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Precisely Controlled Molecular Imprinting of
Glutathione-s-Transferase by Orientated Template
Immobilization Using Specific Interaction with an
Anchored Ligand on a Gold Substrate

Yuri Kamon, Ryo Matsuura, Yukiya Kitayama, Tooru Ooya, and
Toshifumi Takeuchi*

We demonstrate a novel synthetic route for molecularly imprinted polymers (MIPs) thin films
using a bottom-up approach utilizing protein/ligand specific interactions. The ligand was
anchored on a gold substrate and served to (i) orient the immobilized target protein for precise
formation of homogeneous binding cavities and (ii) act as a binding site with high affinity and
selectivity on the MIP thin films after release of the immobilized protein. The MIP thin films
were synthesized by controlled/living radical polymerization (CLRP), which allowed for
precise control of the film thickness to optimize binding performance. A mixed self-assembled
and bromoisobutyryl groups was
constructed on the gold substrate: the former oriented the immobilization of the target protein,
and the latter initiated CLRP. The chosen model target protein and ligand were glutathione-s-
transferase-n (GST-n) and glutathione (GSH), a protein-specific ligand to GST-n. The obtained
MIP thin films of precisely controlled film thickness exhibited high affinity toward the target
protein compared to non-imprinted polymer (NIP) thin films. Protein binding selectivity was
investigated using a selectivity parameter (a) calculated by surface plasmon resonance
response with reference proteins, human serum albumin (HSA) and fibrinogen (FIB). The
results indicated that MIP film thickness affects protein binding selectivity: a polymer

monolayer comprising anchored maleimide groups

thickness of approximately 15 nm gave more selective protein binding (selectivity parameter
for a(HSA) = 0.09 and for o(FIB) = 0.30). Furthermore, we clarified that a more hydrophilic
polymer matrix in the presence of NaCl gave more selective binding of GST-n. Our findings
show that this bottom-up synthetic route has potential for facilitating the fabrication of highly
specific MIPs as artificial protein recognition materials.

template, binding cavities complementary in size and shape are
formed in the MIPs, where the target molecules can be bound with

Molecular recognition materials for specific proteins have been
attracting much attention in life science areas, including proteomics,
biomaterials, and pathological diagnosis." * Bio-based materials such
as antibodies and enzymes are commonly used as molecular
recognition materials.’® Although these bio-based materials have
highly selective binding properties, these materials are difficult to
produce and tend to be unstable and to denature. Therefore, polymer-
based artificial molecular recognition materials that can be easily
and inexpensively manufactured would be advantageous.

Molecular imprinting has exceptional potential for synthesizing
artificial molecular recognition materials with specific binding
cavities capable of recognizing target molecules.*®* Molecularly
imprinted polymers (MIPs) have been typically prepared by co-
polymerization of functional monomer(s), a co-monomer, and a
cross-linking agent in the presence of target molecules, which form a
complex with the functional monomer(s). After removal of the

This journal is © The Royal Society of Chemistry 2013

high selectivity and aftinity. MIPs targeted for specific proteins have
better chemical stability than natural antibodies and can be prepared
inexpensively and easily. They are therefore good candidates for
artificial protein-recognition materials in place of natural antibodies.
The ability of MIPs to recognize specific target proteins was
reported by several research groups.’'® However, random rotation of
the target proteins unintentionally occurred during the molecular
imprinting process, resulting in the formation of various shapes of
binding cavities (i.e., heterogeneous binding cavities) at random
positions in the MIPs. This resulted in low binding activity and
selectivity of MIPs for the target protein.

To address this problem, molecular imprinting with immobilized
template molecules on the substrate has recently been widely
studied."?® Immobilization of template molecules is an effective
method to greatly reduce random rotation during the molecular
imprinting process to provide specific binding cavities with high
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affinity and selectivity toward the target protein.'!' We also

previously reported that oriented template immobilization with
crystallized protein dramatically improves the protein binding
selectivity of MIP films compared to the use of non-crystallized
protein.'?

