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a b s t r a c t

Label-free-based detection is pivotal for real-time monitoring of biomolecular interactions and to
eliminate the need for labeling with tags that can occupy important binding sites of biomolecules. One
simplest form of label-free-based detection is ultraviolet–visible–near-infrared (UV–vis–NIR) spectro-
scopy, which measure changes in reflectivity as a means to monitor immobilization and interaction of
biomolecules with their corresponding partners. In biosensor development, the platform used for the
biomolecular interaction should be suitable for different molecular recognition elements. In this study,
gold (Au)-coated polycarbonate was used as a platform and as a proof-of-concept, erythropoietin (EPO),
a doping substance widely abused by the athletes was used as the target. The interaction of EPO with its
corresponding molecular recognition elements (anti-EPO monoclonal antibody and anti-EPO DNA
aptamer) is monitored by UV–vis–NIR spectroscopy. Prior to this, to show that UV–vis–NIR spectroscopy
is a suitable method for measuring biomolecular interaction, the interaction between biotin and
streptavidin was demonstrated via this strategy and reflectivity of this interaction decreased by 25%.
Subsequent to this, interaction of the EPO with anti-EPO monoclonal antibody and anti-EPO DNA
aptamer resulted in the decrease of reflectivity by 5% and 10%, respectively. The results indicated that
Au-coated polycarbonate could be an ideal biosensor platform for monitoring biomolecular interactions
using UV–vis–NIR spectroscopy. A smaller version of the Au-coated polycarbonate substrates can be
derived from the recent set-up, to be applied towards detecting EPO abuse among atheletes.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Label-free-based monitoring of biomolecular interactions is a
popular alternative to label-associated procedures (e.g., fluorescence,
luminescence, and radioactivity). Label-free methods avoid the need
for labeling with tags that can occupy important binding sites of the
biomolecules. One promising label-free methodology is ultraviolet–
visible–near-infrared (UV–vis–NIR) spectroscopy, which measures
the reflectivity and scattering of light from the substrate surface as
a function of wavelength. Each material has a distinct reflectivity
spectrum due to the thickness, refractive index, and absorption

coefficient of the substrate. Thus, adsorption of molecular recognition
elements (MREs) on the substrate surface (for example gold) and the
subsequent interaction of the MRE with the target alter the reflec-
tivity, which can be tracked in real time. MREs are biomolecules (e.g.,
DNA, RNA, or protein) that can bind a target with high affinity and
specificity. Antibodies are widely used due to their molecular
recognition properties and because they can be generated against
any target molecule that can elicit immunogenicity. Another group of
MREs, termed aptamers, is specific nucleic acid sequences that can
bind a wide variety of targets with high affinity and specificity [1].
This class of molecules is generated by a Systematic Evolution of
Ligands by Exponential Enrichment (SELEX) system and can be raised
against any target molecule (including non-immunogenic molecules)
[2–5]. Implementation of these MREs in biosensor development
requires suitable platforms for molecular immobilization.

The platform chosen must be able to correctly orientate
biomolecules for immobilization onto its surface. As the most
electronegative metal, gold (Au) meets this criteria. Au is easily
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prepared and can be patterned using a combination of lithographic
tools and chemical etchants. In addition, the optical, electronic,
and magnetic properties of Au are in sync with the optimum
biomolecular interactions (DNA/RNA/protein), which makes Au
the preferred platform in the field of nanoscience and nanotech-
nology. However, in order to use an Au layer as the platform for
immobilization of both antibodies and aptamers, solid support for
the layer is needed. Because Au can be easily removed when
treated with buffering solution [6], the solid support must be very
resistant to chemical reaction. Moreover, it needs to be light and
inexpensive to produce. Polycarbonate appears to be a suitable
material to provide solid support to Au for immobilization of
biomolecules.

