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ARTICLE INFO ABSTRACT

Available online 30 June 2012 A sensing interface for specific protein capture was fabricated using a novel molecular imprinting (MIP)
process. Bovine serum albumin (BSA) and ovalbumin (OVA) were imprinted on a quartz substrate with
modified alkyl groups, and target protein capture was detected using a deep-UV fluorescence image
microscope (UVFLIM). The imprinted protein was immobilized to silica beads (diameter: 15 pm) using
a phospholipid polymer containing both active ester groups and silane coupling groups, which were
used as protein stamps to prepare the imprinting surface. Protein recognition sites were constructed by
integrating sodium dodecyl sulfate (SDS) as the ligand, which was immobilized with a biocompatible
photoreactive phospholipid polymer. When BSA solution was added to the BSA-based MIP substrate,
strong fluorescence was observed from the tryptophan residue of BSA. In contrast, for the OVA-based
MIP substrate and non-MIP substrate, no fluorescence was observed. The surface showed good
selectivity of BSA against OVA. The phospholipid polymer layer prevented non-specific protein
adsorption, resulting in highly selective protein recognition. Further, when the protein-imprinted
substrate was constructed without ligands, neither protein was captured on the substrate.
We demonstrated the importance of ligand integration for capturing target proteins at specific
positions. UVFLIM can be used to detect biomolecules at the single-molecule level by using intrinsic
fluorescence without molecular labeling. Our new protein-imprinted surface used with UVFLIM is a
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versatile tool for capturing biomolecules.

© 2012 Elsevier B.V. All rights reserved. .

1. Introduction

Biosensors have been developed for use in biomedical diag-
nosis, environmental monitoring, food safety, and agriculture. The
affinity of target molecules for an interface is a critical factor in
biosensor performance (Berney et al., 1997; Ibii et al., 2010; Hall
et al,, 2011). In many cases, to recognize target molecule selec-
tively, natural recognition biomolecules such as antibodies,
enzymes and nucleic acids are installed on the sensing substrate.
Although they can capture to the target molecules with strong
biological affinity, they are unstable chemically and physically
and their initial property is disappeared with time. Therefore,
robust sensing substrates are necessary for reliable analysis.

Molecular imprinting (MIP), which involves shape and chemi-
cal recognition of target molecules by using synthetic polymer
systems, is attracting attention, with artificial receptors being
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replaced by biomolecules (Fu et al., 2007; Hua et al., 2008; Ye and
Mosbach, 2008; Wang et al., 2010; Soares da Silva et al., 2012).
In the normal MIP process, the functional monomers and cross-
linkers are complexed with imprinted molecules via weak interac-
tions and then polymerized in situ to prepare a matrix. Imprinted
molecules are extracted from the matrix to provide capturing sites
for target molecules. Many successful studies examining the use of
MIP for capturing small organic molecules (e.g., amino acids,
peptides, nucleotides, and pharmaceuticals) have been reported
(Ansell and Mosbach, 1997; Osawa et al., 2006; Yaqub et al., 2011).
However, the use of MIP for protein capture is difficult because of
the fragility, complexity, and flexible conformation of proteins. To
success of protein MIP, it is important to produce the multiple
binding sites with high mobility and the denaturation of target
proteins should be suppressed during MIP process including poly-
merization. Additionally, the matrix surface must inhibit non-
specific protein adsorption of the protein to enhance selectivity.
Previously, we proposed an MIP procedure for protein capture
based on molecular integration (Fukazawa and Ishihara, 2009).
Briefly, silica beads, which form a single layer of imprinted protein,
were used for surface MIP. Sodium dodecyl sulfate (SDS), an anionic
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surfactant, interacted with the imprinted protein via electrostatic
interactions, and the surfactant was fixed using a water-soluble
photoreactive phospholipid polymer. After photoreaction, the
imprinted protein was removed together with silica beads to form
molecular recognition sites. SDS bound to the protein functioned as
both a ligand for capturing target protein and reactive points for the
photoreactive polymer. However, complete removal of imprinted
proteins from the matrix with silica beads was difficult. Complete
removal of imprinted proteins from the surface leads to increased
capturing efficiency of target protein. Therefore, we designed a
2-methacryloyloxyethyl phosphorylcholine (MPC) polymer with
both active ester groups and triethoxysilane groups to immobilize
the imprinted protein on silica beads (Mieda et al., 2012). It is well
known that MPC polymers effectively prevent protein adsorption
(Ishihara et al,, 1991; Ishihara et al., 1998; Murphy et al,, 1999).
Additionally, biomolecules at the MPC polymer surface can main-
tain and stabilize protein function (Sakaki et al., 1999; Nishizawa
et al,, 2008; Goto et al., 2008; Tajima et al., 2011). We expect that
imprinted proteins can be removed from the matrix with the silica
beads and that denaturation can be suppressed during the MIP
process.