In order to prepare MIPs with high binding activity, it is also
important to make use of functional monomers with high affinity and
selectivity toward the target protein. These functional monomers act
as binding sites on MIPs after the removal of the template protein.
Generally, interactions between commonly used functional
monomers and target proteins are weak, as they are primarily
electrostatic and hydrophobic interactions; thus, they have a
tendency to non-specifically interact with many amino acid residues,
resulting in low protein binding selectivity by the MIP. On the other
hand, protein/ligand specific interactions make it possible to induce
high binding affinity and selectivity because the ligands interact only
with site-specific amino acid residues inside the target protein with a
high binding constant.** ** In a previous report, Haupt et al.
demonstrated the synthesis of MIP microgels as artificial enzyme
inhibitors using a benzamidine-based functional monomer, where the
benzamidine moiety acted as a protein-specific ligand for trypsin.?®

In this paper, we demonstrate a novel synthetic route for
producing MIP thin films that have high affinity and selectivity
toward a target protein. The target protein is immobilized in a
specific orientation on a gold substrate through protein/ligand
specific interactions (Figure 1). The anchored ligand has two
roles: 1) immobilizing the template protein on a gold substrate
while greatly reducing the protein’s potential for random
rotation during polymerization, and 2) acting as a binding site
after removal of the template protein, thereby allowing for high
protein selectivity.

As a model target, we selected glutathione-s-transferase-nt
(GST-n), a well-known cancer biomarker.?” 2® GST-n is
commonly used in disease diagnosis as a biomarker because the
levels of GST-n in the serum of afflicted patients who have
undergone surgery, as well as the levels in patients with either
hemolytic anemia or leukemia anemia, are increased from the
normal level. Moreover, GST-m has a specific ligand,
glutathione (GSH) which can interact with the G-site on GST-mx.
This results in a specific protein/ligand interaction between
GSH and GST-n based on site-specific interactions between
amino acid residues in the G-site (Ser A65, Arg A13, Asp B98,
Gln A64, Leu A52, Trp A38) and amine, carboxyl and amide
group moieties on the Glu, Cys and Gly residues in GSH. The
binding affinity of GSH to GST-x is 5.5%10°~1.0x10* M™!, 23!

Bindini cavity

“ ATRP
initiator

+ ™

e o) B SFAGETATRP

™07 q < rotein ~0$ o
Thiolmixture L

> > > Removal of
‘ ¢ template proteins

Mixed SAM

Au-coated
SPR sensor chip

Figure 1. Preparation of MIP thin films for GST-

Results and Discussion

The binding activity of the MIP thin films on a gold substrate was
evaluated by surface plasmon resonance (SPR). SPR allows for
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label-free measurements and detects binding behavior with high
sensitivity and accuracy. For oriented immobilization of GST-n on a
gold surface via GST-n/GSH specific interactions, a mixed self-
assembled monolayer (mixed SAM) comprising anchored maleimide
groups and bromoisobutyryl groups was used as a platform (Figure
1). The maleimide group enables the SH in GSH to bind onto the
mixed SAM. The bromo group works as an initiator for the surface-
initiated activator generated by electron transfer for atom transfer
radical polymerization (SI-AGET ATRP). This leads to precise
control of the film thickness, where the cross-linked polymer matrix
can be propagated proportionally to the polymerization time from
the mixed SAM layer on the gold substrate.**° Finally, we
investigated the influence of binding conditions (i.e., the balance
between hydrophilicity and electrostatic forces within the MIPs) on
protein binding selectivity.

Figure 2 (a) and (b) show the X-ray photoelectron spectra of S 2p
and Br 3d, respectively, of the gold substrate before and after
immersion in an ethanol solution of bis[2-(2-bromoisobutyryloxy)-
undecyl] disulfide and (11-mercaptoundec-11-
yDtetra(ethyleneglycol), which were components of the mixed SAM.
In Figure 2 (a), the S 2p peak, which was not observed before the
treatment, appeared clearly after immersion of the gold substrate.
The peak apex was observed at around 162 eV, indicating that the S
group had chemically bound to the gold substrate, whereas if the
molecules had bound physically, the apex would have appeared at
around 164 eV.*® Moreover, in Figure 2 (b), the Br 3d peak was
observed more clearly after the immersion treatment than before.

(@)S2p (b) Br 3d

Counts (Arbitrary Units)
Counts (Arbitrary Units)

.....

166 164 162 160 158 70 69 68 67
Binding energy [eV] Binding energy [eV]

Figure 2. X-ray photoelectron spectra of S 2p (a) and Br 3d (b).
solid line: after formation of mixed SAM; dotted line: before
formation of mixed SAM.

The thickness of the mixed SAM on the gold substrate was
measured by X-ray reflectometry (XRR) to be approximately 2.1 nm
(Figure Sl(a) in ESI). This value is in accordance with the
theoretical thickness of the 2-(2-bromoisobutyryloxy)-undecyl group
(ca. 2.0 nm), which should be highly ordered in a mixed SAM.
These results indicate that the designed mixed SAM was
successfully formed on the gold substrate.

