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ARTICLE INFO ABSTRACT

Keywords: The presence of a single-nucleotide polymorphism in Apolipoprotein E4 gene is implicated with the increased
Photonic crystal risk of developing Alzheimer's disease (AD). In this study, detection of AD-related DNA oligonucleotide sequence
DNA associated with Apolipoprotein E4 gene sequence was achieved using localized-surface plasmon resonance
]l;ilf)lzctance (LSPR) on 2D-Photonic crystal (2D-PC) and Au-coated 2D-PC surfaces. 2D-PC surfaces were fabricated on a

flexible copolymer film using nano-imprint lithography (NIL). The film surface was then coated with a dual-

Absorbance . . . . i g s
Apolipoprotein E functionalized polymer to react with surface immobilized DNA probe. DNA hybridization was detected by
Biosensor monitoring the optical responses of either a Fresnel decrease in reflectance on 2D-PC surfaces or an increase in

LSPR on Au-coated 2D-PC surfaces. The change in response due to DNA hybridization on the modified surfaces
was also investigated using mismatched and non-complementary oligonucleotides sequences. The proof-of-
concept results are promising towards the development of 2D-PC on copolymer film surfaces as miniaturized and

wearable biosensors for various diagnostic and defense applications.

1. Introduction

DNA sensing studies traditionally involve solid-phase hybridization
assays (Kang et al., 2010; Tel-Vered et al., 2012; Wang, 2005). These
techniques typically employ an enzyme or nanoparticle-tagged sec-
ondary oligonucleotide binding to surface-immobilized DNA for either
optical or electrochemical detection, thereby converting the hy-
bridization event to a quantifiable signal. However, the detection of
DNA hybridization by secondary probes is intrinsically complex, time-
consuming and requires multiple layers of interacting components with
high specificity. As a result, the detection of primary DNA hybridization
would greatly simplify routine DNA assays. Label-free measurement of
bioaffinity events is a potentially powerful tool, simpler and more ef-
ficient than secondary probe-based systems. In the past decade, our
group and others have demonstrated the label-free detection of various
clinically important biomolecules using electrochemical and optical
biosensors (Aygun et al., 2017; Cheng et al., 2014; Ember et al., 2011;
Endo et al., 2005a, 2005b; Huang et al., 2018; Kaatz et al., 2012; Kim
et al., 2008; Ozkumur et al., 2010; Spuhler et al., 2010; Yurt et al.,
2012).

In this report, a novel sensing surface comprising of photonic
crystals (PCs) is introduced as a promising platform for optical detec-
tion of DNA hybridization. PCs are periodic optical nanostructures that
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possess a periodic dielectric structure with a photonic band gap, which
does not allow light propagation of a specific wavelength range (John,
1987; Yablonovitch, 1993). Such control and manipulation of light al-
lows optical communication applications to be studied experimentally
according to Bragg's Law (Vlasov et al., 2005). The optical properties of
PCs are related to their periodicity, size and average refractive index
(Xu and Asher, 2004). Conveniently, these characteristics can be easily
controlled using nano-imprint lithography (NIL). This printable pho-
tonics technology allows the fabrication of structural features down to
the nanometer level using highly homogenous polymers (Endo et al.,
2010, Aki et al., 2014; Guo, 2007).