Protein MIP approaches include bulk, surface, particle, and
epitope imprinting (Kryscio and Peppas, 2012). Among these, the
surface MIP approach can be combined with a sensor device
(Belmont et al., 2007; Sunayama et al., 2010; Zhou et al., 2011).
Imprinted protein can be removed more easily from the substrate
surface than with the bulk MIP approach, which involves extrac-
tion of imprinted proteins from the matrix after polymerization.
Only a small amount of protein is imprinted during surface MIP;
therefore, a highly sensitive detection system is necessary for
determining the concentration of captured target proteins.

In this study, we fabricated a protein MIP as a sensing interface
on quartz glass. Captured proteins were detected using a deep-UV
fluorescence imaging microscope (UVFLIM). UVFLIM can be used
to detect biomolecules at the single-molecule level by using
intrinsic fluorescence without molecular labeling (Li et al., 2004;
Li and Seeger, 2006, 2009, 2011). Bovine serum albumin (BSA) and
ovalbumin (OVA) were selected as target proteins. The effective-
ness of the ligand surfactant and selectivity against BSA and OVA
were evaluated.

2. Experimental
2.1. Materials

MPC was synthesized according to a previously reported
method (Ishihara et al., 1990). Poly(ethylene glycol) monometha-
crylate (Blenmer PE-200) were obtained from NOF Co., Ltd.
(Tokyo, Japan). Thionyl chloride and 4-azidobenzoic acid were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Triethylamine (TEA), 2-hydroxyethyl methacrylate (HEMA), and
ligroin were purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). HEMA and TEA were purified by distillation and fractions
collected at the boiling points (bp) (70 °C/0.2 kPa and 87 °C,
respectively), were used. 3-Methacryloxy propyl trimethoxysilane
(MPTS) was purchased from Shin-Etsu Chemical Co., Ltd. (Tokyo,
Japan). 2-(Carbomethoxy)ethyltrichlorosilane was purchased
from Gelest, Inc. Quartz slide glass (24 x 24 x 0.15-0.18 mm?)
was purchased from Tosoh Quartz Corp. (Yamagata, Japan).
Porous silica beads (average particle diameter: 15 pm; average
pore diameter: 7 nm) were obtained from Fuji Silysia Chemical
(Tokyo, Japan). Bovine serum albumin (BSA, A-8022), ovalbumin
(OVA, A-5503), n-butyltrichlorosilane, and p-nitrophenylchloro-
formate were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Other reagents and solvents were commercially available in
extra-pure grade and used without further purification.

2.2. Synthesis of PMSIN for protein stamp bead preparation

p-Nitrophenyloxycarbonyl polyethyleneglycol methacrylate
(MEONP) was synthesized according to a previously reported
method (Konno et al., 2004). The chemical structure of MEONP
was confirmed using 'H NMR (o-300, JEOL, Tokyo, Japan) in
CDCls. Poly(MPC-co-MPTS-co-MEONP) (PMSiN) was synthesized
by a conventional radical polymerization method in ethanol using
2,2'-azobisisobutyronitrile (AIBN) as a radical polymerization
initiator (Ueda et al., 1992). Desired amounts of MPC, MPTS, and
MEONP (monomer molar fractions were 0.70, 0.10, and 0.20,
respectively, and total monomer concentration was 0.50 M) and
AIBN (5.0 mM) were used for polymerization. Polymerization was
carried out at 60 °C for 7.0 h. The formed polymer was purified by
pouring the reaction mixture into an excess volume of diethy-
lether/chloroform (80/20 v/v) for precipitation. After precipita-
tion, the PMSiN was dissolved again in ethanol. The solution was
evaporated under reduced pressure to remove residual diethyl
ether and chloroform. The final concentration of the PMSiN-
ethanol solution was adjusted to 5.0 wt% and stored in a freezer.
The chemical structure of the PMSIN was confirmed using
'H NMR (o-300, JEOL, Tokyo, Japan) in CD3CD,0D. Molecular
weight of the polymers was evaluated using gel permeation
chromatography (GPC, Jasco, Tokyo, Japan) in 1,1,1,3,3,3-hexa-
fluoroisopropenol, and retention time was compared with that of
the poly(methyl methacrylate) standard (Showa Denko, Tokyo,
Japan). The chemical structure of PMSiN is shown in Fig. 1.

