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Geometric effects of nano-hole arrays were investigated for label free
bio-detection. Because the nano-hole arrays were designed to
present a filtered peak wavelength in the visible light region, filtered
color changes caused by different biomolecules were easily observed
with a microscope or even by the naked eye. Generally, many
biomolecules are transparent or colorless in the visible range, so that it
is hard to distinguish among them using visible observation. However,
their molecular structure and composition induce some differences in
the dielectric constant or refractive index causing a filtered color shift
in the nano-hole array structure. Here, the contribution of geometric
parameters such as the hole diameter and the spacing between nano-
holes for bio-detection was evaluated to maximize the change in color
among different biomolecules. A larger hole size and space between
the holes enabled the biomolecules to be easily distinguished. Even if
the change in color was not distinctive enough by eye in some cases, it
was possible to distinguish the change by simple analysis of the ‘Hue'
values or by the ‘Lab’ color coordinates obtained from the photo
images. Therefore, this technique can have high probability of reali-
zation for real-time detection of cells without the use of bio-markers.

The most powerful analysis tool for real-time observation of cells
so far is the microscope in bio-related fields. However, the reso-
lution limit is a barrier to bio-analysis because many bio-objects
are smaller than 1 pm. Various new optical approaches have been
suggested with improvements in the quality of optical compo-
nents to solve the resolution limit. The other important issue
without much progress yet is poor selectivity among various
biomolecules such as proteins due to their transparent or
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colorless optical characteristic in the visible range. To provide
selectivity, bio-markers, generally fluorescent materials, are used
for ‘in vivo’ or ‘in vitro’ bio-detection;'* however, these detected
molecules are not native to the human body. Therefore, they can
lead to undesirable results sometimes.** One of the promising
solutions for marker-free detection is surface plasmon resonance
(SPR), which is the resonant oscillation of conduction electrons
at the interface between a negative and positive permittivity
material stimulated by incident light. SPR reflectivity measure-
ments can be used to detect molecular adsorption, such as
polymers, organic molecules or proteins.”® The mechanism of
detection is as follows: the adsorbing molecules cause changes in
the local index of refraction, changing the resonance conditions
of the surface plasmon waves. However, technically, a detector
system such as a precise reflection angle detector or spectrum
analyzer is essential.’* In addition, an anti-body coating is
required to enhance the sensitivity for certain conditions. The
phase contrast microscopy, usually preferred in biology, is an
optical microscopy which converts phase shifts of the light
passing through a transparent target to brightness changes in the
image. They are able to be visualized when shown as brightness
variations although phase shifts are invisible. However, it just
enhances the contrast factor of the image and easily causes Halo
effect.”” Due to the reasons as described above, more appropriate
and simpler technique for real-time detection is required.

A structural color filter (SCF) based on nano-hole arrays which
originate from localized surface plasmon resonance (LSPR) could
be an important solution for marker-free detection. Once the
nano-holes are periodically perforated on metallic thin films, the
incident light into these arrays is filtered out, and specific wave-
lengths are transmitted.'*™** If we can select the appropriate design
factors for SCFs, the filtered peak wavelength can be in the visible
light region. For a general color filter (CF) using color pigments, if
a transparent biomolecule is dropped onto the CF, it just changes
the brightness of the filtered light not the color coordinates
(Fig. 1a and c). However, in the case of a SCF, the filtered wave-
length can be selected according to the optical characteristics of
a biomolecule such as the refractive index or dielectric constant as
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Fig.1 Concept images of bio-detection based on a SCF. (a) Image of
a general red CF based on red pigments. Except for the red color
component, the other components in white light are absorbed by the
red pigments (b) schematic image of a SCF. Nano-hole arrays induce
a color filtering effect (c) even though three different proteins are
dropped on a general CF, there are no color changes due to its
transparent optical property. (d) Different transparent biomolecules
change the dielectric property of the surface of filters when they are
dropped on the SCF. This causes spectral shifts in the SCF.

well as the structural dimension of the SCF. This means that even
though two transparent biomolecules are dropped onto a SCF, the
SCF has distinguishable transmission results depending on its
dielectric constant or its refractive index, ie., the transmissive
colors are different in the same SCF. Fig. 1 is a schematic
description of such a difference. Therefore, we can distinguish the
transparent biomolecules with a microscope or even by the naked
eye when using the SCF without any bio-markers.

