after the removal of the
remaining unadsorbed protein) were then treated with FITC–IgG. An
FITC–IgG (10 μg/500 μL) solution was prepared by dissolving the FITC–
IgG in 10 mM phosphate buffer solution (500 μL, pH 7.0), and then this
solution was added to each well containing the MPS thin films with
adsorbed protein A. The well plate was gently shaken in the dark for 3 h
at room temperature, and then the amount of FITC–IgG remaining in
the supernatant was determined by measuring the fluorescence intensi-
ties at 485 nm and 535 nm using a fluorescence spectrometer.

2.6. ELISA tests on the MPS thin films

ELISA tests using a human IgG ELISA quantitation kit [34–36] were
performed in order to investigate the application of MPS thin films as
biosensors. The ELISA testing process on theMPS thin films is illustrated
in Scheme S1. First, the MPS thin films were placed in a 24 well plate,
and a proteinA solution (40 μg/500 μL)was added to eachwell (Scheme
S1a). After stirring for 6 h at room temperature, supernatant from each
well was removed, and eachMPS thinfilmwaswashed three timeswith
antibody washing solution (0.1% Tween 20 in 10mM, pH 7.4 phosphate
buffer solution). Next, an antibody coating solution (10 μg/500 μL) as
the primary antibody was added to each well, and the solutions were
stirred for 12 h at room temperature (Scheme S1b). Each MPS thin
film was then washed three times with antibody washing solution,
and subsequently superblock blocking buffer (SBBB, 500 μL) was
added to inhibit nonspecific adsorption. After stirring for 3 h at room
temperature, the MPS thin films were washed five times with antibody
washing solution, and then an antigen solution (500 μL)with a concentra-
tion range 3.9–250 ng/500 μL was placed into each well (Scheme S1c).
After gently shaking for 1 h, the MPS thin films were again rinsed five
timeswith an antibodywashing solution and then suppliedwith a horse-
radish peroxidase (HRP) conjugated antibody solution (10 μg/500 μL)
as a secondary antibody. The secondary antibody was allowed to
react with the antigen on the MPS thin films for 1 h (Scheme S1d), and
then the MPS thin films were rinsed five times. Subsequently, a
tetramethylbenzidine solution (500 μL, 0.1 mg/mL 10 mM phosphate
buffer pH 6.5) was added to each well, and the solutions were stirred
for 10 min in the dark at room temperature (Scheme S1e). Finally, 80 μL
of the supernatant in each well and 20 μL of 1 M sulfuric acid
were mixed in 96 well plates, and the mixtures were evaluated using a
UV–vis spectrophotometer (V-560, Jasco Co., Tokyo, Japan) at a
wavelength of 450 nm.

2.7. Catalytic activity of cyt c on the MPS thin films

The potential for application of the MPS thin films as biosensors
based on catalytic activity was investigated using cyt c. The peroxidase
activity of cyt c was measured using ABTS and H2O2. ABTS is water
soluble and has a strong absorption band at 340 nm [37], while its
oxidized derivative is blue-green in color and its absorption band is
shifted to 420 nm. First, cyt c (50 μg) was adsorbed onto the MPS thin
films using a procedure similar to that described in protein adsorption
on the MPS thin films. The MPS thin films with adsorbed cyt c were
placed into a 24 well plate; 10 mM phosphate buffer solution (pH 7.0),
ABTS (50 μM), and 0.3 μM H2O2 were added to reach a total volume of
700 μL in each well; then the cyt c on the MPS thin films was allowed
to react for 10 min at room temperature. Subsequently, the absorbance
at 420 nm for each reaction mixture was measured using a UV–vis
spectrophotometer. In addition, a reaction mixture without cyt c was
prepared as a blank, and its absorbance was measured at 420 nm. The
specific activity of cyt c on the films was calculated using the following
equation:

Specific activity ¼ ΔA−ΔBð Þ=t=w ð1Þ

whereΔA is the absorbance of the reactionwith cyt c,ΔB is the absorbance
of the reaction without cyt c, t is the reaction time (min), and w is the
amount of cyt c on the film (μg).

The recyclability of cyt c on the films was also determined using a
similar procedure. As a positive control, the specific activity of a free
cyt c solution was evaluated using the same procedure. Each reported
value is the mean of the results obtained for at least three experiments.