In this study, we developed an Au-coated polycarbonate sensor
platform and used UV–vis–NIR spectroscopy to measure the
interaction between MREs (an anti-erythropoietin (EPO) antibody
and an anti-EPO DNA aptamer), which were immobilized on the
surface of the platform, with the target EPO. These MREs are useful
for capturing and detecting the presence of EPO. As a glycoprotein
hormone produced by the kidney, EPO is the erythropoietic
growth factor responsible for erythroid differentiation, survival,
and proliferation [7]. With the advent of recombinant DNA
technology, the gene that encodes EPO (located on chromosome
7) was cloned and expressed in a Chinese hamster ovary cell line
to produce recombinant human EPO (rHuEPO). This substance,
which is used for the treatment of patients with renal failure, has
been illegally used in endurance sports to improve the oxygen
carrying capacity of blood [8]. The use of performance enhancing
drugs, known as doping, gives athletes an unfair advantage
over their competitors. Thus, drug testing of athletes is needed
to ensure an even playing field. Developing a sensing system
equipped with a simple form of detectionwould aid in detection of
EPO abuse by athletes and would likely prove useful for many
other types of analysis. Our proposed biosensor based on MREs
against EPO should facilitate specific detection and capture of EPO.

2. Materials and methods

2.1. Materials

Anti-EPO monoclonal antibody and recombinant human EPO
alpha (rHuEPO-α) were obtained from ProSpec-Tany TechnoGene
Ltd. (Ness-Ziona, Israel). AuNPs (40 nm diameter) were purchased
from BBInternational (Cardiff, UK), and 40 nm AuNP-streptavidin
conjugates (15 O.D.) were acquired from BioAssay Works (Maryland,
USA). Ethanolamine, 3,30,5,50-tetramethylbenzidine (TMB) substrate,
N-hydroxysuccinimide (NHS), 16-mercaptohexadecanoic acid (MHA),
and 1-ethyl-3-[3–dimethylaminopropyl] carbodiimide hydrochloride
(EDC) were purchased from Sigma Aldrich (St. Louis, USA). Anti-EPO
DNA aptamers (previously generated against rHuEPO-α) tagged with
poly dA24 [5], biotin conjugated to thiolated poly dT10 (biotin-dT10-
thiol) and thiolated poly dT20 were commercially synthesized (Tsu-
kuba Oligo Service (Tsukuba, Japan)). Polyvinylidene fluoride (PVDF)
membranes (85�90 mm2) and 5%–20% gradient polycarylamide gel
(SuperSep™ 5%–20% gel) were purchased from Atta (Tokyo, Japan)
and Wako Chemicals (Osaka, Japan), respectively. Microcon centrifu-
gal filter devices with 10 kDa cut-off membrane were obtained from
Millipore (Billerica, USA).

2.2. Sputtering

Sputtering of Au material onto the surface of the polycarbonate
was carried out in a clean room using an RF-magnetron reactive
sputtering machine (CFS-4EP-LL, Shibaura, Japan). Before sputter-
ing, the polycarbonate surface was cleaned with nitrogen (N2) gas

using an air gun. The sputtering power was 50 W, and the
sputtering was carried out in an argon (Ar) gas atmosphere of
0.5 Pa. The gas flow rate of Ar was regulated at 10 sccm. Different
thicknesses of Au layers (5, 10, 30, and 50 nm) were sputtered onto
the surface of polycarbonate by varying the duration of sputtering.
Following sputtering, materials were kept under dry and dust-free
conditions.

2.3. Gel shift assay

A gel shift assay was performed to examine the interaction of
the anti-EPO DNA aptamer with the target protein. First, 4 mM of
anti-EPO DNA aptamer (dissolved in 1x HEPES buffer) was heated
at 95 1C for 2 min, followed by cooling to room temperature (RT)
for 10 min. This was followed by the addition of MgCl2 to a final
concentration of 5 mM and EPO at concentrations ranging from
0 to 16 μM for each of 4 mM of the DNA aptamer. Each of these
binding reactions was carried out in 10 μL reaction volume.
Incubation was performed at RT for 15 min. Prior to electrophor-
esis on 12% native PAGE at 140 V for 1 h, 1 μL of 90% glycerol was
added into each reaction mixture. Before loading the reaction
mixtures, the gel was subjected to pre-run at 160 V for 10 min. The
gel was stained in 1� TAE buffer (40 mM Tris acetate, 1 mM EDTA,
pH 8.0) containing 0.5 μg mL�1 of ethidium bromide.