Using the hydroxyl groups of the mixed SAM on the gold
substrate, maleimide groups were attached via a condensation
reaction with MAL-dPEG,-NHS in dry CH,Cl,."”” Subsequently, the
SH group on GSH reacted with the maleimide groups on the mixed
SAM via Michael addition reaction, thereby anchoring the GSH onto
the bromoisobutyrylated gold substrate. GST-m  was then
immobilized on the anchored GSH via protein/ligand specific
interactions.”® It was very important to immobilize an oriented GST-
n onto the anchored GSH to obtain highly selective MIPs using the
immobilized template on the gold substrate. To confirm that GST-n

This journal is © The Royal Society of Chemistry 2012
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was immobilized onto the gold substrate, we performed real-time
monitoring of GST-n immobilization by SPR measurements. The
amount of GST-n bound via conjugation with GSH immobilized on
a gold substrate increased as the GST-n concentration increased; the
binding constant was calculated to be 6.3x10° M (Figure S2 in
ESI). This value was comparable to that of free GSH and GST-r.%
The Scatchard plot indicated that the maximum amount of
immobilized GST-n was approximately 10 fmol/mm?® which is
approximately one sixth of the theoretical maximum binding
capacity of GST-i (66 fmol/mm?), assuming that GST-x is spherical
with a diameter of ca. 5 nm. These results suggested that anchored
GSH is an effective immobilizing ligand for GST-m on a gold
substrate, and that GST-n was successfully immobilized to the
anchored GSH on that gold substrate.

In the proposed molecular imprinting method, SI-AGET ATRP
was carried out on the bromoisobutyrylated gold substrate bearing
the immobilized GST-n, using MesTREN as a copper ligand since it
was reported to be an effective ligand for ATRP of acrylamide
monomers.””*" After the polymerization, peaks at 3420 and 3450
em! derived from NH groups of acrylamide units appeared, which
were not observed before the polymerization (Figure S3 in ESI).
Compared with the results of XPS measurements for GSH-
immobilized SAM and MIP thin films on gold substrates, new
energy bands appeared only in the Cls spectrum of the MIP thin film,
which could be derived from C=0 and C-O bonds (Figure S4 in ESI),
indicating that HEMA was copolymerized in the MIP thin film.
Moreover, the Br groups remained on the film surface even after the
polymerization.  Controlling the polymer film thickness was
critically important for the formation of appropriate binding cavities
with high binding activity. If the polymerization time was too long,
the polymer film was too thick to allow the template protein to be
washed from the polymer film in order to form binding cavities after
SI-AGET ATRP. The polymer film thickness measured by XRR
increased linearly with increasing polymerization time, reaching just
over 40 nm after 3 h (Figure 3 and Figure S1 (b-d) in ESI). These
results indicate that SI-AGET ATRP could proceed from the bromo
groups on the gold substrate, and that polymer film thickness could
be controlled by changing the polymerization time. The estimated
height of the GST-n immobilized substrate was approximately 12
nm, since the thickness of mixed SAM was approximately 2 nm, the
chain length of the linker for GST-m immobilization was
theoretically 4-5 nm, and the diameter of GST-n was ca. 5 nm.
Therefore, a MIP film thickness of approximately 12 nm should
provide the required binding cavities on the surface substrate. Since
the polymer thickness after 3 h of SI-AGET ATRP could be too
large, burying GST-m inside the polymer film, we selected a
polymerization time of 1 h for the following experiments.
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Figure 3. Time course of the film thickness formed on the GST-n-
immobilized gold substrate by SI-AGET ATRP.
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The removal of the template protein GST-n after the
polymerization was confirmed by the SPR equipment. The template
protein was washed with NaCl and SDS until the RU value became
constant. After the removal of GST-xn, the binding cavities toward
GST-n were left in the MIP thin film since the MIP thin film was
cross-linked, so that the polymer matrix was stable and could keep
its conformation after the removal of GST-n.

