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In this  study  we  fabricated  nanopillar  arrays  (NPLAs)  of silicon,  through  a  process  involving  very-large-
scale  integration  and  reactive  ion etching,  for use as  two-dimensional  periodic  relief  gratings  on  silicon
surfaces.  Oligonucleotides  were  successively  immobilized  on the  pillar  surface,  allowing  the  system  to
be used  as an  optical  detector  specific  for the  targeted  single-stranded  DNAs  (ssDNAs).  The surfaces  of
the oligonucleotides-modified  NPLAs  underwent  insignificant  structural  changes,  but  upon  hybridizing
with  target  ssDNA,  the NPLAs  underwent  dramatic  changes  in terms  of  their  pillar  scale.  Binding  of  the
oligonucleotides  to  the  NPLA  occurred  in  a way  that  allowed  them  to  retain  their  function  and  selectively
ffective medium theory
NA hybridization
anopillar array

bind  the  target  ssDNA.  We  evaluated  the  performance  of  the  sensor  by capturing  the  target  ssDNA  on  the
NPLA and  measuring  the  effective  refractive  index  (neff).  The  binding  of  the  target  ssDNA  species  to  the
NPLA  resulted  in  a color  change  from  pure  blue  to red,  observable  by  the  naked  eye at an  angle  of  15◦.
Moreover,  we  used  effective  medium  theory  to  calculate  the  filling  factors  inside  the  NPLA  and,  thereby,
examine  the  values  of  neff during  the  structural  changes  of the  NPLA.  Accordingly,  these  new  films  have
potential  applications  as  label-free  optical  biosensors.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Recent advances and demands in the field of molecular diag-
ostics, molecular medicine, and forensics have propelled the
evelopment of highly selective and sensitive nucleotide sensors.
educed sample volumes and low analyte concentrations have
resented a challenge to the current detection technology. DNA
ybridization-based detection is a major technique for the diagno-
is of genetic disease, where clinical symptoms are linked to DNA
lterations [1]. DNA hybridization is highly specific and becomes
ery sensitive when coupled with an optical detection scheme.
ptical detection schemes usually require some kind of labeling

uch as the use of molecular beacons [2] or fluorophore tagging
3]. Typically, organic fluorophores and quantum dots are used for
ignaling the detection of the hybridization of DNA [4]. These fluo-
ophores are usually excited at shorter wavelengths and emit at
onger wavelengths. The labeling process could sometimes become

ery challenging, costly, and time-consuming, and may  lead to
cclusion of hybridization sites due to steric hindrance. Thus, label-
ree detection schemes would bring about the obvious benefits of

∗ Corresponding author. Tel.: +886 2 27376523; fax: +886 2 27376544.
E-mail address: jkchen@mail.ntust.edu.tw (J.-K. Chen).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.12.071
being simple, quick, easy, and cost-effective [5]. There have been a
number of label-free optical detections reported in the literature,
such as well-known surface plasmon resonance (SPR), and con-
jugated polymers amplification with the use of intercalating dye,
among others [6].

Among the many available biosensing platforms, optical
diffraction-based biosensors are effective for recognizing the bind-
ing events of various biomolecules; these systems operate based
on changes in effective height or refractive index on periodically
patterned gratings [7,8]. Recently, several different types of opti-
cal biological sensors have been reported that function through
the measurement of diffraction patterns as the assay readout;
alternatively, these optical detection methods could employ sur-
face plasmon resonance (SPR) [9], ordered structures [10], surface
acoustic waves [11], and fiber optical techniques [12]. The sen-
sor described in that earlier paper, however, the reproducibility of
the inactivation of the scale-up of fabrication would be problem-
atic when using that approach. Moreover, the change in refractive
index across the interface as a result of protein adsorption was
small. Although optical reflectometry, SPR, and ellipsometry base

their measurements on detecting changes in refractive index and
they can provide useful estimates of degrees of adsorption, they
have little inherent sensitivity to the layer thickness or composi-
tion [13,14]. In many studies, the detection of small amounts of

dx.doi.org/10.1016/j.snb.2013.12.071
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.12.071&domain=pdf
mailto:jkchen@mail.ntust.edu.tw
dx.doi.org/10.1016/j.snb.2013.12.071
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iomolecules require additional signal enhancement [15], which
an be accomplished through either microfabrication of solid
iffraction gratings or self-fabrication of in situ-assembled diffrac-
ion gratings from nano- or micro-size particles [16].