2.4. UV–vis–NIR spectroscopy

A UV–vis–NIR spectrophotometer (Shimadzu-MPC-3100, Kyoto,
Japan) was used to examine the spectral changes associated with
different thicknesses of Au (5, 10, 30, and 50 nm) sputtered onto the
surface of the polycarbonate. Spectroscopy was also used to monitor
the binding of anti-EPO antibody and anti-EPO DNA aptamer to the
target EPO by measuring reflectivity changes over wavelengths from
300 to 1400 nm. The baseline was adjusted accordingly while the
reflection mode was set and nullified with a basic signal. The data
was graphed using Microsoft Excel spreadsheet. Reflectivity was
determined based on the highest point of reflectivity obtained from
the graph (reflectivity versus wavelength).

2.5. Western blot analysis

Western blot analysis was carried out to evaluate the specific
interaction between EPO and the anti-EPO antibody. Different
amounts of EPO (9.76�10�4, 1.95�10�3, 3.91�10�3, 7.81�
10�3, 1.56�10�2, 3.12�10�2, 6.25�10�2, and 1.25�10�1 mg)
were run on the 5%–20% gradient polyacrylamide gel and subse-
quently transferred to the PVDF membrane by using a semi-dry
transfer method with the aid of transfer buffer (25 mM Tris-base,
150 mM glycine, 10% methanol). The membrane was then incu-
bated in blocking buffer (3% skim milk, 10 mM Tris-Cl, pH 7.5,
0.15 M NaCl) for 30 min, followed by washing three times with
washing buffer (10 mM Tris-Cl, pH 7.5, 0.15 M NaCl, 0.05% Tween-
20). Next, the membrane was incubated with 0.1 mg/mL of anti-
EPO antibody for 16 h, washed again three times with washing
buffer, and incubated for 30 min with secondary antibody (goat-
anti-mouse conjugated horseradish peroxidase at the dilution
of 1:2500). Detection was performed in 5 mL of TMB substrate
for 5 min.

2.6. Amino-thiol coupling reaction and pH scouting

Ten microliters of 5 mM MHA, 100 μL of 130 mM NHS, and
100 μL of 400 mM EDC were mixed and incubated at RT for
10 min. Anti-EPO antibody was added to a final concentration of
100 nM and incubated for 30 min at RT. These mixtures were then
passed through Microcon centrifugal filter devices with the 10 kDa

M. Citartan et al. / Talanta 126 (2014) 103–109104



cut-off membrane to remove the unbound MHA, NHS, and EDC by
centrifugation for 1 h at 3000� g. The antibodies retained on the
membrane were recovered using sodium acetate buffer with
different pH values (4.0, 4.5, 5.0, and 5.5). The recovered anti-
bodies were spotted onto the surface of Au-coated polycarbonate,
incubated for 30 min at RT, and washed three times with 200 μL of
1x HEPES-KOH, pH 7.5 (10 mM HEPES, 150 mM NaCl, pH 7.5). The
same procedure of amino-thiol coupling was performed for
immobilization of EPO onto AuNPs.

2.7. Conjugation of EPO to AuNPs

In this study, MHA conjugated EPO was attached to AuNPs with
a diameter of 40 nm. Initially, 10 mM phosphate buffered saline
(PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4)
containing AuNPs was centrifuged to sediment AuNPs. After
removing the buffer, 100 μL of sodium acetate buffer containing
100 nM EPO (prepared by amino-thiol coupling reaction) was
added and pipetted several times to resuspend AuNPs. The
suspension was incubated for 1 h at RT on a shaking rotating
platform. The suspension was then centrifuged, the buffer was
removed, and AuNPs were resuspended in 100 μL of 10 mM PBS
buffer, pH 7.4.

2.8. Interaction of streptavidin-tagged AuNPs with thiolated biotin
on Au-coated polycarbonate

To test the interaction of streptavidin-tagged AuNPs with
thiolated biotin on Au-coated polycarbonate, 100 nM of biotin-
dT10-thiol was added to the surface of 30 nm Au-coated poly-
carbonate and incubated for 30 min at RT. The sample was then
washed three times with 200 μL of 10 mM PBS buffer. Reflectivity
was measured and AuNP-streptavidin conjugates equivalent to
1 O.D. were added for incubation at RT for 10 min. The sample was
washed again and UV–vis–NIR spectrophotometer readings
were taken.