SPR measurements were performed to evaluate the binding
activity of the prepared MIP thin films toward GST-m. Since
selection of a running buffer is important for GST-n binding towards
MIPs, we investigated the amount of GST-n bound onto the MIP
thin films in three running buffers: 10 mM Tris-HCI pH 7.4, 10 mM
HEPES buffer pH 7.4, and 10 mM phosphate buffer pH 7.4. The
binding isotherms and Scatchard plots (Figure S5 in ESI) suggested
that the amount bound and the binding constant of GST-n toward the
MIP was largest in 10 mM Tris-HCI pH 7.4. Therefore, 10 mM Tris-
HCI pH 7.4 was selected as the running buffer. The amount of GST-
7 bound onto the MIP thin films increased with increasing protein
concentrations: the ARU/M,, value was approximately 4.3 fmol/mm?
when 1 uM GST-r was injected (Figure 4). A K, value of 6.4x10°M"
! was calculated by Scatchard analysis (Figure S6 in ESI). The plot
was observed to be linear, indicating that 1:1 binding occurred
between GST-n and the binding cavity in the MIP thin films. The
maximum amount of binding cavities in the film was calculated to
be 4.7 fmol/mmz, which is about half the amount of immobilized
GST-n before polymerization (10 fmol/mm?).
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Figure 4. Binding isotherms of GST-n towards MIP (square), NIP-
GSH (diamond) and NIP-noGSH (circle) prepared with HEMA as a
co-monomer in 10 mM Tris-HCI buffer pH7.4 (n=3).

Two non-imprinted polymer (NIP) thin films were prepared as
controls. NIP-GSH was prepared by SI-AGET ATRP with
immobilization of GSH but without immobilization of GST-n, and
NIP-noGSH was prepared without the immobilization of GSH. The
binding activities of NIP-GSH and NIP-noGSH toward GST-n were
evaluated with SPR measurements. The amount of bound GST-n
(ARU/Mw value) toward NIP-noGSH was essentially 0 at all GST-n
concentrations. In contrast, the ARU/Mw value of bound GST-n
toward NIP-GSH increased gradually with increasing concentration
of GST-m, reaching approximately 2.0 fmol/mm?” at 1 uM GST-m.
These results clearly indicated that a) GSH worked as an effective
binding site on the MIP and NIP-GSH films, and b) the non-specific
binding of GST-m on the polymer matrix could be considered
1egligible because NIP-noGSH had essentially no binding affinity
oward GST-n. The Ka value of NIP-GSH was calculated from a
Scatchard plot to be 1.4x10° M (Figure S6 in ESI), which is four
times smaller than the Ka value of MIP. The maximum amount of
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binding cavities in MIP (4.7 fmol/mm?) was also slightly larger than
the maximum amount of GST-n bound toward NIP-GSH (3.7
fmol/mm?®). The amount of anchored GSH was almost the same
between MIP and NIP-GSH before imprinting, but after the
imprinting process, MIP produced binding cavities at the GSH
anchored positions whereas NIP-GSH did not, because part of each
anchored GSH was buried in the polymer matrix during SI-AGET
ATRP. Therefore, the amount of GST-x that could bind to NIP-GSH
was smaller than with MIP. These results confirmed that binding
cavities were successfully formed in the thin film by imprinting
using the proposed synthetic route for MIP films.

Protein binding selectivity is an important functional parameter in
MIPs. In this work, human serum albumin (HSA) and fibrinogen
(FIB), which coexist with GST-n in serum or plasma, were selected
as reference proteins. In order to evaluate the protein binding
selectivity of the MIPs, SPR measurements using GST-n, HSA and
FIB were performed. Then, the selectivity parameter (o) was
calculated as an index of the selectivity, which was defined as the
ratio of a ARU/M,, value of 0.5 uM HSA or FIB to that of 0.5 uM
GST-n (M,: molecular weight). The ARU/M,, values of HSA and
FIB were approximately 0.3 fmol/mm?” and 1.9 fimol/mm?’, both of
which are smaller than that of GST-n (3.3 fmol/mm?), and the o
values were calculated to be 0.11 for HSA and 0.59 for FIB. As the
results indicate, a MIP thin film with binding selectivity toward
GST-rn was obtained using the present technique.

Minimizing non-specific binding of reference proteins (especially
FIB) to MIPs is very important for obtaining MIPs with higher
selective binding toward GST-m. The interaction between the
polymer surface and the protein occurs at the positively and/or
negatively charged regions, as well as at the neutral, hydrophilic and
hydrophobic regions.*> At pH 7.4, the carboxyl groups (Glu and Gly)
and the amino group (Glu) in GSH are, respectively, negatively and
positively-charged; therefore, GSH has an overall negative charge at
pH 7.4. Gok et al. reported more non-specific adsorption of FIB
toward a poly(HEMA-co-acrylic acid) membrane containing a
negative charge than to a nonionic poly(HEMA) at pH 7.4.** Their
work clearly indicated that the negative charge on the polymer
increased the non-specific binding of FIB toward that polymer.
Therefore, it should be possible to minimize non-specific binding of

reference proteins to MIPs by regulating the electrostatic
interactions.
5
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Figure 5. Effect of salt concentrations on the protein binding
selectivity of MIP prepared with HEMA as a co-monomer in 10
mM Tris-HCI buffer pH 7.4 with (white) or without 140 mM NaCl
(black) (n=3).