Herein, we investigated the role of the geometric factors of
SCFs such as the hole diameter and spacing between the holes
in the bio-detection mechanism, especially to maximize the
color shift for high material sensitivity. In addition, by using
fabricated filters as a cell-detector, we confirmed that they are
suitable for classifying individual biomolecules even if their size
is extremely small.

To investigate the geometric effects on the spectral proper-
ties, SCFs were fabricated with varying hole diameters (120-220
nm) and spacing conditions (260-400 nm). To form the metallic
layer, 150 nm thick Al films were deposited onto a glass
substrate by thermal evaporation. A SiO, layer was also depos-
ited by a RF sputtering system at a thickness of 50 nm as a mask
in the Al etching process. Periodic nano-hole arrays were
formed with an electron beam lithography system (JEOL JBX-
9300FS) with an accelerating voltage of 100 kV. The hole
arrays consisted of a quadrate arrangement with the same
spacing for both the x- and y-axes. This square structure makes
the SCFs independent of the polarization effect from the inci-
dent light. After formation of the PMMA mask pattern, the SiO,
and Al films were etched by an inductively coupled plasma and
reactive ion etching (ICP-RIE) system. The SiO, layer used as an
etch mask remained on the Al films to enhance the resonance
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modes of upper and bottom interfaces of patterned Al films and
to avoid reactions with water, air, or biological solutions. More
details of experimental procedure are described in Fig. S1.}
Fig. 2a shows an optical microscope (OM, transmission mode)
image and scanning electron microscope (SEM) images of the
SCFs. As shown in Fig. 2a, each filter has a different trans-
mission color and intensity from the different geometric factors
(hole diameters and spacing). The transmission spectral prop-
erties of the fabricated SCFs were measured with a CCD based
spectrometer (DALSA PRO-5200) which had an available wave-
length between 400 nm and 780 nm with a 1 nm resolution. The
light source was set vertical to the filters when the spectral
measurements were performed. Fig. 2b shows the measured
transmission spectra of the SCFs which consist of increasing
spacing between the holes from 260 to 400 nm with a 20 nm
step while the diameter of the holes was kept at 120 nm.
Although the increase in spacing led to a decrease in the
transmission intensity, it was clearly confirmed that it induces
ared-shift in the resonance wavelengths, i.e., the filtering colors
are changed from bluish green to red. When we chose a spacing
smaller than 260 nm, we also got a blue color filtering result.
Fig. 2c shows the effect of the hole diameters on the trans-
mission spectra of the filters. The spacing was fixed at 400 nm
while the diameter was changed from 120 to 200 nm with a 20
nm step. In contrast to the dynamic spectral shift of the SCFs
with variable spacing (Fig. 2b), the change in the hole diameters
mainly affected the transmission intensity of the filters. The
increase in the hole diameter induced a higher transmittance
and broadened the half width at full maximum (HWFM) of the
spectra. In addition to this main tendency, a small red-shift
occurred when the diameter of the holes increased, as well.
This shift is due to the cut-off behavior of the filters, i.e., longer
wavelength lights are more sensitive and reactive to changes in
the diameter.">"” Fig. 2d and e show the peak points of the
resonance wavelengths according to the spacing and the
diameter. Both (1,0)- and (1,1)-resonance wavelengths were red-
shifted when the spacing and the diameter were increased. The
integer pair (i) such as (1,0) and (1,1) is related with reciprocal
lattice vectors in square structural arrays. In addition, it plays an
important role to determine resonance modes in SCFs. There-
fore, we can conclude that even though the spacing of nano-
hole arrays primarily determines the position of the reso-
nance wavelengths, the diameter of the holes also has a partial
role in the positioning regime.

A change in the surface environment such as the dielectric
constant enables the SCFs to detect biomolecules. The reso-
nance peak of the filtered wavelengths through the SCFs is
approximately expressed as follows:

2 o N Eméd
res(i, j) \/m em + €4

where s is the spacing between the holes; ¢, and ¢4 are the
dielectric constants of the metallic and dielectric layers, respec-
tively, and i and j indicate the scattering orders which are previ-
ously described above.’® Once the geometric factors and base
layers of the SCFs are selected, the optical characteristics

