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Molecular recognition is one of the key factors in designing
biosensors due to which nanowires functionalized with molecular
recognition have attracted a lot of attention as promising
candidates for nanostructures embedded in biosensors. However,
the difficulty in real-world applications with analytical specificity is
that molecular recognition on nanowires mainly depends on anti-
body modification with multistep modification procedures. Fur-
thermore, the antibody modification suffers from nonspecific ad-
sorption of undesired proteins in body fluid on the nanowires,
which causes false responses and lowers sensitivity. Herein, we
propose biomolecular recognition using surface-modified nano-
wires via thiolated 2-methacryloxyethyl phosphorylcholine (MPC-
SH). MPC-SH enables self-assembled monolayer (SAM) modifica-
tion, which contributes to the reduction of nonspecific adsorption
of biomolecules onto the nanowires, and the specific capture of a
target protein is attained in the presence of calcium ions. Our con-
cept demonstrates the recognition of the biomarker protein on
nanowire surfaces modified by MPC-SH SAM with a single step
modification procedure.
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Introduction

Molecular recognition is one of the key factors in biosensor
design, and it is realized via specific biomolecular interac-
tions.! Biosensors are used to diagnose health conditions via
sensor biomolecules,”* and their concentrations in biological
fluids are indicators of cancer, inflammation and lifestyle dis-
eases. Since biosensors detect targeted biomarker molecules
by converting binding events into signals, molecular recogni-
tion function on a sensing part is essential for analytical spec-
ificity. In recent years, nanostructure-embedded biosensors
have been developed towards miniaturization, label-free de-
tection and high sensitivity."” Accordingly, nanostructures
with molecular recognition functions have become more
important.®* ' However, the difficulty in real-world applica-
tions with analytical specificity is that molecular recognition
on the nanostructures mainly depends on antibody modifica-
tion via multistep modification procedures. Furthermore, the
antibody modification suffers from nonspecific adsorption of
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Fig. 1 (a) An illustration of MPC-SH SAM-modified nanowires in a
microchannel. (b) An illustration of CRP recognition of MPC-SH SAM-
modified nanowires. (c) Molecular formula of MPC-SH SAM on the Au-
sputtered nanowires. Phosphorylcholine groups specifically interact
with CRP in the presence of calcium ions.
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undesired proteins in body fluids on the nanostructures,"**?
which leads to false responses and decrease in sensitivity."* A
molecular recognition methodology for the capture of a target
analyte on nanostructure surfaces instead of antibodies is
desired.

Herein, we propose a biomolecular recognition methodol-
ogy using thiolated 2-methacryloxyethyl phosphorylcholine
(MPC-SH)-modified nanowires for the capture of a target ana-
lyte on the nanowire surface instead of primary antibodies
(Fig. 1). Nanowires were chosen because they are promising
candidates as nanostructure-embedded biosensors with the
advantage of a high surface-to-volume ratio.'>>> The nano-
wires were treated by MPC-SH, which enabled the spontane-
ous formation of a self-assembled monolayer (SAM) in a sin-
gle step process. Generally, SAM modification provides
covalent coatings on noble metal surfaces, which have higher
thermal and chemical stabilities in comparison with antibody
coatings. Furthermore, MPC-SH SAM can reduce nonspecific
adsorption of biomolecules. In the presence of calcium ions,
the specific capture of human C-reactive protein (CRP) can
be achieved via the zwitterionic phospholylcholine (PC) group
present in MPC-SH.>*° CRP is a general nonspecific inflam-
matory biomarker protein, and its systemic concentration
dramatically increases 100 to 1000 times during the acute
phase of inflammation and infection. Therefore, CRP detec-
tion can be used directly to assess disease initiation, severity,
and progression.’*®® In this study, we demonstrate that
MPC-SH SAM-modified nanowires show specificity in biomo-
lecular recognition for CRP detection.