2.9. Interaction of anti-EPO antibody, anti-EPO DNA aptamer, and
EPO on the Au-coated polycarbonate platform

To analyze the interaction between anti-EPO antibody and EPO
on the surface of Au-coated polycarbonate, the amino-thiol cou-
pling interaction was performed as described above. The antibo-
dies on the surface of the Amicon device's membrane were
recovered in sodium acetate buffer of appropriate pH based on
the results of the pH scouting experiment. The recovered anti-
bodies were spotted onto the surface of Au-coated polycarbonate
and incubated for 30 min at RT followed by washing. Following
spectrophotometric reading, 100 nM of AuNP-tagged EPO was
added, incubated for 30 min, and washed before the reflectivity
measurement was taken.

The anti-EPO DNA aptamer tagged with poly dA24 was dis-
solved to a final concentration of 1 μM in 100 μL of volume, heated
at 95 1C for 2 min in the presence of an equal amount of thiol-dT20
and cooled to RT for 10 min. The mixture was pipetted onto the
surface of Au-coated polycarbonate and incubated at RT for
30 min. After washing three times with 10 mM PBS, EPO was
added to a final concentration of 290 nM and incubated at RT for
30 min. After washing with 10 mM PBS, the reflectivity measure-
ment was taken.

2.10. Nanoscale imaging

Nanoscale imaging of the interaction of AuNP tagged EPO and
the anti-EPO antibody immobilized on the surface of Au-coated
polycarbonate was executed using an (L-trace) SPA-500k Atomic

Force Microscope (AFM) (Seiko Instruments Inc., Chiba, Japan) and
a JSM-6240F Field Emission Scanning Electron Microscope (FE
SEM), (JEOL Ltd., Tokyo, Japan). AFM images were acquired using
tapping modes via a classic silicon or silicon nitride cantilever.
Imaging was carried out in air at RT with relative humidity lower
than 5%. Equivalently, nanoscale imaging was also performed on
the interaction of streptavidin-tagged AuNPs and thiolated biotin
on the surface of Au-coated polycarbonate.

3. Results and discussion

3.1. Evaluating Au layer thickness by reflection analysis

UV–vis–NIR spectroscopy measurements can provide informa-
tion about the reflection properties of any material as a function of
wavelength. These measurements can help determine the suit-
ability of substrates for use as sensors based on their optical
properties. Polycarbonate, which consists of long chain linear
polyesters of carbonic acid and dihydric phenols, is a good
substrate due to the presence of a phenyl group and two methyl
side groups on the molecular chain. These properties result in
good thermal resistance and prevent the polycarbonate from
developing a crystalline structure, thus permitting transparency
[9]. Polycarbonate with a thickness of 0.6 mm was chosen as the
surface on which the layer of Au material sputtered. In the
presence of a reflection mirror, the reflectivity of this surface
was 90% (reflectance), whereas without the mirror the reflectivity
was 10% (transmittance) (Fig. 1A). Thus polycarbonate of this
thickness (0.6 mm) allows almost 100% reflectivity with low
scattering or absorption losses [10].

Au sputtering, which is the process by which a very thin layer
of Au is created by gradual deposition of Au on the platform
surface, was carried out next. Au layers with four different
thicknesses (5, 10, 30, and 50 nm) were created, and then reflec-
tance measurements were taken both in the presence and absence
of the reflection mirror. Maximum reflections of 35%, 60%, 90%,
and 100% were recorded for Au thicknesses of 5, 10, 30, and 50 nm,
respectively (with the reflection mirror) (Fig. 1B). Without the
reflection mirror, reflectivity values of �25%, 40%, 68%, and 70%
were measured for that of 5, 10, 30, and 50 nm thick Au layers,
respectively (Fig. 1C). Based on these data, 30 and 50 nm thick Au
layers were considered to be the most suitable for use in the
biosensor. These thicknesses ensure that the reflectivity measure-
ments used to monitor biomolecular interactions on the surface of
the Au layer to be accurate without the use of a mirror. Ultimately,
30 nm thick Au layer is preferable because it costs less to produce,
thereby minimizing the overall cost of the sensing plate (Inset
Fig. 1).