2.3. Synthesis of PMPAz for matrix preparation

The synthetic procedure for the photoreactive monomer unit,
MPAz, was improved from that reported previously (Fukazawa
and Ishihara, 2009). 4-Azidobenzoyl chloride (9.0 g, 50 mmol),
synthesized using previously described method, was added to a
300-mL three-necked round-bottomed flask equipped with a
dropping funnel, thermometer, and magnetic stirrer, and was
dissolved in 80 mL of diethyl ether. After the solution was cooled
at —10 °C, HEMA (50 mmol) and TEA (50 mmol) were dissolved in
50 mL of diethyl ether and were added drop-wise to the stirred
solution over a period of 1h. The reaction was carried out for
12 h. After filtering the resulting triethylamine hydrochloride
(TEAC), the solvent was evaporated under reduced pressure. The
residue was dissolved in diethyl ether to precipitate the residual
TEAC, which was then filtered out of the solution. Following
addition of diethyl ether, unreacted HEMA was extracted using
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Fig. 1. Chemical structures of MPC polymers.
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HCI (10 mM). Diethyl ether solution containing MPAz was dehy-
drated using anhydrous magnesium sulfate. After filtration to
remove magnesium sulfate, the solvent was evaporated under
reduced pressure, yielding MPAz in the form of a light yellow oily
liquid. Upon freezing, MPAz was converted into a solid. The
chemical structure of MPAz was confirmed using 'H NMR in
CDCl3 and Fourier-transform infrared spectroscopy (FT-IR) (FT-IR-
615, Jasco, Tokyo, Japan). NMR (ppm): 1.95 (d, 3H, «-CHs), 4.56 (d,
4H, -CH,CH,), 5.59 (d, 1H, =CH,), 6.14 (d, 1H, = CH>), 7.07 (d,
2H, benzyl), 8.06 (d, 2H, benzyl). IR(cm~'): 3021(p-Ar), 2124
(C-N3), 1720 (C=0), 1604 (C=0C).

Poly(MPC-co-MPAz) (PMAz) was synthesized by a conven-
tional radical polymerization method in ethanol using AIBN as a
radical polymerization initiator. The desired amounts of MPC and
MPAz (monomer molar fractions were 0.70 and 0.30, respectively,
and total monomer concentration was 0.50 M) and AIBN (2.5 mM)
were used for polymerization. Polymerization was carried out at
60 °C for 3.5 h. The reaction mixture was poured in an excess
volume of diethyl ether/chloroform (80/20 v/v) to precipitate the
polymer. The precipitated polymer was collected and purified by
dialysis against water using a dialysis membrane (cutoff mole-
cular weight=3000). Next, the polymer was freeze-dried. The
chemical structure of the PMPAz was confirmed using '"H NMR in
CD,CD,0D. Molecular weight of the polymers was evaluated
using GPC in a mixture of water and methanol (30:70 v/v), and
its retention time was compared with that of the poly(ethylene
glycol) standard (Tosoh Co., Tokyo, Japan). The chemical structure
of PMPAz is shown in Fig. 1.

2.4. Quartz substrate preparation

Alkyl groups were introduced on the quartz substrate to react
with PMAz. After cleaning using oxygen plasma (PR500 plasma
reactor; Yamato Science, Tokyo, Japan) (300 W, 100 mL/min flow)
for 10 min, quartz substrates were placed in toluene solution
containing n-butyltrichlorosilane (50 mmol) and 2-(carbomethoxy )-
ethyltrichlorosilane (50 mmol) for 1 h at room temperature. Next,
the quartz substrate was washed by sonication using toluene and
methanol.

2.5. Protein stamp preparation

PMSIN was reacted with the surface of silica beads to immo-
bilize imprinted proteins. The 0.50 g of beads were cleaned using
oxygen plasma and placed in a 50-mL Eppendorf tube. Subse-
quently, 25 mL of ethanol solution containing 0.20 wt% PMSIiN
was added to the tube containing silica beads, and the tube was
rotated for 1h at room temperature. Beads were filtered and
transferred to a Teflon®™ dish for solvent evaporation under
atmospheric pressure. Next, the beads were heated at 70 °C for
3h to react PMSIN with the silica beads. The beads were
transferred to a 50-mL Eppendorf tube and washed with ethanol
for 1 h to remove unreacted PMSiN, after which they were filtered
and dried under a vacuum.

PMSiN-silica beads (10 mg) were placed into Eppendorf tubes.
BSA or OVA solution (1.0 mg/mL, pH 7.8 phosphate buffer solu-
tion) was added to the each tube. Tubes were rotated at 4 °C for
48 h to immobilize the protein, and the amount of immobilized
BSA and OVA on PMSiN-silica beads was determined on the basis
of the UV absorbance of the supernatant at 400 nm by using
UV/visible spectroscopy (V-560, Jasco Co., Tokyo, Japan); absor-
bance was based on the p-nitrophenoxy anion released during the
protein immobilization reaction. After rinsing the beads with
pH 7.8 phosphate buffer solution for 10 min, the remaining active
ester groups were deactivated using a glycine-containing solution
(1.0 mg/mL, pH 7.8 PBS) at 4 °C for 24 h. Beads immobilized with

BSA and OVA were rinsed with water for 10 min and the water
was removed. This procedure was repeated 3 times. Protein-
immobilized beads were used as protein stamp beads.