Nanopillar array (NPLA) surfaces are attractive components
f new optical elements; indeed, many different elements pre-
enting such surfaces have been developed previously. Through
areful design of the NPLA structure, highly efficient diffraction
ratings can be synthesized, even with a binary profile. When the
PLA element is a one-dimensional (1D) periodic surface or an
nsymmetrical two-dimensional (2D) periodic surface, the effec-
ive refractive index depends upon the polarization states of the
ncident light (Fig. 1) [17,18]. Symmetrical 2D periodic surfaces
re currently attracting great interest for their potential applica-
ions in gratings or photonics [19]. The 1D geometries of NPLAs can
esult in unique optical properties, including polarized photore-
ponses, and biosensing [20]. When the NPLAs interact specifically
r nonspecifically with target molecules, changes typically occur
o the geometrical parameters of the gratings and/or the refrac-
ive index contrast [21]. These materials have been exploited
xtensively in various technological applications ranging from sen-
itive chemical and biological sensing and nano-optical devices
o magnetic memories and logic circuits [22]. Many top-down
nd bottom-up technologies have been developed for the fabri-
ation of functional NPLAs [23,24]. Very-large-scale integration
VLSI) is currently a popular top-down technique for fabricat-
ng nanopillars possessing arbitrary structures [25]. Because the
ppearance of 1D periodic relief gratings (1DPRGs) can be quite
ensitive to the observation angles  ̨ and  ̌ (Fig. 1) under trans-
erse magnetic (TM) and transverse electric (TE) polarization,
hey always display composed color images [7,10,26]. Unlike
DPRGs, the color of an NPLA, as observed by the naked eye,

s dependent solely on the angle ˇ, thereby providing improved
tability and chromatic aberration without restricting the visual
ngles. The immobilization of oligonucleotides onto the surface
f NPLAs and the subsequent capture of target single-stranded
NAs (ssDNAs) from sample solutions can change the geomet-

ical parameters and refractive indices of the gratings [27]. In
his present study, we  used VLSI techniques to generate NPLAs
f silica for use as 2D periodic relief gratings, thereby increasing
he interface arising from biomacromoles and to enhancing the
ptical sensitivity. The detection of the oligonucleotides bound
o the NPLA nanostructures has been achieved by illuminating
he surface with visible light because the degree of diffraction
s influenced by the binding of the biological material. Specifi-
ally, the target ssDNA-induced nanostructural variation in the
PLA system enables large-scale morphological reorganization,

esulting in changes in the effective refractive index. This versatile
rocess is particularly amenable to the creation of large-area uni-
orm coatings on essentially any surface, with precise control over
he pillar scale of silicon and the optical properties of the target
sDNA.

. Experimental

.1. Materials

Single-crystal Si wafers, Si(1 0 0), polished on one side (diam-
ter: 6 inch) were supplied by Hitachi (Japan) and cut into
.5 cm × 1.5 cm samples. To remove dust particles and organic con-
aminants, the Si surfaces were ultrasonically rinsed sequentially

ith methanol, acetone, and dichloromethane for 10 min  each and

ubsequently dried under vacuum. The materials used for fabrica-
ion and characterization of the oligonucleotides modified NPLAs
ere purchased from Acros Organics and used without further
uators B 194 (2014) 10– 18 11

purification. Fresh 3-(mercaptopropyl)trimethoxysilane (MPTES),
purchased from Acros Organics, was used since it is subject to
oxidation of the SH groups and crosslinking of the molecules due
the hydrolysis of silanol groups when humidity condenses inside
the bottle. Thiolated oligonucleotides were purchased from Syn-
thetic Genetics (San Diego, CA). Two  kinds of oligonucleotides
that were immobilized onto the MPTES layer possessed the
sequence 5′-HS-C18-ATGACTAAGCTGTTACTACGG-3′ (FS) and 5′-
HS-C18-TTATTCAGCTCCAATTATTATAT-3′ (RS), forward and reverse
complementary sequences of S. aureus panC gene (GenBank acces-
sion number YP 501370.1), respectively [28]. All other chemicals
and solvents were of reagent grade and purchased from Aldrich
Chemical.