3.2. Amino-thiol coupling and pH scouting

Adsorption of protein molecules onto any surface via inter-
molecular forces (mainly by ionic bonds, hydrophobic and polar
interactions) will result in heterogeneous and randomly oriented
immobilized protein molecules. These protein molecules create
many contacts in different orientations that lessen the repulsive
interaction with the surface and other molecules. Therefore,
well-defined immobilization through functionalization of protein
molecules coupled with tailoring of the immobilized surface is a
requisite for reproducible and oriented immobilization [11].
Hence, to attach anti-EPO antibody to the surface of Au-coated
polycarbonate in a well-ordered orientation, the amino coupling
reaction that links the antibody to MHAwas performed [12]. MHA,
which is a carboxylic acid containing a carboxyl group and thiol
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group at both ends, forms self-assembled monolayers on the Au
surface [13]. Hence, conjugation of the anti-EPO antibody's amino
group to the carboxyl group of the MHA allows immobilization of
the antibody onto the Au surface via the thiol group at the other
extremity of the MHA. The thiol group, which contains a sulfur
(S) atom, has strong affinity for Au atom, thus forming an Au–S
bond [14]. In this study, we used EDC (a carbodiimide zero cross-
linker) to facilitate the direct conjugation of the carboxylic group
of MHA to the amines of the anti-EPO antibody. NHS increases the
efficiency of the EDC-mediated coupling reaction up to 20-fold, as
the addition of this substrate converts the carboxyl group to the
reactive succinimide ester, which then forms a stable amide bond
with the amine group of the anti-EPO antibody [15]. In short,
utilization of MHA enabled the immobilization of both anti-EPO
antibody and EPO antigen on the surface of Au-coated flat surfaces
and AuNPs, respectively, by adopting the stand-up configuration to
effectively capture target molecules (Fig. 2A) [16].

pH scouting was also conducted to determine which pH of
sodium acetate buffer (4.0, 4.5, 5.0, and 5.5) was best for the immo-
bilization of thiolated protein on Au surface. At pH 4.5, anti-EPO

linked-MHA had the best conjugation capacity on the surface of Au-
coated polycarbonate (Fig. 2B). Upon attachment of anti-EPO anti-
body to the surface of Au-coated polycarbonate, the reflectivity
decreased by about 6% (from 99% to 93%) for pH 4.5, but the
reflectivity change was still higher compared to that of pH 5.5, where
the reflectivity dropped by only 3% (90% to 87%). For pH 4.0 and 5.0,
the reflectivity increased when anti-EPO antibody was spotted onto
the surface of Au-coated polycarbonate, implying that the immobi-
lization of anti-EPO antibody with these two pHs was unsuccessful.
Reactivity and selectivity of the thiol groups are influenced by pH and
pKa of the anti-EPO antibody, creating electrostatic environment that
modulates pKa of thiol groups [17]. Subsequent to immobilization of
anti-EPO antibody, washing was performed to remove any unbound
antibody that might have been absorbed non-specifically on the
surface of the Au layer. Such non-specific absorption of the antibody
can occur via a variety of protein-surface mechanisms (i.e., electro-
static interaction, hydrogen bonding, hydrophobic interaction, and a
combination of these) [18]. Sodium acetate buffer of pH 4.5 was
chosen for the immobilization of the thiolated anti-EPO antibody
onto the surface of Au-coated polycarbonate (Inset Fig. 2).

Fig. 2. (A) Immobilization of anti-EPO antibody on the surface of Au-coated polycarbonate followed by capturing of EPO. (B) Analysis of pH scouting of immobilization of
anti-EPO antibody on the surface of Au-coated polycarbonate.