2.6. Protein imprinting surface preparation

Protein stamp beads were mixed with an aqueous solution
containing PMPAz and SDS. The silica bead suspension was placed
on the quartz substrate with modified alkyl groups and was dried
at 25 °C. Substrates were irradiated using a UV lamp (UV Cross-
linker, CL-1000, 254 nm, Funakoshi, Tokyo, Japan) for 1 min (light
intensity =80 J/cm?). Following the photoreaction, protein stamp
beads were detached from the substrate via sonication for 10s.
A non-molecular imprinting surface (NMIP) was also prepared
using silica beads that had not been subjected to protein immo-
bilization. The morphology of the MIP substrate was observed
using a scanning electron microscope (SEM; SM-200, Topcon,
Tokyo, Japan). We fabricated MIP on the polyethylene substrate
by using same procedure and measured the thickness of the
PMPAz layer using an atomic force microscopic (AFM; Nanoscope
[lla, Nihon Veeco, Tokyo, Japan). The thickness was in the range
between 100 nm and 400 nm. Furthermore, the BSA structure
during MIP process was confirmed using a circular dichroism
measurement (CD; J-720W, Jasco, Tokyo, Japan). Before and after
photoreaction, the molar ellipticity was —16,576.5° cm? dmol~!
and —16,340.8° cm? dmol~" at 222 nm, and a-helix content was
41.4% and 40.9%, respectively. In the SDS containing solution
(molar ratio of BSA and SDS is 1:5), the molar ellipticity was
—16,261.5° cm® dmol~! at 222 nm, and the o-helix content was
40.1%. The CD spectrum was not changed during photoreaction
and in the SDS solutions. The BSA did not have any adverse effect
during photoreaction.

2.7. Target protein detection

Capture of target proteins was detected using UVFLIM. UVFLIM
consists of a 266-nm UV mode-locked diode-pumped picosecond
laser (model GE-100-XHP-FHG, Time-Bandwidth Products, Inc.,
Switzerland). The laser system provides pulses with a duration of
<10 ps and a repetition rate of 40 MHz; the laser has a maximum
power output of 30 mW. The laser power was adjusted by
inserting different neutral density filters (Melles Griot). The
polarized laser beam was split 50/50 by a beam splitter (Laser
Components GmbH, Germany), sending 50% into a high-speed
photodiode module (Becker & Hickl GmbH, Berlin, Germany),
which is used as deriving the synchronization signal for triggering
of the time-correlated single-photon (TCSPC) module. The second
beam passed an excitation filter (model 254WB25, Omega Opti-
cal) and is directed into the quartz microscope objective
(40 x, NA=0.80, Partec GmbH, Miinster, Germany) by a dichroic
beam splitter (model 290DCLP, Omega Optical). Surface scans
were performed by moving the sample with a motorized x,y-
translation stage (Mdrzhduser, Wetzlar, Germany). The fluores-
cence light was collected by the same objective and transmitted
through the dichroic mirror. An achromatic lens (LAU-25-200,
OFR Inc., 200 mm focal distance) focuses the light onto a pinhole.
After the pinhole, the fluorescence emission is detected by a high-
speed photomultiplier tube (PMT) detector head (model

PMH-100-6, Becker & Hickl GmbH). Two emission band-pass
filters (model 330WB60, Omega Optical) -one positioned directly
after the lens, and the other positioned directly in front of the
detector-discriminate fluorescence against scattered light.
The signal pulse of the PMT were fed into a TCSPC PC interface
card (SPC-630, Becker & Hickl GmgH, Berlin, Germany) to
acquire fluorescence signal. A software using C4++ program was
developed for synchronization of the scanning motion with the
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data acquisition and recording the fluorescence intensity imaging.
After adding BSA solution (2x107M) and OVA solution
(2x1075M) to the NMIP, the BSA-MIP and the OVA-MIP sub-
strates for 2 h, substrates were rinsed with water and dried under
N> gas. The substrates were placed onto the x,y scanning stage and
intrinsic tryptophan emission was recorded after one-photon exci-
tation at 266 nm. The microscopy objective of UVFLIM focuses laser
beam to a size of the illumination point about 1 pm in diameter and
3 um deep. When we take scanning images, we are able to measure
all fluorescence generated from MIP protein layer (thickness
between 100 nm and 400 nm). The fluorescence intensity of all
samples was normalized to same intensity level using MATLAB
software.

