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ARTICLE INFO ABSTRACT

A color-sensitive and spectrometer-free sensing method using plasmonic nanohole arrays and the color com-
ponents, L*, a*, and b*, of the CIELAB defined by the international commission on illumination (CIE) is in-
troduced for the analysis of optically transparent materials in the visible range. Spectral analysis based on
plasmonic nanoparticles or nanostructures can be applied to real-time bio-detection, but complex optical in-
strumentations and low spatial resolution have limited the sensing ability. Therefore, we take an advantage of
color image processing instead of spectral analysis which induces the distinctive color information of plasmonic
nanohole arrays with different transparent materials. It guarantees high spatial resolution which is essential to
bio-detection such as living cells. To establish our sensing platform, the color components, L*, a*, and b*, were
extracted from photo images by an image sensor, statistically processed using a JAVA program, and finally
utilized as three individual sensing factors. Additionally, our study on a correlation between the spacing of
plasmonic sensors and the color sensitivity to the refractive index reveals geometrically optimal conditions of
nanohole arrays. The weighted mean calculation with the three individual sensing factors offers an enhanced
distinction of the optical difference for transparent materials. In this work, a color sensitivity of 156.94 RIU
and a minimum mean absolute error of 1.298x10~* RIU were achieved. The difference in the refractive index
can be recognized up to 10~ * level with the suggested sensing platform and the signal process. This unique color-
sensitive sensing method enables a simple, easy-to-control, and highly accurate analysis without complicated
measurement systems including a spectrometer. Therefore, our sensing platform can be applied as a very
powerful tool to in-situ label-free bio-detection fields.
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1. Introduction

The surface plasmonic effect, which is the resonant oscillation of
light and free electrons on the surface of metal, has been studied and
used in various applications due to its very distinctive and interesting
phenomenon (Beck et al., 2009; Burgos et al., 2013; Lee et al., 2017;
Park et al., 2014; Tseng et al., 2017). In particular, this unique optical
property has given great inspiration to emerging surface plasmon re-
sonance (SPR) sensing techniques because the resonance and its spec-
tral characteristics are highly sensitive to the change in the surrounding
environment such as dielectric and metal interfaces (Chen et al., 2015;
Homola et al., 2002; Kabashin et al., 2009; Lin et al., 2017; Na et al.,
2018; Yanik et al., 2010; Zhang et al., 2015; Zhou et al., 2016). Most of
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all, real-time and label-free measurement based on SPR can make a
bioanalysis more time-effective and less invasive. However, despite the
achievement in high sensitivity (Liu et al., 2018), relatively simple
fabrication process (Jackman et al.,, 2016), and large sensing area
(Baquedano et al., 2017), such analysis, based on spectral shift still
needs expensive, complex, and immovable optical instrumentations
which limit the practical utilization in point-of-care diagnostics.

In recent, the use of a charge coupled device (CCD) camera or a
complementary metal-oxide-semiconductor (CMOS) imager as a sensor
in measurement system has been considered that it is a promising al-
ternative to solve the problems of spectrometer-based analysis. The
detection of the light intensity change is one of representative imager-
based analysis methods. Screening of biomaterials by dual color filters
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is designed to enhance the signal-to-noise ratio and induce a large re-
sonance spectral intensity difference (Chang et al., 2011; Coskun et al.,
2014). Adding a computing process enables higher throughput and
multiplexed detection. The concentration and binding events of bio-
materials are obtained by over 150,000 plasmonic sensors and com-
putational on-chip imaging (Cetin et al., 2014). The machine learning
framework reduces the refractive index prediction errors and shows
statistically stable read-out results (Ballard et al., 2017). To obtain high
intensity sensitivity from a plasmonic sensor, the line width of the
characteristic spectrum should be reduced. Due to the reason, some
studies have endeavored to develop narrow and sharp resonance peaks
(Li et al., 2015; Zafar and Salim, 2015). However, for spectrometer-free
sensing platforms based on a change in the spectral intensity, there is a
trade-off between the intensity sensitivity and the sensing range. The
intensity sensitivity improves by decreasing the line width; however,
the measurable refractive index value becomes more limited. To en-
hance the intensity sensitivity, complicated strategy in material,
structure, fabrication, and measurement are required. Meanwhile, in
recent, color-sensitive imaging process has been suggested as an alter-
native sensing method. Metallic nanoparticles (NPs) show potential to
be utilized for bio-detection. In dark-field mode of an optical micro-
scope, color difference occurs when the biomaterials are attached to the
NPs because the resonance color differs according to the size of the NPs
(Im et al., 2014). Plotting the spectrum and identifying the resonance
shift using the NPs and the HSV (hue, saturation, and value) which is
one of the color coordinate systems enables detecting antigen-antibody
immune process without a spectrometer (Sriram et al., 2018). Color-
coded detection by constructing the relationship between the HSI (hue,
saturation, and intensity) color components and the refractive index
represents that the color of NPs could act as a sensing factor
(LingaZheng et al., 2016). However, the NPs based colorimetric ana-
lysis has suffered from prediction with a large error and a low accuracy
due to significantly small sensing area. In this sense, plasmonic na-
nostructures with relatively large sensing area (~over several ten or
hundred micrometers) have been expected to solve the problem. The
refractive index sensing based on CIELAB with the anodic aluminum
oxide template consisted of periodically arrayed gold nanoholes
showed higher sensitivity and more reliable prediction (Bae et al.,
2015). Despite efforts to develop color-sensitive analysis methods, the
detecting ability has been still poorer compared to other platforms
because most studies considered only one component of the color space
(hue value of HSV/HSI or Euclidean distance of CIELAB) as a sensing
factor and used simple calculation, such as the arithmetic mean, to
obtain sensing results. Therefore, by utilizing all color components as
sensing factors and applying more effective mathematical process for
accurate prediction, we could obtain significantly enhanced sensitivity
and reduced sensing error in color-sensitive analysis.