(1)
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(a) OM image of SCFs with various diameter (d) and spacing (s) conditions; SEM images of the inset in (a) show two filters which have the same

spacing of 400 nm but different diameters of 200 (top) and 160 nm (bottom). The scale bar is 1 um. Measured transmission spectra of the SCFs with
increasing (b) spacing, s = 260, 280, 300, 320, 340, 360, 380, and 400 nm and (c) diameter, d = 120, 140, 160, 180, and 200 nm. Diameter of (b) and
spacing of (c) are kept at 120 and 400 nm, respectively. (d and e) (1,0)- and (1,1)-resonance wavelengths obtained from (b) and (c).

concerning the dielectric constant of the biomaterials are estab-
lished as the primary determination factors. Therefore, biomol-
ecules can be the main variable to change the spectral property of
the filters. In general, most proteins are transparent or colorless
such that it is hard to distinguish the kind of protein by optical
microscope, whereas the dielectric constant of each constituent
element in proteins is different due to their specific bonding
structure and different chemical compositions. Thus, if a SCF is
formed on a slide glass, we can provide selectivity for various
biomolecules under microscope observation. The SCFs presented
in Fig. 3a were fabricated to confirm that effect. They had a fixed
diameter to spacing ratio of 0.4 because this ratio results in one
of the most appropriate color filtering effects in terms of
brightness and color information (Fig. S2-S5t). The spacing was
increased from 260 nm to 420 nm with 20 nm step.

As shown in Fig. 3b-f, dramatic shifts of spectra occurred
when the deionized water was dropped on filters. This visible
color change comes from a difference between the dielectric
constants of air (eq iy = 1) and water (eq water = 1.33). Therefore,
the filtered spectra moved toward longer wavelengths. In the case
of the number ‘2’ filter in Fig. 3a and b, even though it looks like
a blue-shift occurred (orange to yellow), both the (1,0)- and (1,1)-
resonance peaks moved to longer wavelengths (red-shift). The
(1,0)-peak just shifted into the near-infrared (NIR) region while
the (1,1)-peak still remained in the visible light region as shown
in Fig. 3e. As a result, the reddish color diminishes and only the
yellow color becomes visible. For the number ‘1’ filter, the two
main peaks shifted toward the NIR region and this resulted in
a grey color (Fig. 3d). Eqn (1) also supports this spectral shift
tendency. However, these color changes are not normal
phenomenon for general pigment-based CFs. The water drop

This journal is © The Royal Society of Chemistry 2016

simply causes a change in the brightness. From this perspective,
SCFs are advantageous in the detection of transparent biomole-
cules such as proteins. However, the difference in the dielectric
constants of biomolecules sometimes can be small because they
are diluted with a base solution with a low concentration, or they
have a similar molecule structure. For these reasons, optimiza-
tion of the geometric factors such as the spacing and diameter of
the holes is needed to maximize the color difference among
biomolecules and to increase the resolution of detection of the
SCFs. According to eqn (1), it is clear that the spacing and the
dielectric constant have a crucial role in determining the position
of the resonance peaks of the filtered wavelengths.

Here, the dielectric constants of metal ¢, is fixed. The change in
& induced by biomolecules diluted with a base solution is
assumed to be quite small. Therefore, we need to consider the
spacing effect on the positioning regime of the resonance wave-
lengths. Additionally, the hole diameter is also an important
geometry to enhance the selectivity of the SCFs to biomolecules
because it can induce a filtering color change based on the
difference in optical characteristics of the biomolecules, as well.
For this reason, we fabricated two groups of SCFs. One group was
organized with variable spacing (280, 320, and 360 nm), and the
other consisted of variable diameters (140, 160, and 180 nm).
Then, collagen and bovine serum albumin (BSA) solutions diluted
to 20 ug ml " with phosphate buffered saline (PBS) were dropped
onto the surface of the filters. Collagen is the main structural
protein of the connective tissue in the form of elongated fibrils,
whereas BSA is a globular protein abundant in the plasma.”>*
Finally, their optical property was measured by a spectrometer.
Fig. 4a and b show the transmission spectra of the SCFs with
the collagen and BSA solutions. From the results, several
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Fig. 3 (a) Color images of SCFs with a d/s ratio of 0.4 with air. The
spacing of each filter ranged from 420 to 260 nm with a 20 nm step. (b)
Photo image of a deionized water drop on a SCF. (c) The change in the
CIE 1931 chromaticity diagram plot from the change in surface
materials from air (red dot) to deionized water (blue dot). (Inset) Photo
image of color change after the deionized water dropped onto the
SCFs. (d-f) Transmission spectra of number ‘1, '2', and ‘3" in (a).
Magenta and purple lines are for the air and water interfaces
respectively.