2.2. Oligonucleotides immobilization on NPLA

The basic strategy for the fabrication of the oligonucleotides-
modified NPLA using the VLSI process and reactive ion etching
(RIE) is depicted in Fig. 2. (A) The Si wafer was treated with
hexamethyldisilazane in a thermal evaporator (Track MK-8) at
90 ◦C for 30 s to transform the OH groups on the surface of
wafer into an inert film of Si(CH3)3 groups for photoresist coat-
ing [29]. Negative photoresist was spun onto the HMDS-treated Si
wafer; advanced lithography was then used to pattern the pho-
toresist as an NPLA after development. (B) RIE (Plasma Etcher,
TEL TE5000) was  used for the dry etching process, with the
photoresist NPLA on the silicon wafer employed as a protection
mask. Only the exposed regions of silicon were dry-etched by
supplying a gas mixture of CHF3 and CF4 under RIE processing
conditions at an etching rate of 475.2 nm/min. (C) Subsequently,
the remaining photoresist hard mask was  removed from the sur-
face through immersion in solvents, leaving behind an NPLA of
silicon. (D) The silicon NPLAs were then immersed in the mix-
ture of HNO3 and H2O2 (2:1, mol%) for 10 min  and subsequently
rinsed with doubly distilled water a minimum of five times to
oxidize the silicon NPLA [30]. (E) The NPLA of silicon oxide was
immersed in a solution of MPTES (1.5 wt%) in toluene to assem-
ble the thiol groups on the surface [31]. (F) Thiol-terminated
oligonucleotide probes FS and RS were diluted in sodium chlo-
ride/sodium citrate (SSC) buffer (3 M NaCl, 0.3 M Na citrate–2H2O,
pH 4.5, Aldrich) to a final concentration of between 50 and 200 nM.
The oligonucleotide buffered solution was  dropped onto freshly
MPTES-modified NPLAs using a pipette. These surfaces were sub-
sequently incubated for 16 h at 20 ◦C in a humidified chamber
(54% relative humidity) to prevent spot drying (which can lead
to uneven distribution) and then washed three times with water
and buffer solution. Finally, the surfaces were dried with nitro-
gen gas. Commercially available recombinant oligonucleotides
were covalently immobilized on the MPTES-modified NPLA sur-
face through disulfide bridges to give oligonucleotides-NPLAs. The
sample was cleaned ultrasonically for 90 min  to separate any
unbounded oligonucleotide, placed in PBS, and then the clean-
ing process was repeated until no oligonucleotide was recovered
in the supernatant. Finally, the resulting NPLA was kept wet-
ted until required for further use, thereby yielding a promising
general platform for the specific and sensitive detection of the
target ssDNA in terms of the effective refractive index. Target
ssDNA of S. aureus panC gene and fully immobilized surfaces
of FS and RS were subsequently incubated for 6 h at 10 ◦C in a
hybridization buffer solution (consisting of 1.8 M SSC pH 7, Den-
hardt’s solution (1%, w/v  BSA (bovine serum albumin), 2% Ficoll
400, and 2% polyvinylpyrrolidone (PVP)), 0.5% sodium dodecyl sul-

fate (SDS), and sheared salmon sperm DNA (55 �g/mL) to a final
concentration of 400 nM). Control ssDNA of E. coli cells was  also
tested in the same condition to evaluate the selectivity of the
oligonucleotides-NPLAs.
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ig. 1. Symmetric 1D and 2D periodic relief gratings with filling factor in the x and
ngles of a grating in the x–y plane and vertical to the x–y plane, respectively, of lig

.3. Characterization of oligonucleotides-modified NPLA through
 ssDNA hybridization

XPS is a quantitative, surface analytical tool sensitive to the
tomic composition of the outermost 100 Å of a sample surface.
PS measurements were performed on a Scientific Theta Probe

U.K.) instrument using a monochromatic Al KR X-ray source and
 75◦ take-off angle. The take-off angle is defined as the angle
etween the sample surface normal and the axis of the XPS ana-

yzer lens. Compositional survey and detailed scans (Si 2p, C 1s, N
s, O 1s and S 2p) were acquired using a pass energy of 80 eV. High-
esolution spectra (Si 2p, C 1s, N 1s, O 1s and S 2p) were acquired
or the NPLA samples using a pass energy of 20 eV. Three spots on
wo or more replicates of each sample were analyzed. Reported
ompositional data were averages of values determined at each
pot.

All samples after immersion into the various phosphate buffer
olutions for 10 min  are lyophilized under −40 ◦C for 10 min  to
emove the solvent in vacuum freeze dryer (BENCHTOP 2K; VIR-
IS; America). All measurements were performed on lyophilized
amples in the air to obtain stable results. We  used a spectroscopic
llipsometer with a beam diameter of 5 mm (SOPRA SE-5, France)
o measure ellipsometric parameters, � (�) and �(�), of the NPLA
lms on silicon substrates at � = 245–1000 nm at incidence angles
f 75◦. These measurements were carried out by recording � (�)
nd �(�) spectra after a certain time interval typically of 20–30 s
n the course of phase transition of NPLA (where � is the amplitude
A) ratio tan(� ) = Ap/As and � the phase shift � = ϕp − ϕs between
- and s-components of polarized light of wavelength �). Because
f possible interference due to changes of the refractive index of
PLAs during the course of the experiment, fitting was performed
y selecting � or/and � data points at a certain wavelength (�)
rom a massive � , � (�, t) file. The shape (raising or decaying) of

 (t) and �(t) curves depends on the wavelength selection on either
he decreasing or rising part of � (�), �(�) spectra, respectively
32]. The details of ellipsometry data fitting are given in analy-
is software mounted on the ellipsometer. In addition, we used a
ingle-wavelength ellipsometer (� = 632.8 nm,  He–Ne laser) with

 beam diameter of 1 mm  (DHA-OLX3, Mizojiri Optical) to deduce

he variations of the refractive index and thickness in the measured
reas for each NPLA film.