In this study, DNA hybridization was detected by monitoring the
Fresnel reflection change (Endo et al., 2010). Fresnel reflection is ob-
served by the behavior of light travelling through media of varying
refractive indices. Since the reflection peak wavelength is detected
within the visible region, 2D-PC creates a promising and simple sensing
platform. This emerging technology has been successfully applied to-
wards the development of selective and sensitive biosensors (Alexeev
et al., 2003; Aki et al., 2014; Cheng et al., 2014; Endo et al., 2008a,
2008b, 2010; Inan et al., 2017; Ma et al., 2009; Liu et al., 2017; Sharma
et al., 2004). The multiplexed detection of cancer biomarkers was re-
ported using quartz-based photonic crystal surfaces (Huang et al.,
2012). We have also achieved the observation of a localized surface
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Fig. 1. (a) Synthetic scheme for the production of the
multi-functional film, which contained 1) protein-
resistive, m) bio-reactive and n) anchor groups. (b)
Schematic representation for specific immobilization
of probe ssDNA on the multi-functional film.
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plasmon resonance (LSPR) band by coating the surface of 2D-PC with a
thin layer of Au. Noble metal nanoparticles exhibit rich LSPR properties
from the collective oscillation of conduction electrons in response to
optical excitation (Anker et al., 2008; Sagle et al., 2011). Stability and
dispersion of deposition is difficult to control for nanoparticles sig-
nificantly larger than 10 nm (McMahon and Emory, 2006; Park and
Park, 2008). This problem was easily resolved, when Au sputtering was
performed on the 2D-PC to form homogenously spaced Au nanos-
tructures that produced an intense LSPR response for the first time in
this report. As proof of principle, Apolipoprotein E gene (ApoE) was
detected on these novel 2D-PC surfaces. Human ApoE is present in three
isoforms (E2, E3 and E4) and related to two polymorphic codon sites
(112 and 158) of the gene located on chromosome 19 (Bellis et al.,
1997). These isoforms arise from 3 alleles: €2, ¢3 and €4 (Siest et al.,
1995). ApoE isoforms have been found in patients with type-III hy-
perlipidemia, atherosclerosis and Alzheimer's disease (AD) (Corder
et al., 1993; Deming et al., 2015; Farrer et al., 1997; Morris et al.,
2010). Inheritance of the ApoE single nucleotide polymorphisms is the
only confirmed and consistently replicated risk factor for late-onset AD
(Venter et al., 2001). Cramer et al. (2012) have recently reported that
ApoE-directed therapeutics rapidly cleared amyloid-B deposits and re-
versed deficits in AD mouse models. Thus, reliable sensing platforms for
ApoE gene is in high demand for the development of future AD ther-
apeutics (Cramer et al.,, 2012; Landreth et al., 2013; Venter et al.,
2001). Reports about the biosensor development for ApoE gene in-
cluded electrochemical detection on disposable screen-printed elec-
trodes (Ahmed et al., 2007; Marrazza et al., 2001), piezoelectrical de-
tection on quartz crystals (Marrazza et al., 2000; Tombellis et al., 2000)
and peptide nucleic acids in connection with electrochemical im-
pedance spectroscopy (Guo et al., 2011). Compared to the previous
methods of detection, the development of this novel ApoE sensor could
potentially facilitate the development of cost-effective disposable bio-
sensors in detection of clinically important biomolecules (Endo et al.,
2016). Here, we report the fabrication and proof-of-concept results of a
DNA hybridization sensor based on 2D-PC and Au-coated 2D-PC sur-
faces.

2. Materials and methods
2.1. Reagents

The oligonucleotides were purchased from BioBasic, Inc. (Markham,
ON) as sodium salts. The probe was a 5’ disulfide-modified 23-bp long
sequence from a fragment of the allele €2 around codon 158. Fully
complementary target DNA (FC), mismatch DNA (MM- single nucleo-
tide polymorphism underlined) and non-complementary DNA (NC)
were used in this study:

5’ to 3”:HS-S- ACC TGC AGA AGC GCC TGG CAG TG Probe
CAC TGC CAG GCG CTT CTG CAG GT FC

CAC TGC CAG GCA CTT CTG CAG GT MM

GAT TAG AGT CCC GCA ATT AAT CAT T NC

For the thiolated probes, the immobilization buffer was 1M
KH,PO,4, (pH 3.8). Hybridization buffer contained 300 mM NaCl,
20 mM Na,HPO,, 0.1 mM EDTA (pH 7.4). All other reagents, unless
stated otherwise were used as received from Sigma-Aldrich (Oakville,
ON). EDTA and Tris-HCl were obtained from BioBasic Inc. (Markham,
ON). In addition, ultra-pure water (18.3 MQ cm) from Pall Cascada
water purification systems was used in all preparations.

2.2. Fabrication and design of 2D-PC using nano-imprint lithography (NIL)

The mold for heat transfer was fabricated using computer aided
design (CAD) system, electron-beam lithography, and nickel electro-
casting. The film was prepared on ZeonorFilm ZF14 for NIL. After the
fabrication of mold, heat transfer was performed using a semi-auto-
matic nano-imprint apparatus (SCIVAX Corp. Ltd., Kanagawa, Japan, X-
300). The co-polymer surface was pre-modified with dual functionality
(Fig. 1la), which comprised of a protein resistant part (polyethylene
glycol), anchor part (trimethoxysilane) and a bio-reactive part (N-ac-
ryloxysuccinimide). 2,2’-azobisisobutyronitrile (AIBN) and tetra-
hydrofuran (THF) were used as solvents (Ozkumur et al., 2010; Park
et al., 2007). Then, 2D-PC film was immersed in a polymer solution that
functionalized the surface with bio-inert (Siest et al., 1995) and bio-
reactive properties. This provided anti-fouling characteristics on the
film surface as well as sites that can bind to biomolecules. (Fig. 1b). For
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Fig. 2. (A) SEM images of the top-down view and (B) 35° angled-view of Au fingers-like nanostructures on the 2D-PC surface.

the Au-coated 2D-PC, Au sputtering was performed with SEM coating
unit PS3 (Agar Scientific) at 19 mA plasma current for 100 s.