enhancement factors for improving the resolution of bio-detection
are revealed from the measured transmission spectral property. At
first, the BSA solution showed a higher transmittance than that of
the collagen for all cases. However, this tendency was not what we
expected because a similar result can be obtained with general
CFs. Crucially, such a difference in transmission intensity also
occurs according to the concentration of the same biomolecule.”
Therefore, it is not proper to use this detecting mechanism.
Meanwhile, like in Fig. 3, the filtered resonance peaks shifted
toward the red color direction with a drop of the solutions. The
resonance wavelengths of the BSA solution were positioned slightly
to the right of that of collagen for all the SCFs. This is due to the
larger dielectric constant and refractive index of BSA compared to
collagen.””* In this regime, another enhancing factor is available.
By increasing the spacing between the holes, the difference in the
main resonance wavelengths for both solutions increased shown
in Fig. 4c. This can be explained easily by eqn (1). The spacing is
the slop of eqn (1) such that a larger one can induce a larger
difference between each resonance peak with the two dielectric
constants of eqpsa and eqco. Furthermore, the increase in the
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diameter of the holes caused more red-shifted resonance wave-
lengths. At the same spacing condition (360 nm), a larger hole
diameter resulted in much red-shift for both solutions shown in
Fig. 4b. Thus, the increase in the diameter of the holes, which
limits the transmission of longer wavelengths, makes the cut-off
point move toward the right. In this mechanism, the shift rate of
each spectrum also depends on the dielectric constant, and a more
considerable red-shift occurs with a higher dielectric constant.
Therefore, the increase in the spacing and diameter enhances the
separation of the resonance peaks induced by each of the
biomolecules.

Fig. 4c and d shows the difference between the resonance
wavelengths of the collagen and BSA solutions according to
various spacing and diameter conditions. Even though the
molecules had a low concentration, a deviation of 2 nm was
achieved by changing the spacing. In addition to this, we
observed that the diameter of the holes also has a large role. The
difference in the main resonance wavelength for collagen and
BSA was enhanced to 5 nm with a hole diameter of 180 nm under
a fixed spacing of 360 nm (Fig. 4d). In the case of a 1-2 nm peak
shift, it is not easy to detect a color difference by eye or by
a simple color analysis program, such that we may need a good
spectrum analyzer. However, as mentioned previously, a spec-
trum analyzer is not appropriate for real time detection. Whereas,
a 5 nm difference is detected by eyes and clearly detected by
commercialized programs as like ‘Photoshop’ in ‘Hue’ value or
‘Lab’ color coordinates. Thus, SCFs consisting of larger geometric
factors which are the spacing and hole diameter guarantee the
higher detecting resolution. However, much larger geometric
factors leading to a NIR shift of the resonance wavelengths and
resulting in a failure of our designed intent that the transmission
spectra are positioned in the visible light region.

To confirm the possibility of the SCFs to be utilized as a bio-
detector, detection of live cells was performed with a micro-
scope. In general, a cell is composed of many and diverse
biomolecules such as proteins and nucleic acids. Thus, it is ex-
pected that transmission colors will change according to the type
of biomolecules because each has its own dielectric constant.
This property enables easier distinction among biomolecules.
For this experiment, human embryonic kidney (HEK)-293 cells
were dropped onto the surface of a general CF using a red
pigment and onto our fabricated SCF. The SCF consisted of
a spacing of 360 nm and a hole diameter of 180 nm. For low
magnification, the image captured from the SCF is much clearer
than that of the general CF due to the higher contrast which
comes from both the brightness and color changes shown in
Fig. 5a and b. As expected, just the difference in brightness was
detected in the cell structure on the general CF due to its
mechanistic principle. Most of the compositions constituting
a cell is colorless or transparent so that different biomolecules
induce only a brightness change. However, the SCF with cells
showed different colors as well as a change in brightness
depending on the molecules as long as their dielectric constants
were not the same with each other. Therefore, with the SCF, it is
much clearer by microscope observation. In highly magnified
images, this tendency became stronger. The image from the SCF
with the HEK-239 cell had various color pixels such as greenish

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Measured transmission spectra of the SCFs with increasing (a) s = 280, 320, and 360 nm and (b) d = 140, 160, and 180 nm after collagen
and BSA were dropped on them. d of (a) and s of (b) are kept at 140 and 360 nm, respectively. The difference in the resonance wavelengths of the
spectra plotted on (c) and (d).