In this paper, we demonstrate a sensitive but simpler sensing for the
optical characteristics of transparent materials using plasmonic sensors
and color signal processing based on the color components, L*, a*, and
b*, of CIELAB. Because our color-sensitive platform enables spectro-
meter-free sensing with only a CCD camera and collects the color in-
formation of each pixel, it guarantees quite a high-throughput, real-
time analysis, and label-free bio-detection. The prediction using linear
correlation models of the color components and the refractive index
shows good agreement with a real value. In addition, the weighted
mean calculation drastically improves the sensing ability of our plat-
form. A large population of sensing pixels and a linear sensitivity offer a
statistically stable and reliable prediction with very little errors.

2. Materials and methods
2.1. Fabrication and design of the plasmonic sensors

As the first step of the fabrication of the plasmonic sensors, 70-nm-
thick aluminum was thermally evaporated and deposited onto a glass
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substrate at a rate of 1 A/s. Then, PMMA (950 kDa, 4% in Anisole) was
spin-coated at a rate of 4000 rpm. After the electron beam lithography
process (RAITH-150TWO) with an accelerating voltage of 20 kV, na-
nohole patterns were formed on the aluminum layer by inductively
coupled plasma and reactive ion etching after the development process.
An ashing system was used to remove the residual polymers on the
aluminum surface. As a result, a total of nine plasmonic sensors was
obtained which consisted of hexagonal nanohole arrays with various
spacing and diameter conditions. The spacing between the nearest holes
that make up the nanohole array in each sensor was designed to be from
275 to 475 nm in 25 nm increments. The diameter of the holes was 0.4
times the spacing (110-190 nm in 10 nm increments). The nine plas-
monic sensors with a square area of 50 pm X 50 pm were each 150 pm
apart. Optical transmission images, scanning electron microscope
images, and transmission spectra of the fabricated plasmonic sensors
with the hexagonal nanohole arrays are shown in Fig. 2.

2.2. Mathematical models of CIELAB

CIELAB is widely used as a representative color space together with
RGB (red, green, and blue), CMYK (cyan, magenta, yellow, and black),
HSB (hue, saturation, and brightness), and the like. In particular, it
expresses colors in one lightness (L*) and two color terms (a* for green-
to-red and b* for blue-to-yellow) which work independently of each
other. The orthogonality of L*, a*, and b* enables the three-dimen-
sional representation of the colors and eventually provides the three
sensing factors in our sensing platform. In fact, CIELAB originated from
the CIEXYZ color space first devised to convert the distributions of the
electromagnetic spectrum in the visible light region into a numerical
expression and to standardize them quantitatively. The component X, Y,
and Z of CIEXYZ can be described as follow:

X=X x=3 K/;MI(T)T(T)x(r)dT

1)
y= n=3 Kf;HI(r)T(f)y(r)dT @
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where K is a scaling constant; I(\) is an illumination spectral power
distribution, and T(A\) is a spectral transmittance measured from the
targeted sample. X(1), (1), and Z(A) are color matching functions. The
interval of integration of each color component is limited to the visible
wavelength range from 400 to 780 nm. The color components, L*, a*,
and b*, of CIELAB are derived from a combination of X, Y, and Z as
below:
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where X, Y, and Z, are the CIEXYZ tristimulus constant values. f(t) is
given as +/t (t > 0.0089) and 7.7870t + 0.1379 (t < 0.0089).