3. Results and discussion

3.1. Characterization of synthesized MPS thin films

XRD patterns and the d100 spacings of each MPS thin film are shown
in Fig. 1. P123-FNhad a sharp peak in its XRDpattern at 2θ = 1.4° and a
d spacing of 7.9 nm. After VUV or thermal treatment, P123-FV exhibited
a peak at 2θ = 2.0° in its XRD pattern with a d spacing of 5.0 nm, while
P123-FT exhibited a broad peak at 2θ = 2.2° in its XRD pattern with a d
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Fig. 2. Contact angles of mesoporous silica (MPS) thin films prepared via vacuum ultraviolet
(VUV) and thermal treatment. (a) P123-FT and (b) P123-FV.
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spacing of 5.3 nm, respectively (Fig. 1a).Meanwhile, theXRDpatterns of
the F127 thin films (F127-FN, F127-FV, and F127-T) exhibited peaks at
2θ = 0.95° (d spacing = 12.0 nm), 1.6° (6.2 nm), and 1.5° (6.7 nm),
respectively (Fig. 1b). Thus, the MPS thin films prepared using the
P123 and F127 organic templates had XRD patterns with peaks in the
2θ range 1°–2° and a d spacing of 5–6 nm. After the removal of the
polymers, the intensity of the peaks in the XRD patterns of these MPS
thinfilms decreased. In addition, thefilms obtained via thermal treatment
exhibited broader peaks in their XRDpatterns than theVUV-treatedfilms.
This result indicates that polymer removal via VUV treatment occurred
under milder conditions compared with those of thermal treatment,
and resulted in the formation of relatively uniform pore arrays. Before
and after the removal of the polymer, the decrease in the peak intensity
and d-spacing occurred because of shrinkage of the silica framework,
possibly resulting in the disruption of the pore arrays of the MPS thin
films. The XRD intensity of the MPS thin films prepared using F127
significantly decreased after the removal of the polymer because the
shrunken silica framework was not able to maintain the larger pore size.

Fig. 2 shows the contact angles of the MPS thin films (P123-FT and
P123-FV). The contact angle of P123-FT and P123-FV were 18.8° and
3.1°, respectively. Silica-FN (dried at 80 °C for 3 h), F127-FT, and F127-
FV were 31.9°, 28.9°, and 4.8°, respectively (Fig. S1). Clearly, the hydro-
philic properties of the MPS thin films significantly increased after VUV
treatment. This increase in the hydrophilicity was attributed to the
exposure of Si\OH groups on the surface of the VUV-treated thin
films, whichmight enable increased interaction with protein molecules.
(a)

(b)

Fig. 3. Dynamic force microscopy (DFM) images and root mean square (RMS) roughness of
treatment. (a) P123-FT and (b) P123-FV.
Importantly, the hydrophilic properties of the MPS thin films did not
change, even after 5 days.

The results of the RMS roughness analyses are presented in Fig. 3
[38–42]. The values of the RMS roughness were found to be 0.664 nm
and 0.783 nm for P123-FT and P123-FV, respectively. In addition, the
values were 0.296 nm, 0.414 nm, and 0.664 nm for Silica-FT, F127-FT,
and F127-FV (Fig. S2). The P123-FV thin film had a uniform pore array
and the highest RMS roughness value, although the RMS roughness
for F127-FV was similar to that of P123-FV. Notably, the F127-FT thin
film was remarkably shrunken after the thermal treatment; therefore,
its RMS roughness value was the lowest (0.414 nm) for all of the MPS
thin films. The combined results of the XRD and DFM analyses revealed
that the P123-FV thin film possessed the most uniform mesoporous
structure. In addition, the thickness of the P123-FV film was 131.34 nm,
and the voids in the film accounted for 39% of the film areas as measured
using an ellipsometer. This thickness is similar to that of previously
described films [43].
3.2. Adsorption of protein A and IgG on the MPS thin films

Next, protein A adsorption on theMPS thins filmswas evaluated, and
it was found that 158 ng (protein A)/mm2, 176 ng/mm2, 125 ng/mm2,
180 ng/mm2, and 123 ng/mm2 were adsorbed onto the Silica-FN,
P123-FT, P123-FV, F127-FT, and F127-FV films, respectively (Fig. 4a).
Interestingly, the amount of adsorbed protein A on both of the VUV-
treatedfilmswas slightly lower than that absorbed on the corresponding
thermally treated films. Because the molecular size of protein A is
approximately 3 nm [7] and the pore size of the MPS thin films is
approximately 5 nm, protein A was trapped in the pores of the films.
Similar amounts of protein A were entrapped on the P123-FT and
F127-FT films, which had nonuniform porous structures. Interestingly,
protein A adsorption was also observed on Silica-FN, which has a flat
silica surface with no mesopores. These results suggest that protein A is
trapped in not only the interior of the pores but also the silica framework.
Protein adsorption on the P123-FV MPS thin film was confirmed using
DFM, and the results are presented in Fig. 5 and Table 1 [40,41,43].
RMS = 0.664 nm 