The morphologies of various patterns of NPLAs were ana-
yzed using an atomic force microscope (AFM; Veeco Dimension
ctions. Schematic representation of the angles  ̨ and ˇ, defined as the observation
ected from an NPLA surface.

5000 scanning probe microscope). AFM images were recorded
in a tapping mode under ambient conditions with a Multimode
Nanoscope III scanning probe microscope from Digital Instruments.
UV–vis–NIR reflected spectra were acquired using a Shimadzu 3600
UV–vis–NIR spectrophotometer.

2.4. Optical properties of the oligonucleotides-modified NPLA for
ssDNA hybridization

To readily fabricate artificial dielectric elements, the effective
index must be relatable to the grating profile in a simple manner.
By solving Maxwell’s equations with relevant boundary conditions,
the effective indices of 1D and 2D subwavelength gratings have
been obtained numerically by many authors [33]. Alternatively, the
use of effective medium theory generally yields a good approxima-
tion if the period-to-wavelength ratio is sufficiently small. For 1D
gratings, the theory provides the following simple expressions for
the ordinary and extraordinary indices:

n2
TE = f1n2

1 + f2n2
2 (1)

n−2
TM = f1n−2

1 + f2n−2
2 (2)

where f1 is the fill factor for medium 1 and f2 (equal to 1 − f1) is the
fill factor for medium 2. In the case of a 1D binary relief grating,
the effective refractive indices for TE and TM polarizations are nTE
and nTM, respectively. The different indices for the two  polarization
states indicate that 1D subwavelength gratings exhibit form bire-
fringence. For the convenience, the fill factors in the x directions
is set to equal to that in y direction for description of the square
pillar structure. The refractive index in the direction normal to the
grating vectors of a 2D subwavelength grating is given in effective
medium theory by

neff = [(1 − f 2)n2
1 + f 2n2

2]
1/2

(3)

where fx and fy are the fill factors of medium 2 in the x and y
directions, respectively (Fig. 1). It has been noted that there are
no simple closed-form zero-order expressions for the transverse
principal effective indices of a 2D subwavelength grating [34]. On

the other hand, the indices can be bounded approximately by use
of simple expressions derived from effective medium theory [35].
For simplicity, only square cylindrical geometries were considered
in this study. To set the upper bound, the 2D rectangular grating
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Fig. 2. Schematic representation of the process used to fabricate the oligonucleotides-modified NPLA. (A) Silicon wafer surface was treated with HMDS in a thermal evaporator.
Negative photoresist was spun onto the HMDS-treated surface to pattern the photoresist as a NPLA. (B) Only the exposed regions of silicon dioxide were dry-etched by
supplying a mixture gas of CHF3 and CF4. (C) The remaining photoresist hard mask was then removed from the surface through the action of solvents. (D) The silicon NPLAs
were  then treated with mixture of HNO3 and H2O2 (2:1, mol%) to oxidize the silicon NPLA. (E) The NPLA of silicon oxide was treated with MPTES to assemble an array of thiol
g RS to 
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roups.  (F) The NPLA presenting thiol groups was  treated with a solution of FS and 

he  presence of target ssDNA could be detected through ellipsometry because of th

as viewed as a 1D grating consisting of strips aligned perpendic-
lar to the electric field. Each strip, in turn, could be considered a
ection of a 1D grating with ridges parallel to the electric field. The
ffective refractive index of each strip was calculated using Eq. (1).
hese strip indices were then used to calculate the overall effective
efractive index, using Eq. (2). This effective index, an upper bound
hat is exact in the static case, is given by
eff,upper =
[

1 − f

n2
1

+ f

fn2
2 + (1 − f )n2

1

]−1/2

(4)
immobilize oligonucleotides on the pillar surfaces to hybridize with target ssDNA;
etric change of NPLA.

To obtain the lower bound, the 2D grating was viewed as a 1D
grating consisting of strips parallel to the electric field. The effec-
tive refractive index of each strip was found using Eq. (2) and the
overall effective index, representing the lower bound, from Eq. (1),
giving [

f
]−1/2
neff,lower = (1 − f )n2
1 +

fn−2
2 + (1 − f )n−2

1

(5)

At all times, the bounds were positioned between the indices of the
two components of the artificial dielectric.
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. Results and discussion

.1. Surface concentrations of immobilized oligonucleotides and
ound target ssDNA on NPLAs