3. Results and discussion
3.1. Characterization of protein stamps

Silica beads (diameter: 15 pum) were used as MIP stamp
substrates for protein imprinting. We designed PMSIN to immo-
bilize the imprinted protein on the surface of silica beads (Fig. 1).
PMSIN can react with the MPTS unit on the silica bead surface via
a silane coupling reaction, and imprinted proteins can be immo-
bilized using the MEONP unit. MPC units play an important role in
immobilized protein stabilization. After the reaction, successful
construction of the PMSiN layer was confirmed using XPS analy-
sis. High signal intensities were observed at 402 eV in the Ny,
region and at 133 eV in the P,, region, which was attributed to
the MPC unit. The total amount of MEONP units on the silica
beads (6.6 x 10~ 1% mol/mg) was evaluated using UV spectroscopy
after complete hydrolysis of the p-nitrophenyloxycarbonyl units
in 0.20 M NaOH aqueous solution. The active ester group is labile
to the primary amino group of the biomolecules, and a carbamate
linkage is produced after bioconjugation (Watanabe and Ishihara,
2006). The amounts of immobilized BSA and OVA were
3.3 x 107 '° mol and 3.2 x 10~ '° mol, respectively. Approximately
50% of the active ester group was used to immobilize the proteins,
and the remaining active groups were deactivated through reac-
tion with glycine. Protein-immobilized silica beads were used as
protein stamps for preparing the MIP surface.

' Aqueous dispersion \

3.2. Characterization of protein MIP substrate

The process for preparing the protein MIP substrate is sum-
marized in Fig. 2. The conformation of proteins is flexible and
fragile. Therefore, the ligand should be arranged in a suitable
position against the imprinted protein to construct the protein
recognition site. It is well known that the surfactant can bind to
protein via hydrophobic and electrostatic interactions (Mackie
and Wilde, 2005; Sonesson et al., 2008). We employed SDS, an
anionic surfactant, as a ligand for specific binding of BSA and OVA.
At the lowest concentration of 0.10 mM SDS, 6 SDS molecules
were bound per BSA without causing denaturation (Turro et al.,
1995; Vasilescu and Angelescu, 1999). In this study, an SDS
molecule number that was 5 times larger than the molecules of
the immobilized imprinted protein was applied. As a control, the
MIP process was carried out without SDS. Other important aspect
of protein MIP is suppressing non-specific protein adsorption to
the region outside the recognition site. We designed a photo-
reactive water-soluble polymer, PMPAz (Fig. 1), to prepare the
matrix. PMPAz possesses both phosphorylcholine groups and
azido groups. Polymers with phosphorylcholine groups effectively
suppress nonspecific protein adsorption and cell adhesion due to
the nature of the phosphorylcholine groups (Marra et al., 1997; Lu
et al., 2001; Inoue and Ishihara, 2010). Azide groups decompose
due to UV irradiation, forming nitrene groups, which generate
highly reactive radicals. These radicals can attack alkyl groups,
which were introduced to the surface and SDS. Thus, the matrix,
which exhibits resistance to protein adsorption, was prepared
after photoreaction. Ligands bound to the target protein were
fixed using PMPAz. After the photoreaction, protein stamps were
physically removed from the aqueous medium. The morphology
of the quartz substrate was observed using SEM (Fig. 3). Silica
beads produced 7-pm dimple-shaped patterns. This indicates that
PMPAz reacted with alkyl groups on the quartz substrate to form
a thick layer that embedded some of the silica beads.

3.3. Selective capturing of target proteins
It is important to remove imprinted molecules from the matrix

after polymerization because target protein capture depends on
this removal. The fluorescence based on tryptophan (Trp) residue
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(SDS)

UV irradiation for cross-linking of
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|
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The protein stamps removed
by sonication
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Fig. 2. Procedure for imprinting substrate using molecular integration.
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Fig. 3. SEM observation of substrate removing silica beads after photoreaction
of PMPAz.

NMIP substrate BSA-based MIP substrate

With SDS ligands

No SDS ligands

10 um 10 pm

Fig. 4. Fluorescence intensity images by UVFILM after contact with BSA solution
to NMIP and BSA-based MIP.

of protein was observed by UVFLIM. Before target protein addi-
tion, substrate fluorescence was not observed, indicating that the
imprinted protein had been completely removed from the matrix
after photoreaction. Fluorescence intensity after addition of the
BSA solution to NMIP and BSA-based MIP with or without ligand
is shown in Fig. 4. No fluorescence was observed for the NMIP
substrates with or without the SDS ligand. Thus, BSA was not
captured on these substrates. Additionally, non-specific protein
adsorption was suppressed on the PMPAz surface. We observed a
strong, dimple-shaped fluorescence pattern on the BSA based-MIP
substrate with SDS ligand, and no fluorescence was observed on
the BSA based-MIP substrate without ligand. SEM images shown
in Fig. 3 were compared with dimple-shaped fluorescent regions,
corresponding to the region of protein stamp contact. The target
protein, BSA, was captured on the region where BSA was
imprinted. We prepared molecular recognition sites on the non-
specific protein adsorption surface using this MIP process. The
arrangement of SDS ligands against the imprinted protein is
important for capturing target proteins because fluorescence
was not observed on the substrate.