Experimental

Fabrication of MPC-SH SAM-modified nanowires inside a
microchannel

A microchannel (W, 200 pm; L, 1.5 cm; D, 22 um) was fabri-
cated by conventional photolithography and deep reactive
ion etching (DRIE) techniques. 1,1,1,3,3,3-Hexamethyl-
disilazane (OAP, Tokyo Ohka Kogyo Co., Ltd.) and OFPR8600
(Tokyo Ohka Kogyo Co., Ltd.) were spin-coated on an Si sub-
strate (Advantech Co., Ltd.), and the microchannel pattern
was formed by photolithography. The microchannel was
etched using a DRIE apparatus (MUC-21, Sumitomo Precision
Production Co., Ltd.). The DRIE process consisted of the fol-
lowing steps, which were repeated 30 times: isotropic etching
by SFs plasma; forming a fluorocarbon sacrificial layer by
C,Fg plasma; and anisotropic etching by Ar plasma. Then,
MPC-SH SAM-modified nanowires were fabricated inside the
microchannel. For the fabrication of ZnO nanowires, a 100
nm ZnO layer was formed using a sputtering apparatus (SC-
701Mk Advance, Sanyu Electron Co., Ltd.) on the bottom of
the microchannel surface, and it was used as a template for
ZnO nanowires during hydrothermal synthesis. Next, the sub-
strate with the microchannel having the ZnO layer was im-
mersed into the nanowire hydrothermal growth solution (40
mL), which was a mixture of 40 mM hexamethylenetetramine
(HMTA, Wako Pure Chemical Industries, Ltd.) and 40 mM
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zinc nitrate hexahydrate (Thermo Fisher Scientific Inc.); this
mixture was heated at 95 °C for 3 hours.>”*® After washing
with pure water, an Au layer was sputtered on the ZnO nano-
wires to obtain SAM. The Au sputtering at a rate of 89 nm
min" on a flat substrate was performed for 60 s. The positive
photoresist layer was removed by immersing the substrate
with the Au-coated nanowires and microchannel into Strip-
per104 (Tokyo Ohka Kogyo Co., Ltd.) at 75 °C for 30 min.
Next, MPC-SH was dissolved in pure water, and the substrate
with the Au-coated nanowires and microchannel was put into
this MPC-SH solution for 1 h at room temperature and in the
dark. After that, the substrate was removed from the solution
and washed using pure water. The substrate with the Au-
coated nanowires and microchannel was covered with a poly-
dimethylsiloxane (PDMS) sheet. The PDMS sheet was pre-
pared using Silpot184 (Dow Corning Toray Co., Ltd.) and Cat-
alyst Silpot184 (Dow Corning Toray Co., Ltd.), and it had a
¢1.5 mm inlet and ¢1 mm outlet (Fig. S17).

Analysis by FESEM, FESEM-EDS, FT-IR and AFM of MPS-SH
SAM-modified nanowires in a microchannel

Top and cross-sectional images of ZnO nanowires and the
substrate with Au-coated nanowires in the microchannel were
obtained using a field emission scanning electron micro-
scope (FESEM) (Supra40Ovp, Carl Zeiss AG). The diameter,
length and orientation angle of each nanowire were mea-
sured from FESEM images using the image processing soft-
ware Image]J.

Elemental mappings of ZnO nanowire and Au-coated
nanowire substrates were performed using FESEM (JSM-
7610F, Jeol) equipped with the energy dispersive X-ray
spectrometer (EDS) function. An accelerating voltage of 15 kv
was chosen to obtain the cross-sectional images. The images
were 512 x 384 pixels, and the delay time for each pixel was
0.1 ms. The images were integrated for 100 cycles. Zn Ka
(1.012 eV), O Ka (0.525 eV) and Au Mo (2.120 eV) were cho-
sen to construct each image.

Fourier transform infrared (FT-IR) spectra of solid state
MPC-SH solution containing 100 mM MPC-SH in pure wa-
ter and MPC-SH SAM-modified nanowire substrate were
measured using an FT-IR spectrometer (Nicolet iS50,
Thermo Fisher Scientific Inc.) equipped with a built-in di-
amond-attenuated total reflection (ATR) module. ATR mea-
surements were performed for solid state MPC-SH and
100 mM MPC-SH aqueous solutions. A deuterated
triglycine sulfate (DTGS) detector was used for the ATR
measurements with 500 scans and 4 cm™' resolution. The
substrate with MPC-SH SAM-modified nanowires was mea-
sured in the transmission mode using an HgCdTe (MCT)
detector. The spectrum was obtained from 1000 scans and
4 cm™' resolution. Transmission measurements were
performed under an N, atmosphere at room temperature.
The substrate with Au-coated nanowires was used for
background  correction of MPC-SH  SAM-modified
nanowires.

This journal is © The Royal Society of Chemistry 2018
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Atomic force microscopy (AFM) observation was
performed using SPA400 and SPI3800N systems (Seiko Instru-
ments Inc.) to confirm whether MPC-SH could be modified
in a self-assembled monolayer. For this experiment, flat sub-
strates with an Au layer before and after MPC-SH treatment
were prepared. Imaging was conducted in the dynamic force
mode using a silicon cantilever SI-DF20 (Seiko Instruments
Inc.) with a resonance frequency of 125 kHz.