XPS was used to obtain detailed information about the chemical
omposition of NPLA surfaces at various stages during the surface
odification process. Two peak components at the binding ener-

ies (BE) of ca. 99 and 103 eV, attributable to Si Si and Si O species,
espectively, appear in the Si 2p core-level spectrum of the pris-
ine Si(1 0 0) surface. Oxidization of the silicon surface activated
he surface with Si O species, which enhanced a signal at a BE
f 103 eV. C 1s core-level spectrum of the MPTES-functionalized
ilicon surface, curve-fitted with two peak components having
Es at ca. 283.9 and 284.6 eV, increased significantly because of
he presence of C H species of the MPTES layer on the surface
36]. In addition, the sulfur peak (S 2p) was detected at 163.7 eV,
hich indicated that all of the sulfur was present as thiol or
isulfide. XPS was also used to study the composition of disul-
de bridge after immobilization of oligonucleotides. The result

ndicates that S 2p region of a disulfide bridge formed on this sil-
con wafer. By subtracting the background, a S 2p doublet peak

ith binding energy at 163.8 and 165.1 eV can be resolved, cor-
esponding to the embedded disulfide bond. It is very difficult
o judge whether any of the disulfide bonds have been oxidized
ince the bulk plasmon band occurs in the same region as oxi-
ized S 2p peaks [37]. Elements P and N are unique to DNA and are
herefore good indicators of relative amounts of oligonucleotides
nd ssDNA present on the oligonucleotides-NPLA and ssDNA-
ligonucleotides-NPLA surfaces at 134 and 399.5 eV, respectively.
able 1 summarizes the XPS elemental compositions from pristine
ilicon NPLA, silicon oxide NPLA, MPTES-NPLA, oligonucleotides-
PLA and ssDNA-oligonucleotides-NPLA. The values of the [C]/[S]

atio of the MPTES-NPLA surface obtained from XPS analysis was
.5, respectively, which are in fairly good agreement with their
heoretical ratio of 3, respectively. Fairly good agreements also
xist between the XPS-derived and theoretical surface compo-
itions of the oligonucleotides-NPLA (Table 1). In addition, the
PLA structure enhanced the hydrophobicity of the silicon surface.
he silicon oxide NPLA exhibited the fully hydrophilic property.
fter the bonding of MPTES to the silicon surface, the con-

act angle increased from 0◦ to 68.5 ± 3◦. The hydrophilicity of
he oligonucleotides-NPLA facilitated the hybridizing with target
sDNA.

.2. Morphological change of oligonucleotides-modified NPLA for
elective ssDNA hybridization

When an oligonucleotides-modified NPLA couples specifically
ith its target ssDNA, change typically occur to the geometri-

al parameters of the NPLA and/or the refractive index contrast.
ccording to the effective medium theory, the fill factors fx and

y represent the ratios of the pillar scale to the period in the x
nd y directions, respectively (Fig. 1). Fig. 3a presents 3D, 2D,
nd line cross-section analysis AFM topographic images of the
ligonucleotides-modified NPLA, which existed on the Si surface
s a dense distinctive overlayer, with pillar scales of approximately
76 nm,  within a scanning area of 5 �m × 5 �m.  The line cross-
ection analysis clearly reveals the pillar array texture. Each pillar
f the oligonucleotides-modified NPLA had been fabricated suc-
essfully in a regular array and had a similar height of 361 ± 3 nm.
he NPLA comprised a repeating pattern of pillars (176 ± 3 nm)  and

paces (387 ± 3 nm)  over a large area. We  controlled the period
f this grating so that it would be below the wavelength used to
nhance the grating effect. The dimension of oligonucleotides is
pproximately 21 nm;  their deposition increased the scale of the
uators B 194 (2014) 10– 18

pillars, but decreased the space between them [38]. The oligonu-
cleotides moieties bound to the pillar surface retained their ability
to recognize and hybridize their partial complementary ssDNA effi-
ciently and specifically. After the target ssDNAs had been given
time to bind to the oligonucleotides, we washed the silicon sur-
faces in PBS solution; Fig. 3b presents 3D, 2D, and line cross-section
analysis AFM topographic images of the oligonucleotides-modified
NPLA after hybridizing to the target ssDNA. We  observe that the
regular pillar array remained after such processing. The scale of
each pillar had increased from 176 ± 3 nm to 434 ± 3 nm,  implying
a decrease in the space between the pillars. The results suggest that
the scale of the target ssDNA moiety is close to 129 ± 3 nm; such
complexation might, therefore, change the scale of the pillars and
the space between them. We suspect that other small DNAs (e.g.,
less than 100 base pairs) would probably not be detected with suf-
ficient sensitivity when using this method. To verify that the target
ssDNA moieties were bound only to the oligonucleotides-modified
areas, we  also bound control ssDNA of E. coli cells (dimensions:
143 ± 8 nm)  to the surfaces as a control and then washed the sili-
con surfaces in PBS containing 0.5% Tween 20 (pH 7.4, 10 mM)  at
10 ◦C (the inclusion of Tween in the buffer minimized nonspecific
binding). We  observed no apparent variation in the geometrical
parameters over the entire sample area as a result of any spe-
cific binding, thereby confirming the functionality and specificity
of the NPLAs. The degree of mismatch was negligible, as revealed
by the control experiments. Despite the variations in their geo-
metrical parameters, we conclude that these samples effectively
bound target ssDNA, as measured in terms of the effective refractive
index.