Fig. 1. (A) UV–vis–NIR measurement of polycarbonate of 0.6 mm thickness. (B) Reflectance measurements for 5, 10, 30, and 50 nm thick Au layers in the presence of a
reflection mirror. (C) Reflectance measurements for 5, 10, 30, and 50 nm thick Au layers in the absence of a reflection mirror.
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3.3. Biotin and streptavidin interaction on the surface of Au-coated
polycarbonate

We monitored the binding reaction between streptavidin and
biotin using UV–vis–NIR spectroscopy to ensure that our spectral
method of measuring biomolecular interactions (immobilization and
binding) is effective. In this study, biotin was linked to the thiol group
and streptavidin was conjugated to AuNPs. Upon immobilization of
thiolated biotin onto the surface of the Au-coated polycarbonate,
reflectivity decreased by 10% (from 100% to 90%) (Fig. 3A). Interaction
of this thiolated biotin with streptavidin-conjugated AuNPs caused
the reflectivity to decline by 25% (from 90% to 65%). These data
illustrate the decrease of reflectivity values associated with both
immobilization and binding with biomolecules. Thus, spectral mea-
surement can be used to monitor immobilization of biomolecules
and their binding reactions. In addition, SEM and AFM image
analyses were conducted to visualize the capturing of streptavidin-
conjugated AuNPs by thiolated biotin on the surface of Au-coated
polycarbonate. These images revealed that AuNP-tagged streptavidin
was captured by thiolated biotin on the surface of the Au-coated
polycarbonate (Fig. 3B and C). This capturing efficiency is attributable
to the high dissociation constant of streptavidin and biotin, which is
in the range of 4�10�14 M [19].

3.4. Interaction between anti-EPO and AuNP-tagged
EPO on Au-layered polycarbonate

Western blot analysis showed that specific binding between
monoclonal anti-EPO antibody and EPO occurred (Fig. 4A). After
attachment of MHA-linked anti-EPO antibody to the Au-layered
polycarbonate surface, capture of the EPO-tagged AuNPs by the

sensor was performed. UV–vis–NIR spectroscopy was used to
monitor the interaction between the AuNP-tagged EPO and the
anti-EPO antibody on the surface of the Au-coated polycarbonate
(Fig. 4B). The interaction between the AuNP-tagged EPO and the
anti-EPO antibody changed the reflectivity by 5% (95% to 90%). The
change associated with this interaction was 5-fold less than that
caused by the interaction between thiolated biotin and AuNP-
conjugated streptravidin; this difference is likely due to the high
affinity of the biotin–streptavidin interaction compared to that of
EPO and anti-EPO antibody. Exploiting AuNPs in tagging EPO can
increase the sensitivity of the detection due to the polyvalency of
the EPO-tagged AuNPs, which have higher affinity than that of the
EPO monomer itself because each AuNP is covered with more than
one EPO molecules [20]. Thus, the use of AuNPs will definitely
enhance the sensitivity of diagnostic devices [21]. However, in this
study the main purpose of tagging EPO with AuNPs was to permit
direct visualization of the EPO captured by the immobilized anti-
EPO antibody by SEM and AFM.

3.5. SEM and AFM

SEM and AFM were used to obtain accurate images of the
interaction between anti-EPO antibody immobilized on the sur-
face of the platform and EPO-tagged AuNPs as well as morphol-
ogies of the surface of Au-coated polycarbonate. Fig. 4C shows an
SEM image of the interaction between antibody and EPO. Because
SEM only provides information about the lateral characteristics of
the surface, AFM scanning was used to reveal the properties of the
sample in the vertical direction. The AFM images showed that
EPO-tagged AuNPs were captured by anti-EPO antibodies on the
Au surface (Fig. 4D). These images also illustrate that tagging of the

Fig. 3. (A) Reflectance measurement of streptavidin-tagged AuNPs and thiolated biotin on the surface of Au-coated polycarbonate. (B) SEM image analysis. (C) AFM image
analysis. The images of tracks on the surface of the gold-coated polycarbonate account for the presence of tracks on the surface of polycarbonate used for data storage
in DVD.
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antibodies with MHA-derived functional groups enables immobi-
lization of biomolecules on the surface of Au-coated polycarbonate
for subsequent capture of the target protein. (Inset Fig. 4).