We examined the effect of salt concentration in the running buffer
used for SPR measurements on the protein binding selectivity of
MIP in the presence or absence of NaCl (140 mM). NaCl was

4| J. Name., 2012, 00, 1-3

maintained to approximately physiological concentrations. Using a
running buffer with 140 mM NaCl, the amount of FIB bound to the
MIP thin film decreased to 1.3 fmol/mm’ (a decrease of about 40%),
likely due to the NaCl decreasing the electrostatic interactions
between FIB and MIP (Figure 5). In addition, the amount of bound
HSA remained low when the running buffer contained 140 mM
NaCl. Interestingly, however, the amount of GST-t bound to the
MIP thin film increased by about 30% under these conditions. The a
values for HSA and FIB decreased to 0.09 and 0.30, respectively. In
theory, if the target proteins bound to MIP thin films through only
electrostatic interactions, the amount of bound protein should have
decreased in the presence of 140 mM NaCl. However, Figure 5
shows that the amount of bound GST-n increased, suggesting that
the GST-n/GSH specific interactions arise not only from
electrostatic interactions, but also from van der Waals forces and
hydrophobic interactions. Therefore, the salt in the running buffer
depressed only the non-specific binding of reference proteins to the
MIP thin films. Consequently, SPR binding experiments on the MIP
thin films containing ligand-based binding sites should be carried out
using running buffer containing 140 mM NaCl in order to decrease
non-specific binding of reference proteins.

The effect of MIP film thickness on protein binding selectivity
was examined (Figure 6). Before SI-AGET ATRP (GSH-
immobilized substrate), strong non-specific binding of FIB was
observed, even though the specific ligand, GSH, was present on the
surface (oysa, 0.46 and ofp, 0.68). In contrast, after 1 h of SI-AGET
ATRP, non-specific binding of both FIB and HSA decreased
remarkably and the amount of bound GST-n increased (oysa, 0.09
and o, 0.30). However, after 3 h, the affinity and selectivity were
reduced (opsa: 0.22 and app: 0.37), suggesting that a too thick
polymer film may bury GST-n immobilized by the anchored GSH,
decreasing the amount of binding cavities and/or the active GSH

molecules on the surface.

14.5 nm (1h) 38.7 nm (3h)

1
Wk A
o

ARU/Mw [fmol/mm?
— — (3] [39] (98]
o U o u o

e e
(=T )

2.1nm (0 h)

Figure 6. Effect of the MIP film thickness on the selectivity towards
GST-n (black), HSA (gray) and FIB (white) in 10 mM Tris-HCI
buffer pH 7.4 containing 140 mM NaCl (n=3). Protein concentration:
0.5 uM

We also investigated GST-n binding kinetics toward GSH-
immobilized substrate, MIP 1 h and MIP 3 h, using BIAevaluation
software. Association rate constant k, values were calculated to be
1.62x10° M's! for GSH-immobilized substrate, 7.51x10* M's! for
MIP prepared by 1 h—-SI-ATRP (MIP-1h), and 3.35x10* M's' for
MIP prepared by 3 h-SI-ATRP (MIP-3h). The K, values were
estimated from a Scatchard plot to be 1.32x10" M for the
immobilized-GSH (before polymerization, 0 h), 2.55x10° M for
MIP-1h, and 3.37x10° M for MIP-3h (Figure S7 in ESI). These
results indicated that the k£, and K, values of GST-n for GSH-

This journal is © The Royal Society of Chemistry 2012
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immobilized substrate are larger than those for MIPs, perhaps due to
the high accessibility of GST-n to the immobilized-GSH in the
absence of the polymer layer. Alternatively, it could be due to
differences between the binding mechanism of GST-m to the
immobilized-GSH and MIP thin films. The Scatchard plots for MIP
thin films maintained linearity for all protein concentrations tested,
indicating that the GST-n binding mechanism towards MIP thin
films is likely simple 1:1 binding, since the polymer layers prevent
cross-talk between the binding cavities. On the other hand, the
Scatchard plots for GSH-immobilized substrate could be separated
into two linear plots, indicating the existence of two binding
mechanisms. GST-x has two G-sites capable of GSH binding on the
plane-symmetrical position (Protein Data Bank ID: 7gss). Therefore,
GST-n binding behavior toward GSH-immobilized substrate
presumably does not follow a simple 1:1 binding mechanism but
rather a multi-point binding mechanism. It is likely that one
anchored GSH first binds to a G-site followed by other GSH
molecules binding to other G-sites, providing an apparently large
association constant compared to that for MIP thin films.