3.3. Effective refractive index for selective ssDNA hybridization

Through ellipsometry, we measured the refractive index of a
thin film of MHHA at 632.8 nm,  obtaining a value of 1.875 – close
to that from a previous report [39] – for use as a standard. We
further characterized of MHHA attached to the MAHA-modified
NPLA in terms of the effective refractive index (neff) obtained using
ellipsometry. Fig. 4a displays the values of neff of bare NPLA (A),
MPTES-NPLA (B), and oligonucleotides-NPLA (C) obtained through
environmental ellipsometry at a wavelength of 633 nm. The refrac-
tive index of target ssDNA is larger than that of silicon oxide (1.46);
therefore, the average value (1.668) of refractive indices can be
applied in effective medium theory. A dramatic response in the
value of neff, as probed through ellipsometry, occurred specifi-
cally after hybridizing target ssDNA with oligonucleotides on the
pillar surface [Fig. 4a(D)]. In addition, the value of neff of the
oligonucleotides-modified NPLA remained relatively unchanged
after treatment with the control ssDNA, confirming that control
ssDNA did not bind significantly to the oligonucleotides moieties
on the pillar surface [Fig. 4a(E)]. An NPLA can be regarded that
an air layer filled by silicon oxide covered with target ssDNA; in
Eq. (3), n1 and n2 represent the refractive indices of air and sili-
con oxide covered with target ssDNA, respectively. We calculated
values of f by using our measured values of neff, calculated from
the change in pillar scale after hybridizing with the target. The
effective medium theory provides much more accurate results only
when the period is sufficiently smaller than the wavelength of
the incident light. Therefore, we use the bounded indices expres-
sions to fit our results. The literature suggests that the effective
indices are, on average, increased by at most 3% for a 2D 400-
nm-period symmetric grating at a wavelength of 633 nm [34].
Therefore, we suspect the inaccuracy of our measurements of the

refractive indices for the 176-nm-scale NPLA at a wavelength of
633 nm would be, on average, less than 3%. Fig. 4b presents the
values of neff and f, modeled using Eqs. (4) and (5), of the bare
NPLA (A), MPTES-NPLA (B), oligonucleotides-modified NPLA (C),
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Table 1
XPS elemental compositional data for pristine silicon NPLA, silicon oxide NPLA, MPTES-NPLA, oligonucleotides-NPLA and ssDNA-oligonucleotides-NPLA.

Sample Atomic percenta Atomic ratio Contact angle (◦)

Si 2p C 1s O 1s N 1s P 2p S 2p [C]/[S]b [O]/[S] [N]/[S] [P]/[S]

Silicon NPLA 79.5 11.3 8.3 0.9 0.0 0.0 – – – – 95.4 ± 3
Silicon  oxide NPLA 54.2 5.1 40.4 0.3 0.0 0.0 – – – – 0 ± 3
MPTES-NPLA 49.2 6.3 42.8 0.3 0.0 1.4 4.5 (3)c 30.6 – – 68.5 ± 3
Oligonucleotides-NPLA 1.4 46.3 31.9 15.6 4.4 0.4 115.8 (110) 79.8 (84) 39.0 (38) 11.0 (12) 0 ± 3
ssDNA-oligonucleotides-NPLA 0.6 44.8 35.3 14.1 5.2 0.0 – – – – 0 ± 3

heore

o
(
t
t

F
b

a Determined from XPS core-level spectral area ratio. Values in parentheses are t
b Determined from the XPS curve-fitted element core-level spectra.
c Values in parentheses are theoretical ratios.

ligonucleotides-modified NPLA after target ssDNA hybridizing

D), and oligonucleotides-modified NPLA after binding the con-
rol ssDNA (E), constructed to fit the data only at 633 nm to avoid
he effects of the lower wavelengths of incident light that are

ig. 3. AFM topographic images [3D (left), 2D (right), and line cross-sectional (right) ana
inding.
tical ratios.

absorbed strongly by the surface cover slip. The measured values

of neff located within the region bounded by Eqs. (4) and (5) are a
close fit to the modeled values, even though we had assumed the
average refractive index of silicon oxide and target ssDNA in the

lysis] of the oligonucleotides-modified NPLA (a) before and (b) after target ssDNA
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Fig. 4. (a) Values of neff , measured using ellipsometry, of (A) bare NPLA, (B) MPTES-
NPLA, (C) oligonucleotides-modified NPLA, (D) oligonucleotides-modified NPLA
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Fig. 5. (a) Diffraction spectra of the oligonucleotides-modified NPLA (a) before and
(b) after target ssDNA hybridizing. Insets: Photographic images of samples (a) and
fter target ssDNA coupling, and (E) oligonucleotides-modified NPLA after bind-
ng the control ssDNA. (b) Values of neff of samples A–E plotted with respect to their
alues of f, fitted to Eqs. (4) and (5).

quations. Accordingly, the model perfectly matched the mea-
ured data when the geometrical parameters of the NPLA typically
hanged. The upward concave curves for the values of neff of the
PLA plotted with respect to the filling factors are consistent with
revious reports [34,40].