2.3. Optical measurements

The optics system set up is composed of a spectrophotometer (USB-
4000-UV-Vis), a tungsten halogen light source (LS-1-LL, wavelength
range 200-1100 nm), a fiber probe bundle (fiber core diameter 400 pm,
wavelength range 300-1100 nm) and WS-1 diffuse reflectance stan-
dard, all purchased from Ocean Optics. (Dunedin, USA) The diffuse
reflectance standard was used as a Lambertian reference surface. The
UV-Vis probe was placed close to the working electrode surface so that
incident light was reflected upon hitting the surface and then backed in
the detector situated in the light probe. The Reflectance and
Absorbance Mode of the Spectra Suite software was used to measure the
spectral characteristics of the samples for the 2D-PC reflectance and Au-
coated 2D-PC absorbance, respectively. The intensity and wavelengths
of spectral peaks were recorded as modifications were made to the
surface. The probe height was held constant (~ 1 mm above sample
surface) throughout study. All experiments were performed at room
temperature. (23 * 2 °C).

2.4. Microscopy

Atomic force microscopy (AFM) for surface analysis of the 2D-PC
was performed using a commercial AFM unit 35 (SPA-400, Seiko
Instruments, Inc., Chiba, Japan) with a calibrated 20 um xy-scan and
10 pm z-scan range PZT-scanner. AFM was carried out in tapping mode
using silicon tips and cantilevers with a nominal spring constant of
13 N/m for scanning in air. All reported images were acquired at scan
rates in the range 0.25-0.50 Hz. Au sputtering was performed with SEM
coating unit PS3 (Agar Scientific) at 19 mA plasma current for 100 s.
The 2D-PC was then electrically connected to the sample stub by
smearing silver paste dissolved in acetone from the sample to the me-
tallic stub. The surface was also observed with a Hitachi S530 scanning
electron microscope (SEM) at acceleration voltage of 20kV and a
working distance of 5.0 mm.

2.5. DNA immobilization and hybridization

The immobilization of probe ssDNA was done by incubating
(20 uM) in 1 M KH,POy, (pH 3.8) in a moist environment for 24 h, and
then immersing in 100 mM borate buffer (pH 8.5) for 1 h to hydrolyze
and deactivate unreacted N-acryloxysuccinimide sites. The covalent
attachment of DNA on the surface was through primary amine groups
on cytosine, guanine and adenine. After probe immobilization, 5uM
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target ssSDNA were introduced in 20 mM Na,HPO, with 0.1 mM EDTA
and 300 mM NacCl (pH 7.4) for 12 h. Tween-20 (0.1% w/v) in 20 mM
Tris-HCI was used as washing buffer to remove non-specifically bound
DNA. The surface was then rinsed with copious amount of water. For
the Au-coated 2D-PC, the same procedure as above was performed, and
the strong affinity between Au and the thiolated oligonucleotides was
used for the immobilization of probe ssDNA. At least triplicate mea-
surements were performed for all the DNA samples (n = 3).

3. Results and discussion

Initially, the surface characteristics of 2D-PC were studied using
AFM and SEM. In the AFM images of the 2D-PC surface, it was observed
that highly periodic and homogenous structures were inscribed suc-
cessfully onto the copolymer surface using NIL. The holes on the 2D-PC
surface with 230 nm i.d. collectively produced a visible color of violet-
blue. The 2D-PC was placed under the fiber optic probe, and two peak
reflection wavelengths were observed at 420 and 440 nm. After Au
sputtering to facilitate SEM imaging, the surface was visually observed
to change from a semi-transparent film to a shiny red surface. The re-
flectance peak wavelength was red-shifted to 650 nm, which supported
the color of surface observed. From the SEM image, finger-like pro-
trusions of 2D-PCs were observed (Fig. 2). These structures acted like
nanostructures that collectively produced an LSPR signal when excited
by light (Endo et al., 2005a, 2005b; Vlasov et al., 2005). However, the
uniformity of 2D-PC nanostructures that were created using NIL pro-
duced more reproducibility between surfaces from batch-to-batch with
a sharper LSPR band.

By having the dual-functional copolymer surface on the surface,
non-specific adsorption could be greatly reduced (Jon et al., 2003). The
bio-reactive groups of the surface formed strong ester linkages with the
ssDNA probe that contained primary amine groups. After immobiliza-
tion of the ssDNA probe, the 2D-PC was monitored under the optical
probe. A prominent decrease in reflection intensity of 24.2 + 5.1% in
comparison with the blank surface was observed (Fig. 3A). This showed
that the surface responded to the immobilization of ssDNA probe, and
the decrease in reflection intensity was due to the increase in refractive
index of surface film due to the ssDNA layer. Subsequent additions of
DNA probes and their corresponding changes in reflectance intensity
compared to control surface were summarized in Fig. 3B. Washing the
incubated surfaces in diluted detergent solutions reduced non-specific
binding. It was shown that the 420 nm peak decreased by 67.1 + 2.8%
after FC target oligonucleotide hybridized with the probe on the sur-
face. This significant decrease corresponded to the DNA hybridization
on the surface, which altered the surface refractive index. However, the
binding of the NC and MM resulted in the decrease in reflectance
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Fig. 4. (A) LSPR spectra observed on Au-coated 2D-PC surface after the immobilization of ApoE probe and various target oligonucleotides. (B) Variations in LSPR peak wavelengths and
intensities as different target oligonucleotides were hybridized with the surface-immobilized ApoE probe.