CRP assay using MPS-SH SAM-modified nanowires in a
microchannel

Assay buffer for CRP capture was prepared by dissolving 1
mM CacCl, into 2-(N-morpholino)ethanesulfonic acid (MES)
buffer (10 mM MES, 100 mM NaCl, pH 5.5). The 2 pL sample
solution with 21 pg mL™ CRP (C-reactive protein from hu-
man plasma, Sigma-Aldrich Co. LLC.) diluted in the assay
buffer was introduced into the microchannel with the MPC-
SH SAM-modified nanowires by using an aspirator (VACUSIP,
Scitech Co., Ltd.). After 30 min incubation at room tempera-
ture, the microchannel was washed first with wash buffer
(MES buffer, 1 mM Ca** and 0.5% Tween20) and then assay
buffer. Two ul primary antibody (50 ug mL™, anti-C reactive
protein antibody, ab31156, Abcam plc.) was introduced into
the microchannel and after 30 min incubation, the micro-
channel was washed again with wash buffer and then assay
buffer. Two pL secondary antibody with DyLight 650
fluorescence-labeling (50 ug mL™, goat anti-rabbit IgG Fc
(DyLight® 650) preadsorbed, ab98465, Abcam plc.) was also
introduced, incubated and washed following the same proce-
dures as those used for the primary antibody. The micro-
channel was filled with assay buffer to observe it with a fluo-
rescence microscope (ECLIPSE Ti, Nikon Co.). Fluorescence
intensity was measured from fluorescence images obtained
for the inside of the microchannel by the image processing
software Image].

Results and discussion
MPC-SH SAM-modified nanowires in a microchannel

MPC-SH SAM-modified nanowires in a microchannel were
fabricated (Fig. S1t). For the ZnO nanowire fabrication in the
microchannel, we sputtered the ZnO layer onto the micro-
channel bottom surface following microchannel fabrication.
The nanowires were hydrothermally grown using several ZnO
layers with various thicknesses, which are known to affect
ZnO grain sizes,” and they also acted as templates for the
ZnO nanowire during hydrothermal synthesis. This allowed
rough control of the ZnO nanowire length, diameter, and ori-
entation angle (Fig. 2). A thicker ZnO layer (larger grain size)
resulted in a shorter length and larger diameter of ZnO nano-
wires. To obtain the most oriented nanowire for a uniform
Au-sputtered layer, we decided to use the 100 nm ZnO seed
layer in the following analyses. FESEM observation revealed
that the ZnO nanowires inside the microchannel had an aver-
age length of 824 nm and a diameter of 61 nm (Fig. 2a-i).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) FESEM images of (i) ZnO nanowires and (ii) Au-coated ZnO
nanowires (left images, top view; right images, cross-sectional view;
scale bars, 200 nm). (b) Images of elemental mapping of (i) ZnO nano-
wires and (ii) Au-coated ZnO nanowires from top to bottom: SEM, O
Ka, Zn Lo, Au Ma, merged (scale bars, 1 um). The merged images were
obtained from Zn La (green) and Au Ma (red) images. (c) FT-IR spectra
of MPC-SH solid powder (red) and MPC-SH (100 mM) in pure water
(blue), MPC-SH SAM-modified nanowires (black) and MPC-SH-treated
ZnO nanowires without Au layer (green). Both MPC-SH samples were
measured by ATR, and MPC-SH SAM modified nanowires and ZnO
nanowires were measured in the transmission mode.

After Au was coated onto ZnO nanowires (Fig. 2a-ii), ele-
mental mappings revealed that around one third of the nano-
wires had an Au layer from the nanowire tips (Fig. 2b). The
other two-thirds of the nanowires from the nanowire bases
might have clusters of Au atoms, rather than a layer, and a
few clusters were found at the base of the nanowires. Also,
the nanowire tip diameters increased in response to in-
creased sputtering time (0, 15, 30, and 60 s) (Fig. S37). These
results were interpreted from sputtering behavior.*’

MPC-SH SAM-modified nanowires were obtained by
treating Au-coated ZnO nanowires with MPC-SH. The modi-
fied nanowires showed several peaks in their FT-IR spectrum
(Fig. 2c). These peaks corresponded to those for MPC-SH
solid powders and MPC-SH (100 mM) in pure water. There-
fore, we confirmed that the Au-coated nanowires were modi-
fied by the MPC-SH layers. Some specific peaks were mea-
sured at 1716, 1255, 1077 and 953 cm™’, indicating C=O0,
P=—O0, and two P-O-C stretching modes, respectively. The
C=0O0 stretching mode was assigned to the ester group, and
the P—=0 and P-O-C stretching modes originated from the
phosphate ester functional group. On the other hand, ZnO
nanowires treated with MPC-SH had no distinct peaks from
MPC-SH in the FT-IR spectrum due to lack of Au layers
(Fig. 2c). Therefore, we concluded that MPC-SH was selec-
tively attached via Au-S linkage on the Au-coated nanowires.