The variation of the periodic structures can tune light propaga-
ion, which holds technological implications in various areas. Much
rogress has been made in the fabrication of ordered arrays that
re responsive to external stimuli, which result in the modification
f the lattice spacing of the opal structures [41]. Accordingly, the
avelength of diffraction of these ordered arrays shifts due to the

hange of photonic band gap (PBG). For diffraction-based applica-
ions, it is critical to engineer ordered arrays to exhibit bright and
tructure-based color. The oligonucleotides-NPLA films responded
apidly and sensitively to the target ssDNA, producing diffraction
ith high color purity. The diffraction could shift its peak posi-

ion larger than 300 nm and retain full width at half maximum
FWHM) in the range of 150–200 nm.  Fig. 5 presents diffraction
pectra of oligonucleotides-modified NPLA and oligonucleotides-
odified NPLA after target ssDNA hybridizing, peaking at 375, and

25 nm,  respectively. The narrow FWHM suggests the preservation
f the ordered structure of NPLA during the ssDNA hybridization
42]. The inset to Fig. 5 displays photographic images, obtained at
ngles  ̌ of approximately 15◦, of the oligonucleotides-modified
PLA before and after hybridizing with target ssDNA (Fig. 1). We
repared the NPLA into a die using an etching process with a contact
ask (1 cm × 1 cm). The light impinging the sample at an incident

ngle was linearly polarized, with the electric field vibration paral-

el (p) or perpendicular (s) to the plane of incidence; therefore, the
eflected light was also p- or s-polarized. In this study, we observed
he reflection of the NPLA through the naked eye under an invari-
ble angle  ̌ [43]. The color of the oligonucleotides-modified NPLA
(b),  demonstrating the grating effect of the NPLA.

was light blue prior to hybridizing with target ssDNA; it underwent
an obvious color change to red after target ssDNA hybridizing. The
ability to visualize such a color change provides the ability to rapidly
and conveniently detect a specific ssDNA. The diffractive effect of
a grating is dependent on its period and/or the angle of observa-
tion when its structural scale is larger than the wavelength of the
incident light. Therefore, in this study we fixed both the period
and angle of observation. These observed colors are closed to the
peak positions of oligonucleotides-modified NPLA before and after
hybridizing with target ssDNA.

We determined the sensitivity of the oligonucleotides-modified
NPLA in a previous study [38]. Fig. 6a displays the relationship
between the hybridizing concentration of target ssDNA and the
neff in the duration (10 min). The variation in pillar scale within
a period of 10 min  occurred over the ssDNA concentration range
0.1–3.2 ng/�L, with the majority of the variation occurring between
0.2 and 0.4 ng/�L, defining the cut-off values. Thus, the quantity of
target ssDNA that hybridized with the oligonucleotides-modified
NPLA increased during that period upon treatment with 0.4 ng/�L
of target ssDNA. In other words, the quantity of target ssDNA that
hybridized onto the pillars might not be sufficient to generate a sig-
nificant change in either the filling factor or the value of neff of the
NPLA after 10 min  if its concentration were less than 0.4 �g/mL. If
the sample were immersed in below 0.4 ng/�L target ssDNA solu-
tion for a longer period of time (e.g., 30 min), then the value of
neff would presumably change more significantly. Nevertheless,
we expected the sample to respond to some degree within the
10-min period of the ssDNA detection. The neff increased slightly
with increasing the concentration of control ssDNA, indicated that
mismatch of ssDNA occurred. We  generated this plot by measur-
ing the values of neff of the oligonucleotides-modified samples to
obtain a background reading for each ssDNA concentration. Fig. 6b
shows four diffraction spectra collected from oligonucleotides-
modified NPLA after hybridizing with various concentrations of
target ssDNA in the duration. The red shift of diffraction spec-
tra within a period of 10 min  occurred apparently over the ssDNA
concentration range 0.4–3.2 ng/�L. We  observe approximately lin-
ear increases in peak position of the NPLA layer upon increasing
concentration to 3.2 ng/�L. The peak position reached a plateau
(650 nm), indicating the completely hybridizing of target ssDNA
with the oligonucleotides moieties. During the red shift of the
diffraction spectra from 400 nm (0.4 ng/�L) to 650 nm (3.2 ng/�L),

the full width at half maximum (FWHM) stayed narrow with the
estimation of ca. 50 nm.  It is intriguing to understand the peak shift.
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Fig. 7. (a) Values of neff of oligonucleotides-modified NPLA after binding the target
entration of target and control ssDNA after hybridizing for 10 min. (b) Diffraction
pectra of the oligonucleotides-modified NPLA after hybridizing target ssDNA with
.4, 0.8, 1.6 and 3.2 ng/�L concentrations for 10 min.