3.6. Interaction between EPO and the anti-EPO DNA aptamer

Prior to taking UV–vis–NIR spectroscopy measurements, EPO–
anti-EPO DNA aptamer complex formation was analyzed by
performing the gel shift assay using native PAGE. The EPO–anti-
EPO DNA aptamer complex has a higher molecular weight than
EPO, causing the movement of the complex to be retarded and to
move comparatively slower than EPO alone. Fig. 5A shows the
specific formation of the DNA aptamer-EPO complex. Due to the
limited detection level of ethidium bromide, at least 500 ng of
DNA must be used with a higher concentration of target protein
(up to μM level) to enable clear visualization of the formation of
DNA–protein complex.

As the first step, the DNA aptamer extended with poly dA20

dissolved in 1 � HEPES solution was denatured. Upon cooling to
RT, this DNA aptamer formed secondary structures that can reside
in the clefts or binding sites on the surface of EPO. As seen in
Fig. 5B, the addition of poly dA24 to 30-end of the DNA aptamer did
not change the stem loop structure originally retained by the DNA
aptamer without poly dA24. Likewise, a similar binding reaction
was executed on the surface of 30 nm Au-coated polycarbonate
(Fig. 6A). Attachment of the thiolated poly dA20 DNA aptamer
resulted in reduction of the reflectivity by 5% (from 95% to 90%),
whereas attachment of EPO caused the reflection to decrease by
10% (90% to 80%) (Fig. 6B). Thus, this set-up can be used to capture
specific targets by the immobilized aptamer/antibody and to
monitor the interaction using UV–vis–NIR spectrophotometry in
a label-free manner. Moreover, a miniaturized version of the Au-
coated polycarbonate (in the range of mm level, in the form of a

Fig. 5. (A) Gel shift assay of 4 mM of anti-EPO DNA aptamer with increasing
concentrations of EPO. Lanes 1–5: Concentrations of EPO protein were 0, 2, 4, 8, and
16 mM. (B) Secondary structure of the anti-EPO DNA aptamer in the presence and
absence of poly dA24.

Fig. 4. (A) Western blot analysis of the EPO–anti EPO antibody interaction. Lane 1: 9.76�10�4, Lane 2: 1.95�10�3, Lane 3: 3.91�10�3, Lane 4: 7.81�10�3,Lane 5:
1.56�10�2, Lane 6: 3.12�10�2, Lane 7: 6.25�10�2, Lane 8: 1.25�10�1 mg. (B) Reflectivity measurement of the interaction of anti-EPO antibody and EPO on Au-coated
polycarbonate. (C) SEM image analysis. (D) AFM image of the AuNP-tagged EPO–anti EPO antibody interaction. The images of tracks on the surface of the gold-coated
polycarbonate account for the presence of tracks on the surface of polycarbonate used for data storage in DVD.
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mini-chip) can be developed from this set-up. In this study, the
Au-coated polycarbonate substrates used for analysis were cut into
pieces so that the sizes suited the spectrophotometer's slit size.
Another advantage of this system is that the protein captured by
the immobilized aptamer can be recovered by eluting with elution
buffer, and the immobilized aptamer can be reused for subsequent
capture of the target protein.

4. Conclusions

UV–vis–NIR spectroscopy was used successfully to track the
interaction between EPO and its corresponding MREs (anti-EPO
antibody and anti-EPO DNA aptamer) on the surface of Au-coated
polycarbonate. We have shown that a 30 nm thick Au layer
sputtered onto polycarbonate material to which the MREs are
attached can be a useful element of a biosensor designed to
capture EPO. Moreover, the Au-coated polycarbonate platform
aided by UV–vis–NIR spectrophotometry can be used to monitor
many other biomolecular interactions.
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Fig. 6. (A) Cartoon illustration of thiolation of the anti-EPO DNA aptamer via nucleic acid duplex formation between anti-EPO DNA aptamer-poly dA24 and thiol-poly dT20 as
well as binding of the EPO to the immobilized aptamer on the surface of Au-coated polycarbonate. (B) Reflectance measurement of the EPO and anti-EPO DNA aptamer
interaction performed on Au-coated polycarbonate.
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