RMS = 0.783 nm

mesoporous silica (MPS) thin films prepared via vacuum ultraviolet (VUV) and thermal
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Fig. 4. Amount of (a) protein A adsorbed and (b) IgG bound to protein A adsorbed on
mesoporous silica (MPS) thin films.
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Because protein A reacts with the Fc fragment region of IgG from
most mammalian species, it has been used extensively for quantitative
andqualitative immunological techniques. Therefore, the specific adsorp-
tion of IgG for protein A adsorbed on theMPS thinfilmswas investigated.
The RMS roughness of anMPS thinfilm (P123-FV) before protein adsorp-
tion, after protein A adsorption, and after protein A–IgG binding were
0.78, 1.21, and 3.55 nm, respectively. In addition, the vertical distance
increased from 4.06 to 19.48 nm, and the RMS roughness of the thin
film after protein A–IgG binding also increased comparedwith the values
Fig. 5. Dynamic force microscopy (DFM) images of protein adsorption on mesoporous silic
obtained after protein A adsorption only (Table 1). The sizes of protein A
and IgG are approximately 3 nm and 10 nm, respectively, and thus the
change in the vertical distance corresponds to the addition of the size
of each of these species. These results indicate that the IgG was
adsorbed in a relatively uniform fashion on the protein A adsorbed on
the P123-FV film.

The amount of IgG bound to protein A on the Silica-FN, P123-FT,
P123-FV, F127-FT, and F127-FV films was then evaluated and deter-
mined to be 4.18 ng/mm2, 7.65 ng/mm2, 2.52 ng/mm2, 8.33 ng/mm2,
and 1.48 ng/mm2, respectively (Fig. 4b). The theoretical binding
efficiency for protein A and IgG is 1:4, thus the efficiency of the MPS
thin films was extremely low. This significant decrease in the binding
efficiency is possibly due to the steric bulk of IgG. The size andmolecular
weight of IgG are approximately 10 nm and 15 kDa, respectively [44],
and thus IgG may not be able to specifically adsorb onto all of the
adsorbed protein A on the thin films. Furthermore, Fig. 4b clearly indi-
cates that the amount of adsorbed IgG bound to protein A on the
VUV-treated thin films was lower than that bound to protein A on the
thermally treated films. In addition, no nonspecific binding of IgG was
observed on the films without protein A. Improvement in the binding
of IgG on the thermally treated films is attributed to the difference in
binding environment for the two types of films. On the VUV-treated
thin films (-FV films), IgG was only able to react vertically with protein
A,while on the thermally treated thinfilms (-FTfilms), IgG could bind to
protein A both horizontally and diagonally. A proposed model for
protein A–IgG binding on the two differently treated films is shown in
Scheme S2.

Next, protein adsorption and IgG binding on P123 MPS thin films
was estimated by obtaining the nitrogen adsorption–desorption iso-
therms and pore size distributions of Santa Barbara amorphous (SBA)
mesoporous silica particles prepared from a sol solution containing
P123 as a substitute for the MPS thin films [7,44–46]. The nitrogen
adsorption–desorption isotherms and pore size distributions of the
SBA particles, SBA particles with adsorbed protein A, and SBA particles
with adsorbed IgG–protein A complex are shown in Fig. S3. The figure
clearly indicates that the quantity of nitrogen adsorbed (Fig. S3a) and
the pore volume (Fig. S3b) decreased after protein A adsorption and
following protein A–IgG binding on the SBA particles. These results
suggest that protein A and IgG are located inside the mesopores. This
phenomenon is also expected to occur on MPS thin films.
a (MPS) thin films/(a) after protein A adsorption and (b) after protein A–IgG binding.
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Table 1
Root mean square (RMS) and vertical distance of adsorbed protein on a mesoporous silica
(MPS) thin film (P123-FV).

Before protein
adsorption

After protein A
adsorption

After protein
A–IgG binding

RMS (nm) 0.78 ± 0.22 1.21 ± 0.36 3.55 ± 1.22
Vertical distance (nm) 4.06 ± 1.53 19.48 ± 6.51

47K. Kato et al. / Materials Science and Engineering C 40 (2014) 42–48
Based on the above results, Silica-FN, P123-FV, and P123-FT were
used for further analysis because the P123 thin films had well-ordered
mesopores compared with the F127 thin films.