(®)

Fig. 5 OM images of the general pigment typed CF and SCF with HEK-293 cells. Transmission mode with a halogen source was used. (a) Low
and high magnified images of HEK-293 cells on the general pigment typed CF and (b) SCF. (c) Hue space and color positions for two points of the
white (nucleus area, H = 0°) and yellow circles (cytosol area, H = 0°) for (a). (d) Hue space and color positions for two points of the white (nucleus
area, H =12°) and yellow circles (cytosol area, H = 345°) for (b). Parameter pairs of (H) = (0°) and (L,a,b) = (54,72,51) for a nucleus area while (H) =
(0°) and (L,a,b) = (57,70,45) for a cytosol with a pigment-based CF. Parameter pairs of (H) = (12°) and (L,a.b) = (42,34,29) for a nucleus area while
(H) = (345°) and (L,a,b) = (49,57,13) for a cytosol with a SCF. Lab coordinates of nucleus and cytosol areas with (e) a general pigment typed CF and
(f) a SCF are plotted. The scale bars on (a) and (b) are 50 pm and 10 um for low and high magnification, respectively.
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yellow, yellow, red and base magenta, whereas, all the pixel colors
were almost red for the general CF. The color change can be
quantified with a simple commercialized image program using
the ‘Hue’ value. Hue is one of the main properties of a color,
which is part of the color appearance parameters, and technically
defined as the degree of similarity or difference between stimuli
which are described as red, orange, yellow, green, blue, and
violet. In general, Hue is usually referred to as ‘colors’. The
different Hues have different wavelengths in the spectrum.
Therefore, we can quantify the spectrum difference from the Hue
values.”® Here, we used ‘Adobe Photoshop CS6’ to analyze the
results. There were two comparison points, the nucleus enriched
with nucleic acids (white circle) and the cytosol abundant with
proteins (yellow circle) (Fig. 5a and b). For the general CF, the Hue
values were same as 0° for both the nucleus and cytosol areas,
even though they are enriched with distinct biomolecules. In
contrast, a big difference in the Hue values was induced by the
SCFs. The cytosol area showed a reddish magenta color, which
corresponds to a value of 345° for the Hue, whereas, the nucleus
area had a value of 12°. Inside the cell, most of the pixel colors
was slightly different because each point was occupied by
different biomolecule compositions which are well-matched with
the physiological analysis of the cell. When we used a ‘Lab’ space
based on nonlinearly compressed CIE XYZ coordinates consist-
ing of dimension L and ab for the lightness and opposition colors
respectively, the matching with biomolecules was being more
precise. As a result, the Lab values of the general color filter were
measured as (L,a,b) = (54,72,51) and (57,70,45) for the nucleus
and cytosol areas. This result indicates that the difference in both
lightness and color is too small. However, the SCF induced values
of (L,a,b) = (42,34,29) and (49,57,13) for the two points, such that
these clearly show the distinct color difference with high reso-
lution which enables easier matching with biomolecules (Fig. 5e
and f). Because both parameters, ‘Hue’ and ‘Lab’, can be simply
obtained from the photo images by commercialized image
programs, we are able to trace the kind of biomolecules in this
manner without need of any complicated spectrum analyzer.
Therefore, we believe that SCFs can be utilized as a solution for
real-time detection of cell configurations with some
standardization.

In summary, we fabricated SCFs with varying geometric
factors including the spacing between holes and the diameters
of the holes and explained their effects on the detection reso-
lution of biomolecules. The role of spacing is one of the
important parameters. Moreover, in this study, we found that
the hole diameter also has a large contribution in enhancing the
resolution. An increase in both the spacing and diameter of
nano-hole arrays induced a red-shift in the resonance wave-
lengths, and this tendency can maximize the difference between
characteristic transmission spectra of biomolecules. When the
geometric factors mentioned above are properly adjusted and
optimized for each filter, further enhancement in the detecting
ability can be obtained. Additionally, we showed that the SCFs
can be used to distinguish the type of biomolecules in cells with
general color spaces such as ‘Hue’ and ‘Lab’ coordinates. This is
expected to have great potential in label-free and real-time ‘in
vitro’ bio-detection with easy handling.
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