In contrast, the protein binding selectivity of the immobilized-
GSH was lower than that of the MIPs. These results indicate that a
polymer layer of appropriate thickness is crucial for high affinity and
selectivity; consequently, controlling polymer thickness is critical for
precise molecular imprinting. Our approach used mixed SAM
comprising bromo groups (initiator for SI-ATRP) and GST-n
attached via oriented immobilized GSH. This could provide more
precise control of film thickness compared to previously reported
approaches” because earlier techniques applied SI-ATRP to
randomly positioned polymer chain end bromo groups on the core
particles. In addition, in these earlier approaches, the immobilizing
template was not always oriented because the orientation of the
immobilized ligand was most likely disordered at the surface of the
core particle.

Finally, we tried to decrease non-specific binding of the reference
proteins by increasing the hydrophilicity of MIP thin films, since
several groups have been reported that highly hydrophilic polymer
films have low non-specific binding properties.** * N-
[Tris(hydroxymethyl)methyl]acrylamide (THMA) was selected as
the co-monomer instead of HEMA, as THMA is more hydrophilic
than HEMA; the log P value of HEMA is 0.54 and of THMA is -
2.19, as estimated by PALLAS 3.0 (CompuDrug Chemistry Ltd.).
The water contact angle was also lower in MIP thin film prepared
with THMA than that prepared with HEMA, indicating that use of
THMA as a comonomer resulted in the higher hydrophilic MIP thin
film. (Figure S8 in ESI) When MIP and NIP-GSH were prepared
with THMA, the binding constant of MIP was larger than that of
NIP-GSH (Figure S9 in ESI), indicating that binding cavities were
formed in the MIP prepared with THMA, similar to HEMA-based
MIP thin film. The binding behavior of MIP prepared with THMA
was examined using the three proteins. Although the amount of
GST-n bound was approximately halved by changing the co-
monomer from HEMA to THMA, the selectivity was improved; in
particular, app decreased from 0.30 to 0.17 (Figure S10 in ESI).
These results suggested that non-specific binding of FIB was
prevented by using a more hydrophilic co-monomer, and the binding
selectivity was improved.

Conclusions

We have demonstrated the strategy of bottom-up fabrication of
MIP thin films with oriented immobilized target protein using
protein/ligand specific interactions between the target protein (GST-
m) and the anchored ligand (GSH) on a gold substrate. GSH fulfilled
two important roles: (i) it oriented GST-n during the imprinting
process, and (ii) it allowed for the creation of binding sites in the

This journal is © The Royal Society of Chemistry 2012
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imprinted cavities toward GST-r after the removal of the template
GST-n. The obtained MIP thin films had high affinity and selectivity
toward the target protein compared with NIP thin films, confirming
that the imprinting effect was clearly derived from the proposed
strategy. In addition, MIP thin films showed specific recognition for
the target protein, showing that controlled film thickness is an
important factor for binding selectivity. SI-AGET ATRP facilitated
control of the MIP film thickness, resulting in the formation of
imprinted cavities appropriate in size for the target protein and
providing improved protein binding selectivity. We also clarified
that non-specific binding of the reference proteins could be
depressed by the addition of NaCl to the buffer solution without
compromising specific binding toward GST-n. Moreover, non-
specific binding could be depressed by increasing the hydrophilicity
of the MIP thin films using a more hydrophilic co-monomer,
resulting in enhanced selectivity. From these results, our novel
molecular imprinting synthetic route utilizing an anchored specific
ligand shows promise as an effective method for synthesizing
protein-imprinted thin films with high affinity and selectivity toward
a target protein. This approach can now be readily applied to various
pairs of biologically important protein-ligand specific interactions.