3.3. ELISA on the MPS thin films

ELISA is a popular format for analytical biochemistry assays that
detect the presence of a substance such as an antigen or antibody in a
liquid or a wet sample. Therefore, ELISA tests on the MPS thin films
were investigated in order to determine the potential of the films for
use as highly sensitive biosensor platforms. The results for the determina-
tion of the ELISA sensitivity are presented in Fig. 6. The P123-FV thin film
exhibited the highest sensitivity, while the Silica-FT and P123-FT thin
films gave similar results. The highest ELISA sensitivity on the P123-FV
thin film was due to the uniform pore array (Schemes S1 and S2a). This
uniform array of IgG as the primary antibody may give rise to a highly
effective antigen–antibody reaction, which would lead to the high ELISA
sensitivity.

3.4. Catalytic activity of cyt c adsorbed on the MPS thin films

Next, cyt c was applied to the MPS thin film platform in order to
expand the potential applications of the MPS thin film as an attractive
platform for the preparation of biosensing systems. The amount of cyt
c adsorbed on the P123-FV, P123-FT, and Silica-FN films was approxi-
mately 200 ng/mm2 (data not shown). The higher levels of cyt c adsorp-
tion on the MPS thin films compared with that observed for protein A
(Fig. 4) is due to the smaller molecular size (2 nm) of cyt c compared
with that of protein A (3 nm).

The results for the specific activity of free cyt c and cyt c adsorbed on
the P123-FV, P123-FT, and Silica-FN films are shown in Fig. 7a. It can be
clearly seen that the specific activity (Abs/min/mg) of the cyt c adsorbed
on the MPS thin films (0.030) was greatly decreased compared with
that of the free cyt c solution (0.119). This decrease in the specific activ-
ity may be due to a lower diffusion efficiency of substrate compared
with the cyt c adsorbed on the films. The recyclability of the cyt c
adsorbed on the MPS thin films was also evaluated, and the relative
Fig. 6.Profiles of the enzyme-linked immunosorbent assay (ELISA) sensitivity of themesopo-
rous silica (MPS) thin films. Symbols: rhombus (♦): Silica-FN; square (■): P123-FV; triangle
(▲): P123-FT.
activity of cyt c adsorbed on the films for up to six cycles is shown in
Fig. 7b. The activity of the cyt c remaining on the P123-FV, P123-FT,
and Silica-FN was approximately 60%, 21%, and 25%, respectively, after
six cycles. The higher retention of catalytic activity for the cyt c on the
P123-FV film is attributed to the uniform pore array. On the other
hand, cyt c was not strongly immobilized on the P123-FT and Silica-FN
thin films, which do not have ordered mesoporous structures. Specifi-
cally, a higher quantity of cyt c was released from the P123-FT and
Silica-FN thin films after the catalytic reactions. Based on these results,
it was concluded that the significant decrease in the catalytic activity
after several cycles was due to the easy desorption of the cyt c from
the P123-FT and Silica-FN thin films. This result suggests that the
P123-FV thin film is suitable for application as a biosensor platform.
4. Conclusion

MPS thin films were prepared from sol–gel solutions using a spin-
coating method, and films with uniform pore arrays were produced
via VUV treatment for the removal of the triblock copolymer templates
P123 and F127, while calcination at 500 °C provided nonuniform
mesopore structures. The MPS thin film prepared using P123 as an
organic template followed by VUV treatment (P123-FV) possessed the
most uniformpore array. Application of theMPS thin films as biosensors
was then investigated by conducting ELISA tests and evaluating the
catalytic activity of cyt c on the MPS thin films. A highly effective anti-
gen–antibody reaction on the P123-FV film led to the high ELISA sensi-
tivity. Cyt c on the P123-FV thin filmwas also shown to exhibit catalytic
activity, and the MPS film could be recycled. In summary, the P123-FV
thin film prepared in this study has the potential for use in highly sensi-
tive biosensors for the detection of tumor markers, the quantitation of
endocrine disrupters, and so on.
Fig. 7. Specific activity (a) and recyclability (b) of cytochrome c adsorbed on themesoporous
silica (MPS) thin films. Symbols: rhombus (♦): Silica-FN; square (■): P123-FV; triangle (▲):
P123-FT.
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