Both BSA-based MIP and OVA-based MIP substrates were pre-
pared to confirm selective capturing. UVFILM results are shown in
Fig. 5. Molecular parameters of BSA and OVA are summarized in
Table 1. These molecules possess a different number of aromatic

BSA-based MIP substrate

OVA-based MIP substrate

After contact with
BSA solution
wn
After contact with _ g
OVA solution l
.. . 0

Fig. 5. Fluorescence intensity images by UVFILM after contact with BSA or OVA
solution to the BSA-based MIP substrate and OVA-based MIP substrate.

Table 1
Chemical parameters of BSA and OVA.

Protein Mw (kDa) pl Number of amino Aromatic amino acid residues
acid residue

in molecule
Trp Tyr Phe
BSA 69.3 5.82 607 3 21 30
OVA 42.9 5.19 386 3 10 20

amino acid residues, including Trp, tyrosine (Tyr), and phenylalanine
(Phe), which contribute to intrinsic fluorescence. However, the
intrinsic fluorescence of Tyr is approximately 100 times weaker than
that of Trp due to a low extinction coefficient, while the fluorescence
emission of Phe is negligible due to a low extinction coefficient and
low quantum efficiency. Additionally, transmission of Tyr and Phe
fluorescence through our emission filter set is very low due to the
blue-shifted emission maximum relative to Trp. Therefore, the
intrinsic fluorescence of BSA and OVA was dominated by Trp residues.
We can consider fluorescent intensity to represent the degree of
adsorption because both BSA and OVA have the same number of Trp
residues in 1 molecule. After contact with BSA in BSA-based MIP and
OVA-based MIP, we observed strong fluorescence only on the BSA-
based MIP substrate. In contrast, after contact with OVA, we observed
strong fluorescence only on the OVA-based MIP substrate. Selective
capturing against target proteins was observed for the protein MIP
substrate. Equal numbers of SDS molecules as a ligand was used, and
BSA and OVA have nearly the same isoelectric point. These results
indicate that protein capture was not derived from a simple electro-
static interaction between proteins and SDS ligands. A suitable
arrangement and density of SDS ligands is important for selective
capturing on a substrate. UVFILM does not require molecular labeling
of the protein and is sufficiently sensitive to detect low protein levels.
Molecular labeling is perhaps disturbed the capturing the target
proteins due to change in the chemical and structural nature of the
proteins. Here, we showed that UVFILM is a powerful tool for
detecting protein capturing on an MIP substrate.

4. Conclusion

Protein recognition sites were artificially constructed on a
quartz substrate using the MIP process. Target protein capture
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was detected by label-free detection using deep-UVFILM. We
demonstrated that the binding sites of target proteins, BSA or
OVA, were successfully constructed by integration of SDS molecules
by applying 2 types of MPC polymers. MPC polymers provided
resistance to non-specific protein adsorption and specificity to the
MIP portions. The MIP surface exhibited good selectivity between
BSA and OVA based on corresponding MIP proteins, despite having
similar isoelectric points. The importance and effectiveness of
integrating a ligand for target proteins with a suitable position
were revealed. On the basis of these results, we suggest that our
new protein MIP surface used in combination with UVFLIM is a
versatile system for sensing biomolecules.
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Abstract

In this study, the influence of phospholipid and protein constituents on friction and
wear behavior of artificial hydrogel cartilage was investigated. A sliding pair of an
ellipsoidal specimen of poly (vinyl alcohol) (PVA) hydrogel and a flat specimen of
PVA hydrogel was evaluated in simplified reciprocating friction test.
Dipalmitoylphosphatidylcholine (DPPC) was selected as a phospholipid constituent
and was dispersed in saline as liposome. Fluorescent-labeled albumin and
v-globulin were used as protein constituents in lubricants at concentration of 0.7
wt%. After reciprocating friction test, the boundary film formed on the surface of
PVA hydrogel and the worn surface of PVA hydrogel were observed by using
fluorescent microscope and confocal laser scanning microscope, respectively.
When only albumin or y-globulin was added to lubricant, adhesive wear pattern
was frequently observed and large breaking-off of surface structure of PVA
hydrogel occurred. Lubricants that contain both proteins and 0.01wt% DPPC
showed reduction of friction and suppression of large breaking-off of surface
structure of PVA hydrogel. Meanwhile, under coexistence of protein and 0.02wt%
DPPC, friction increased compared to that for lubricants that contain 0.01wt%
DPPC and the adhesive wear patterns became obvious. Therefore, both the
concentration and the relative ratio of proteins to phospholipids are important
factors to function adequately as excellent boundary lubricant for PVA hydrogel.