intensity by 32.1 + 10.2% and 45.0 = 6.04%. This showed that the
surface could be used to distinguish FC and NC. However, MM had a
standard deviation that overlapped with that of NC. This was probably
because of the similar nature that they could not bind specifically to the
probe to form stable duplexes. The higher average decrease in re-
flectance intensity by MM compared to NC could still be a good in-
dication of the binding efficiency to the probe-immobilized surface. A
similar trend was observed for the shoulder peak that was recorded at
440 nm.

The promising results obtained on the reflective properties of 2D-PC
surface led to idea of studying LSPR-based assays on the same surface.
Au sputtering was performed on the 2D-PC (de Harven et al., 1984).
The observed red shiny surface resembled the surface produced from
Au-capped nanoparticles (Endo et al., 2005a, 2005b). It is known that
the uniformity of Au nanostructures on surfaces affected the width and
sensitivity of the LSPR band (Hutter and Fendler, 2004; Jung and Frey,
2015; Lee and Choi, 2010; Septlveda et al., 2009). In this case, Au-
coated finger-like protrusions were expected to produce a similar LSPR
effect. Indeed, the surface showed an LSPR absorbance peak at about
606 = 0.6 (0.1%) nm with 0.446 *= 0.008 (1.8%) a.u. in intensity
(Fig. 4A). This absorbance peak was not detected on the 2D-PC surface
alone. Instead, a dip was observed at about 420 nm in the LSPR spectra
(Fig. 3A). On the other hand, the Au-coated 2D-PC did not exhibit a
reflectance signal around 400 nm (Fig. 4A). Therefore, the absorbance
peak was produced from the LSPR of the uniform Au nanostructures on
the surface.

DNA hybridization studies were also performed on this novel

surface as a proof-of-principal. As ApoE probe ssDNA was immobilized
on the Au-coated 2D-PC surface, both the peak wavelength and in-
tensity increased to 628.3 = 2.1 (0.3%) nm and 0.595 + 0.042 (7.1%)
a.u. respectively (Fig. 4B). The effective thickness of the adsorbate layer
and electromagnetic decay length also affected the spectral shift of the
system (Anker et al., 2008). This data implied a larger wavelength shift
resulting from binding of more or larger biomolecules on the Au na-
nostructures. Similar effects of increased intensity and red-shift of LSPR
peaks by biomolecular binding on the surface of Au nanoparticles were
observed in previous biosensor applications (Cheng et al., 2015; Choi
et al., 2014; Hsu et al., 2011; Lin et al., 2011).

When ApoE FC was incubated on the surface, a large increase in
peak wavelength to 635.4 + 1.4 (0.2%) nm and 0.941 + 0.051 (5.4%)
a.u was observed due to the formation of full hybrids. Other oligonu-
cleotides such as MM and NC gave low LSPR responses of 632.8 + 1.7
(0.3%) nm and 0.764 * 0.024 (3.1%) a.u and 631.1 * 1.8 (0.3%) nm
and 0.644 = 0.072 (11.2%) a.u, respectively.

This new sensor surface proved to have a higher specificity. This
was attributed to the creation of strong LSPR characteristics on a uni-
formly ordered 2D-PC surface. A linear trend in the average LSPR peak
wavelength was also obtained (Fig. 3B). NC incubation resulted in a
LSPR signal, which highly overlapped with the probe, due to negligible
binding, as expected. The slight red-shift in wavelength was attributed
to the possible disruption of DNA film with the detergent-based
washing steps.
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4. Conclusions

In conclusion, we have demonstrated a simple and cost-effective
technique for the detection of DNA hybridization using the NIL-based
2D-PC surfaces in ambient conditions. The film was fabricated uni-
formly using printable photonics technology. Direct detection of ApoE
gene was performed on this film after dual-functionalization by obser-
ving Fresnel reflectance decrease. The uniformity of the surface was
utilized to produce LSPR responses by coating a layer of Au on the 2D-
PC surface. The specificity of ApoE gene detection was significantly
improved using LSPR characteristics of the Au-coated 2D-PC surface.
Based on this study, detection of real DNA samples isolated from the
blood samples of AD patients will be performed employing this tech-
nique. Blood samples of AD patients will be collected from patients at
various stages of disease progression. 2D-PC surfaces are highly pro-
mising for the development of miniaturized and cost-effective DNA
sequence detection assays.
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