Experiments

Materials

Ethanol, CuBr,, L-ascorbic acid, 2-hydroxyethyl methacrylate
(HEMA), ethylene diamine tetraacetic acid tetrasodium (EDTA-
4Na) and human serum albumin (HSA) were purchased from
Nacalai  Tesque  (Kyoto,  Japan). Acrylamide,  N,N’-
methylenebisacrylamide (MBAA), and dichloromethane (Super
Dehydrated or Wako 1st Grade) were purchased from Wako Pure

Chemical Industries (Osaka, Japan). Wako 1st Grade
dichloromethane was distilled before use. N-
[Tris(hydroxymethyl)methyl]acrylamide (THMA), bis[2-(2-

bromoisobutyryloxy)-undecyl] disulfide, (11-mercaptoundec-11-
yDtetra(ethyleneglycol), glutathione-s-transferase-n (GST-m), tris-
(dimethylamino)ethyllJamine ~ (MesTREN) and  L-glutathione
(reduced form) (GSH) were purchased from Sigma—Aldrich
(USA). Fibrinogen from human plasma was purchased from
Calbiochem.  N-hydroxysuccinimidyl-15-(3-maleimidopropionyl)-
amido-4,7,10,13-tetraoxapentadecanoate (MAL-dPEG,-NHS ester)
was purchased from Toyobo Co., Ltd. (Osaka, Japan). All water
used was obtained from a Millipore Milli-Q purification
system. Au-coated SPR sensor chips (superficial area: 120 mm?)
were purchased from GE Healthcare (Tokyo, Japan). Au substrates
for X-ray photoelectron spectroscopy (XPS) and X-ray
reflectometory (XRR) measurement were purchased from JASCO
Corporation (Tokyo, Japan).

Apparatus

X-ray photoelectron spectra were obtained using XPS (JPS-
9010MC, JEOL Ltd., Tokyo, Japan and PHI X-tool, ULVAC-PHI
Inc., Kanagawa, Japan). Polymeric films thicknesses were measured
using XRR (SmartLab 3kW, Tokyo, Japan). Surface Plasmon
resonance (SPR) measurements were performed on a Biacore 3000
(GE Healthcare Japan, Tokyo, Japan).

Preparation of the mixed self-assembled monolayer (mixed
SAM)

Typical procedure is as follows. Au-coated SPR sensor chips
were rinsed with ethanol and distilled water, then cleaned by UV-O,
treatment (20 min) or Ar etching (5 mA, 10 sec). The cleaned
substrates were immersed in an ethanolic solution of 0.5 mM bis[2-
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(2-bromoisobutyryloxy)-undecyl] disulfide and 0.5 mM (11-
mercaptoundec-11-yl)tetra(ethyleneglycol) for 24h at
25°C. Afterwards, the mixed SAM-formed SPR sensor chips were
thoroughly washed with ethanol and distilled water, dried in a stream
of nitrogen, and stored under vacuum pressure.

Maleimidation of the mixed SAM

The mixed SAM-formed SPR sensor chips were immersed in a
dried CH,Cl, solution containing 5 mM MAL-dPEG,-NHS ester
overnight at 25°C for maleimidation on the surface of the mixed
SAM. After maleimidation, the chips were washed with dried
CH,Cl,, ethanol, and distilled water and dried in a stream of
nitrogen.

Immobilization of L-glutathione (GSH) on the maleimidated
mixed SAM

The maleimidated SPR sensor chips were incubated for 2 h in 15
mM PBS buffer (pH 7.4) containing GSH (1 mg/mL, reduced form)
at 25°C to yield GSH-attached mixed SAM surfaces. The chips
were rinsed with distilled water and dried in a stream of nitrogen.

Immobilization of GST-n

The GSH-attached SPR sensor chips were submerged in a 100
pg/mL GST-n solution in a 15mM PBS buffer (pH 7.4) for 1h at
25°C to immobilize GST-n by protein/ligand interactions.  The
chips were then rinsed with distilled water and dried in a stream of
nitrogen.