Key words: Artificial Hydrogel Cartilage, Phospholipid, Protein, Friction, Wear

1. Introduction

Total joint replacement has made significant contributions to better recovering of the
articular joint function for patients of osteoarthritis and rheumatoid arthritis. Several
materials such as biocompatible polymers, metals and bioceramics are applied as bearing
materials of artificial joints. Ultra-high molecular weight polyethylene (UHMWPE) is
commonly used as a bearing material for artificial joints. However, the loosening and the
failure of artificial joint occur due to biological reaction to wear particles of UHMWPE""?.
Therefore, to extend the viability of joint prosthesis, the improvement of wear resistance of
UHMWPE has been widely studied®”. In metal-on-metal and ceramic-on-ceramic hip

*Received 3 May, 2013 (No. 13-00051) joints, the effective formation of fluid film was indicated®”. However, metal ion release

[DOI: 10.1299/jbse.8.257] from metal component and fracture of ceramic component remained to be solved. As a
Copyright © 2013 by JSSME
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consequence, the improvement of lubrication mode in artificial joint by mimicking of the
excellent lubrication mechanism of natural joint is also proposed.

Application of soft materials as artificial cartilage to bearing materials of artificial joints
was proposed to improve the lubrication mode of artificial joints®”. Many researches on
the artificial cartilage have been conducted'®'?, and poly (vinyl alcohol) (PVA) hydrogel is
one of the anticipated materials for artificial cartilage. Enhancement of fluid film formation
by soft elastohydrodynamic lubrication (EHL) is expected by using PVA hydrogel as
material for bearing surfaces, and it was reported that PVA hydrogel showed low friction at
steady walking condition in knee joint simulator test'. However, considerable wear of
PVA hydrogel occurs in severe condition like mixed or boundary lubrication due to poor
wear resistance and mechanical strength’*'®. To achieve the clinical application of PVA
hydrogel as artificial cartilage, it is important to elucidate the wear mechanism of PVA
hydrogel under the condition lubricated by body fluid. In joint cavity, synovial fluid is
supplied mainly through synovial membrane and functions as lubricant for natural and
artificial joint. Synovial fluid contains many biomolecules such as proteins, lipids and
hyaluronic acid and it is indicated that those constituents influence on friction and wear
behavior of artificial joint materials'®'”, Therefore, it is important to elucidate the function
of synovial fluid constituents as lubricant for PVA hydrogel to propose the improving
method for wear reduction and material property modification considering the influences of
synovial fluid constituents. In addition, the effect of intra-articular injection of some
functional molecules such as hyaluronic acid"®, phospholipids’” and proteins®”
improvement of the lubrication of natural and artificial joints have been shown. For the

on

application of some biomolecules to intra-articular injection, it is important to elucidate the
mechanisms of lubrication by synovial fluid constituents.

In the previous study, it was found that the wear of PVA hydrogel depended on both the
ratio and content of albumin and y-globulin being mixed into lubricants®". It was indicated
that the structure of protein boundary film on PVA hydrogel surface was the key essence for
wear reduction ®?. In addition, it was indicated that the stability of protein boundary film
changes with the concentration and the addition ratio of proteins in lubricants through in
situ observation on forming protein boundary film®. When phospholipid and proteins
coexist in lubricants, sheet-like matters were formed on rubbing surface especially in the
lubricants that contain both phospholipid and albumin, and they contributed to reduction in
friction of PVA hydrogel®”. However, an important influence of phospholipid constituent
on wear behavior of PVA hydrogel has not been cleared yet.

In this study, phospholipid and proteins were selected as additives to test lubricants.
And then, influence of phospholipid and protein constituents on friction and wear behavior
of PVA hydrogel was investigated.