The AFM measurement of flat substrates with an Au layer
before and after MPC-SH treatment revealed that the Au layer

Lab Chip, 2018, 18, 3225-3229 | 3227
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had many grains due to sputtering. In addition, the sizes of
the Au grains of Au/ZnO/Si substrates before and after MPC-
SH modification were almost identical (Fig. S47), suggesting
that MPC-SH modification resulted in a molecularly thin
layer. Additionally, the root mean square (RMS) values of the
substrates before and after modification were 1.35 and 1.24
nm, respectively. We understand that the minor change in
RMS values before and after modification is derived from the
few occurrences of MPC-SH aggregations on the Au surface.
These results support the successful formation of MPC-SH
SAM on the Au-coated nanowires.

CRP assay using MPC-SH SAM-modified nanowires in a
microchannel

The MPC-SH SAM-modified nanowires enabled selective cap-
ture of CRP in the presence of calcium ions. We introduced
CRP and calcium ions, followed by labelling with primary
antibodies and secondary antibodies with fluorescence dyes
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Fig. 3 (a) Schematic illustration of CRP assay using MPC-SH SAM-

modified nanowires in a microchannel: (i) CRP introduction and cap-
ture onto the nanowires in the presence of calcium ions; (ii) CRP
tagged by primary antibody; and (iii) fluorescent labelling by secondary
antibody. (b) (i) Fluorescence images (scale bars, 200 pum) and (ii)
fluorescence-based evaluation of CRP capture by the SAM-modified
nanowires (SAM + Ca®* + CRP), the Au-coated nanowires (w/o SAM),
the SAM-modified nanowires without calcium ions (w/o Ca*), and the
SAM-modified nanowires without CRP (w/o CRP). In the fluorescence-
based evaluation, the background was defined as w/o CRP. The hori-
zontal red dotted lines show the signal level at 3 standard deviations
above the background (3SD). Error bars show the standard deviation
for a series of measurements (N = 3).
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for the CRP assay (Fig. 3a). The CRP assay was performed un-
der four sets of conditions: (I) with SAM, Ca®>" and CRP; (II)
without SAM; (III) without Ca**; and (IV) without CRP
(Fig. 3b). We confirmed the increase in fluorescence intensity
for (I) and (II). However, (II) represents the original Au-coated
nanowires, which should inevitably cause nonspecific adsorp-
tion of CRP on their surfaces due to lack of antifouling abil-
ity. From the low fluorescence intensities at (III) and (IV), we
inferred that the MPC-SH SAM-modified nanowires did not
exhibit CPR recognition ability in the absence of calcium
ions, and nonspecific adsorption of CRP was also
suppressed.>>*>*® Therefore, only condition (I) (with SAM,
Ca”" and CRP) exhibited successful CRP assay.

The suppression of nonspecific adsorption by the MPC-SH
SAM-modified nanowires is due to the PC groups. The zwit-
terion in the PC group forms a strong hydration layer via
electrostatic interactions, and this hydration layer enables
the repulsion of proteins at the SAM/solution interface.*"*>
Furthermore, the PC group provides recognition of CRP with
the aid of calcium ions. The PC-binding site in CRP is coordi-
nated and activated by two calcium ions.>” This leads CRP to
be recognized by the PC groups in MPC-SH.>® Due to these
reasons, MPC-SH SAM enables the suppression of
nonspecific absorption and promotion of CRP recognition in
the presence of calcium ions.

Conclusions

Herein, we demonstrated biomolecular recognition of a tar-
get protein on nanowire surfaces modified by MPC-SH SAM
instead of primary antibodies. MPC-SH SAM was chemically
attached to the Au-coated nanowire surfaces by a single pro-
cess. The surface modification enabled the recognition of
CRP with calcium ions and reduced nonspecific adsorption.
We believe that the presented methodology will provide a
new strategy in the development of nanostructure-embedded
biosensors without the use of antibodies. To make full use of
the potential of SAM modification proposed in this paper,
complete antibody-free detection is very important because
antibodies for fluorescence-based labelling were used for de-
tection in this paper. Recently, nanowire-embedded biosen-
sors have been developed for label-free detection,®'>?° and
the SAM-modified nanowires proposed in this paper have the
potential to be utilized in the biosensors for biomolecular
recognition on the nanowire surfaces, which enables
completely label-free detection without the use of antibodies.
This paper demonstrates the application potential for label-
free detection via a nanowire-embedded biosensor, and the
key achievement is biomolecular recognition on the nanowire
surface modified by MPC-SH SAM instead of primary
antibodies.
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