he diffraction peak position (�max) of NPLAs was estimated by the
ollowing equation [44]:

 · �max =
(

8
3

)1/2
d · neff · sin � (6)

here k is the order of Bragg diffraction and � is the glancing angle
etween the incident light and diffraction planes. In our study,

 is a constant and � is fixed at 75◦. Thus, there are two  factors
ffecting �max, d is the scale of pillars and neff is the average refrac-
ive index of NPLAs. When target ssDNA was hybridized with the
ligonucleotides-modified NPLA, the red shift of �max was claimed
o be a pure consequence of the increase of d, with the change of neff
lone leading to 1–2 nm blue shift [45]. These results indicate that
he inherent sensitivity and selectivity of ellipsometry-measured
hanges in refractive index across an interface as a result of ssDNA
dsorption could be enhanced through the application of an NPLA
tructure.

Fig. 7a presents the values of neff of the NPLA plotted with
espect to the duty ratios (i/w, Fig. 1), after the hybridizing of
.4 ng/�L target ssDNA and the control ssDNA for 10 min. The
alues of neff increased with the duty ratio from 0.5 to 3, but
ecreased upon increasing duty ratio from 3 to 6. The largest
hange in the values of neff of the oligonucleotides-modified
PLA after hybridizing with target ssDNA occurred for duty ratio
f NPLA at 3. When the spacing (i) scale of oligonucleotides-
odified NPLA is smaller than that of target ssDNA, the NPLA

ayer may  not permit the target ssDNA penetrate among the pil-

ar spaces leading to obstruction of hybridization. As expected,
he changes in the values of neff for the oligonucleotides-modified
PLA after hybridizing with target ssDNA decreased upon the duty

atio from 4 to 6. The results suggest that the sensitivity of the
ssDNA and control ssDNA, and (b) cut-off values of oligonucleotides-modified NPLA
plotted with respect to the duty ratio of the NPLA.

oligonucleotides-modified NPLA is determined on the proper scale
of pillar spacing and target ssDNA. In addition, the changes in the
values of neff for the oligonucleotides-modified NPLA after hybridiz-
ing with target ssDNA were much larger than those after coupling
the control ssDNA. The results suggest that the oligonucleotides-
modified NPLA specifically underwent an increase of filling volume
after hybridizing with target ssDNA. Fig. 7b displays the relation-
ship between the cut-off value (concentration) of target ssDNA,
defined by a change in the value of neff of greater than 0.005, and the
duty ratio. The cut-off values of target ssDNA decreased abruptly
upon decreasing the duty ratio from 6 to 3, but increased there-
after. The lowest cut-off value of the oligonucleotides-modified
NPLA after hybridizing with target ssDNA occurred for duty ratio
of NPLA at 3, consistent with the results in Fig. 6a. These results
suggest that a highly dense NPLA featuring immobilized oligonu-
cleotides moieties might not possess sufficient space for complete
binding of the target ssDNA. We  generated this plot by measur-
ing the values of neff of the oligonucleotides-modified samples to
obtain a background reading for each ssDNA concentration. In addi-
tion, the change in color when the target ssDNA attached to the
oligonucleotides-modified NPLA could be detected by the naked
eye when the duty ratio was  less than 5. In this present study, we
prepared NPLAs that functioned as platforms for a selective ssDNA
detection. The visual method of detection resulted from the target

ssDNA being bound only to the oligonucleotides-modified regions.
The change in color observed when illuminating the nanometer-
scale grating arose most likely from the change in the effective
refractive index during the coupling of the target ssDNA.
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. Conclusions

We  substantially modified a specific oligonucleotides onto a
illar-structured surface over a large area, obtaining a system
apable of ssDNA detection. By selecting a suitably functional
ligonucleotides and optimizing the hybridizing of ssDNA, the scale
f the nanostructures could be varied to maximize the responsive-
ess of the device. Although we could not exclude the effects of
esorption of the target ssDNA after hybridizing with the oligonu-
leotides, the filling behavior of the target ssDNA among the pillars
as sufficiently robust to survive the subsequent processing and

ield a consistent, detectable signal for the effective refractive
ndex. NPLAs are simple structures that allow the generation of
ybridization surfaces without the need for any prior treatment or
omplicated processing. Because measurements of effective refrac-
ive index are not susceptible to small defects, any non-uniformities
esulting from the fabrication process will not dramatically influ-
nce the results of the analyses. Although there are opportunities
o improve the effects of SPR to generate optical biosensors, the
urrent format described herein appears to be equally effective.
oreover, light reflected from the NPLA at an angle of 15◦ appeared

ure blue and red to the naked eye before and after binding of
he target ssDNA, respectively. This simple sensor might be able
o detect other ssDNAs with apparent color changes, as well as any
ells, with specific antigens, whose volume is sufficient to fill in the
illar structure when bound to the silicon surface.
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