2. Experimental methods

2.1 Reciprocating friction test

Details of reciprocating friction tester used in this study are shown in Fig. 1. A sliding
pair of an ellipsoidal (major axis: 40mm diameter, minor axis: 25mm diameter)
reciprocating upper specimen of PVA hydrogel as 2mm thickness and a flat stationary lower
specimen of PVA hydrogel was tested. PVA hydrogel used in this study is shown in Fig.2.
PVA hydrogel was prepared by freezing-thawing method, and number of freezing-thawing
cycles was 5 times. Polymerization degree and saponificaiton degree of PVA (Kishida
Chemical Co. Ltd.) was 2000 and 98.4~99.8 mol%, respectively. The elastic modulus of
PVA hydrogel was 1.2 MPa and equivalent water content was 79%. The applied load was
2.94 N and average contact pressure was 0.093 MPa. Sliding speed of 20 mm/s was selected
and the reciprocating stroke was 35 mm. Total sliding distance in this study was 1.5km.
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Lubricant compositions used in this study are shown in Table 1. Normal saline solution
(Otsuka Pharmaceutical Factory, Inc.) was used as solvent for lubricants. L-a dipalmitoy!
phosphatidylcoline (DPPC) (Wako Pure Chemical Industries, Ltd.) was selected as a
phospholipid constituent. DPPC is a main constituent of phospholipids in natural synovial
fluid. DPPC was dispersed as liposomes in saline by ultra-sonication method. Bovine serum
albumin (Wako Pure Chemical Industries, Ltd.) and human serum y-globulin (Wako Pure
Chemical Industries, Ltd., Japan) were used as protein constituents. The concentrations of
each constituent were within the physiological range in natural synovial fluid®>®
Phospholipid concentration in synovial fluid changes with the condition of synovial joints
and individual differences®”, and the concentration of DPPC in this study is within the
range of healthy and postoperative synovial fluid. Albumin and vy-globulin were
fluorescently labeled by rhodamine-B-isothiocyanate (Sigma Aldrich Co.) and fluorescein
isothiocyanate isomer I (Sigma Aldrich Co.), respectively. Concentration of proteins in this
study is within the physiological concentration but relatively low”.

After friction test, protein boundary film formed on PVA hydrogel was observed by using
fluorescent microscope (IX 71, Olympus Corporation). Then PVA hydrogel specimens were
washed with solution of surface active agent to remove the adsorbed molecules and the
worn surface of PVA hydrogel was observed by using confocal laser scanning microscope
(VK-8500, Keyence Corporation).

Linear
guide

Load
cell

Linear Lubricant PVA hydrogel
ball slide

AC

Guide
servomotor

SEHiatar Stainless

3 : Liquid bath
steel plate Reciprocating

(a) Schematic view

(b) Detailed view
Fig.1 Schematics of reciprocating friction tester

Fig. 2 PVA hydrogel prepared by freezing-thawing method

Table 1 Composition of lubricants

Lubricant DPPC [wt%] | Albumin [wt%] v-globulin [wt%]

A 0 0
B 0 0.7 0
G 0 0.7

Ap 0 0

B, 0.01 0.7 0

Cpy 0 0.7

Apy 0 0

By, 0.02 0.7 0

Cpy 0 0.7
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- 2.2 TEM observation of lubricant components

é To reveal the influence of the lubricant composition on the morphology of the
; complexes of DPPC and proteins, lubricant components were observed by transmission
electron microscope (TEM) before friction test. The lubricants shown in Table 1 were
prepared and stored at room temperature for 6 hours. They were diluted a thousand fold by

B ——
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pure water to observe each component clearly and these were used as sample solutions. The
copper TEM grid (Nisshin EM Corporation) was hydrophilized by using Plasma Ion
Bombarder (PIB-10, Vacuum Device. Inc.) to prevent the aggregation of sample molecules
on TEM grid. Then TEM grid was put on the 10uL droplet of diluted lubricant for 30s. Then,
the residue of sample on copper TEM grid was absorbed by using filter paper. For negative
staining of adsorbed molecules on TEM grid, samples were treated by 2.0 % solution of

T IR

I TR ¥ e e

uranyl acetate for 30s. Finally, treated TEM grids were dried in air. The samples were
observed by using transmission electron microscope (HT7700, Hitachi Hi-Technologies
Corporation) operated at 100k V.

3 Results

3.1 Reciprocating Friction Test

Transients of friction coefficient during friction test in lubricants that contain no DPPC
were shown in Fig.3 (a). When only single protein was added to lubricants, lubricant B
showed lower friction than other two lubricants at initial state. However, there were little
differences between three lubricants at steady state.

When 0.01wt% DPPC was added to lubricants, friction at initial state was reduced in
lubricants Ap; and Cp; with comparing lubricants A and C that contained no DPPC as shown
in Fig.3 (b). Lubricant Bp, that contains 0.01wt% DPPC and 0.7wt% albumin showed lower
friction than those of other lubricants, and addition of 0.01wt% DPPC significantly reduced
friction with coexistence of albumin and DPPC.

When only DPPC was added at a concentration of 0.02wt%, friction coefficient at
initial state increased and the effect of friction reduction at steady state was slight as
compared to that of 0.01wt%. In Iubricants that contain proteins and 0.02wt DPPC, addition
of DPPC with high concentration led the increase of friction (Fig.3 (d))
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Fig.3 Friction coefficient during the reciprocating friction test and at steady state