Preparation of MIPs by SI-AGET ATRP

Typical procedure of preparation of MIPs by SI-AGET ATRP is
as follows. Co-monomers acrylamide (4.5 mM) and HEMA (445.5
mM), which play the role of controlling the degree of cross-linkage
and hydrophilicity of the polymer film, MBAA (50 mM), CuBr, (10
mM), and MesTREN (10 mM) were dissolved in 10 mM HEPES
buffer (pH 7.4). GST-n immobilized SPR sensor chips were fixed
in a Teflon cell and submerged in this pre-polymer solution so that
only one surface of the sensor chip was exposed to the
solution. They were then thoroughly purged by vacuum pressure
then flushed with nitrogen gas. A degassed 10 mM HEPES buffer
(pH 7.4) containing ascorbic acid (10 mM) was added via syringe to
this solution. The solution was degassed, and polymerization was
induced in a water bath at 40°C for 1h. For the THMA-based
polymer, 15 mM PBS buffer (pH 7.4) was used as a solvent and SI-
AGET ATRP was carried out for 3h at 30°C. After polymerization,
the chips were washed with pure water and submerged in 1M
EDTA-4Na aqueous solution for 4h to remove the Cu(Il) ions
remaining in the polymeric thin films, and then the chips were
washed with pure water and dried in a stream of nitrogen. The
template protein was removed using 1M NaCl, 0.5 w% SDS or 0.5
w% SDS containing 150 mM NaCl using the SPR equipment until
the RU value became constant.

Preparation of non-imprinted polymers (NIPs); NIP-GSH and
NIP-noGSH by SI-AGET ATRP

NIP-GSH was obtained using the same conditions as SI-AGET
ATRP preparation, but without the immobilization of GST-n. NIP-
noGSH was also obtained using the same conditions as SI-AGET
ATRP preparation, but without the immobilization of GSH and
GST-n.

XPS measurements
The formation of the mixed SAM on a gold substrate (glass-Cr
(40 nm)-Au (50 nm) was evaluated by XPS (JPS-9010MC). The
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conditions of the XPS measurements were as follows: source: Mg
Ka (10 kV, 20 mA); takeoff angle: 60°; initial survey scans: 0-1000
eV binding energy. Compositional survey and detail scans for S2p
and Br 3d were acquired using a detector pass energy of 30 eV
centered at the binding energies of 162 and 69 eV,
respectively. GSH-immobilized substrates and MIP thin films were
evaluated by XPS (PHI X-tool). The conditions of the XPS
measurements were as follows: source: Al Ka (20 kV, 101 W);
takeoff angle: 45°. Compositional survey scans were carried out 0-
1000 eV binding energy using a detector pass energy of 69 eV.
Narrow scans for O s, C 1s, N 1s, S 2p, and Br 3d were acquired
using a detector pass energy of 112 eV.

XRR measurements

The thicknesses of the MIP polymer thin films consisting of
acrylamide, HEMA and MBAA prepared by SI-AGET ATRP were
measured by XRR. The conditions of XRR were as follows: source:
CuKoa,; radiation, A=0.154 nm; measured area: 1.0x1.0 cm; angle
range (20): 0.0-6.0°. Obtained oscillation patterns of X-ray
reflective profiles were analyzed by X-ray reflectivity analysis
software GXRR with Parratt theory, and the parameters (thickness,
density, and interfacial roughness) of thin films were determined.*

SPR measurements

GST-n, HSA and Fib (0-1.0 uM), each dissolved in 10 mM Tris-
HCI buffer (pH 7.4) with and without 140 mM NaCl, were used for
these experiments. Flow rate was 20 pL/min and injection volume
was 20 pL. Regeneration solutions were selected appropriately
from the following candidates: 1M NaCl,g, 0.5 w% SDSaq, 0.3 w%
SDS,q, 0.5 w% SDS + 150 mM NaCl,g, and 0.075 w% SDS + 150
mM NaCl,,. The optimal regeneration solutions were injected once
or twice for 30 sec or 60 sec until protein RU intensity signals
reached a steady RU value. The amount of bound protein was
calculated from the signal intensity (resonance units, RU; 1 RU
corresponds to about 1 pg/mm? of bound protein *’ at 150 sec after
protein injection). All binding experiments were repeated three
times. Binding isotherms were drawn using ARU values for each
protein concentration.

SPR sensorgrams of GST-n toward GSH-immobilized substrate
and MIPs were kinetically analyzed by using BIAevaluation
software with fitting formula as follows.

Dissociation area: RU = RUj x exp {-kq (t-ty)}9 + Offset
Association area: RU ={k,CR . / (k,Ctky)} *x {1 —exp (-k,C + ky)
(t-tg)} + RI

RU is resonance units of each instant of time t, RU, is the RU
value at the commencement of dissociation starting, ky is
dissociation ratio constant, t, is the dissociation starting time in the
dissociation area and the association starting time in the association
area, Offset and RI are bulk effect RU values, k, is the association
ratio constant, C is the injected protein concentration, R, is the
theoretical maximum response.
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