2.3. Sensing platform set-up

To detect the different refractive indices of transparent materials
using our color-sensitive and spectrometer-free sensing platform, NaCl
solutions with various concentrations were prepared. Non-polarized
white light normally incident onto the plasmonic sensors totally im-
mersed in the solutions was coupled with localized surface plasmons at
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the interface between the nanohole arrays and dielectric (NaCl solu-
tion) media. A CCD camera (ProgRes Gryphax Naos, Jenoptik) took
images of the plasmonic sensors (Fig. S1). Then, the color components
from 200 x 200 pixels per sensor were extracted by a JAVA program.
Based on the experimentally observed variations of L*, a*, and b*, the
color sensitivity to the refractive index and the prediction error ex-
pressed as the mean absolute error (MAE) were calculated. In addition,
linear correlations between the concentration of the NaCl solutions and
the color components at each plasmonic sensor were obtained. Finally,
the weighted mean calculation with the predicted refractive indices and
MAE values of individual sensing factors, L*, a*, and b*, was used to
improve the sensing ability. To evaluate and validate our new sensing
method theoretically, the spectral property of the sensors was measured
by an optical spectrometer (DALSA PRO-5200) with a 1 nm resolution
and used as the transmission spectral factor in Egs. (1)—(3).

3. Results and discussion
3.1. Working principle of the analysis system based on plasmonic sensors

A schematic diagram for the analysis system and the concept of
color image processing are presented in Fig. 1. In general, transparent
materials are hard to be recognized each other through an optical mi-
croscope due to their colorless for visible light. However, their own
characteristic colors are detectable when they are observed with plas-
monic sensors (Fig. 1a). This is due to the change of plasmonic mode on
the plasmonic sensor by the materials, even though the materials are
transparent in visible range. If each pixel color information obtained
from an optical image by an imager, a CCD camera, is analyzed, the
color analysis results enable for the detection of transparent materials
with high spatial resolution. In here, the real size of image is around
60 um X 60 um and the image pixels are 5000 x 5000, so that the ideal
minimum resolution is 0.012pm X 0.012 um. Considering the lens
system of microscope, the minimum resolution is around 1 ym X 1 pm.
Therefore, this plasmonic sensing system can be a quite powerful tool
for the high resolution and the real time bio-detection. After acquisition
of the color information from the image, color components, L*, a*, and
b*, are extracted to be utilized as sensing factors (Fig. 1b-c) and used as
the elements of our mathematical calculation model for the prediction
of the refractive indices and transparent materials (Fig. 1d-e).

3.2. Correlation between spacing conditions and color components

The spacing of the plasmonic sensors is one of the crucial factors to
determine the resonant peak position of the extraordinary light trans-
mission spectrum. Our previous study demonstrated the optimal geo-
metric conditions of nanostructures for the visible light filtering effect
and the basic concept of bio-detection (Kim et al., 2016). In general, an
increase in the spacing between the holes causes a red-shift in the

plasmonic sensor

imager .
optical image

L*a*b* extraction
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resonant peak, and a decrease in the spacing causes a blue-shift
(Fig. 2d). Additionally, the spectrums of the plasmonic sensors were
changed by the different surrounding material (20% NaCl solution)
which was even transparent. Therefore, the analysis of the spectrum
change can be a good sensing mechanism of different transparent ma-
terials in the visible region for various applications. Some results pub-
lished so far dealt with how to maximize this spectrum change or to
enhance the detection ability of the difference. However, this detection
ability requires a spectrometer resulting in a complicated measurement
system with high cost. Additionally, to get the stable and reliable visible
spectrum, it induces a spatial limit because the minimum detecting area
is around 100 pm X 100 pm even with a good microscope. Therefore, a
new approach to detect the refractive index change without a spec-
trometer should essentially guarantee some important merits including
easy-to-use and simple measurement with low spatial limit. From this
perspective, color analysis based on CIELAB could be a good candidate.

To confirm whether there is a particular trend between the nano-
hole spacing and CIELAB, the color components were extracted from
the optical transmission images of our plasmonic sensors with spacing
conditions of 275, 300, 325, 350, 375, 400, 425, 450, and 475 nm. As a
result, at the visible light region, spacing-CIELAB characteristic curves
were plotted as a high-order function that included several inflection
points dividing the increasing and decreasing intervals (Fig. 3a) while
the spacing-resonant wavelength characteristic curves show a linear
relationship.(Kim et al., 2016) The different trends are due to the dif-
ference in the fundamental principles that determine the CIELAB values
and the spectral properties as the spacing changes. The resonant wa-
velength of the extraordinary transmission resulting from the coupling
of the incident light and surface plasmons is described as below
(Ghaemi et al., 1998):

S Ed€m
§<i2+lj+j2)\€d+€m

where s is the spacing, and (i, j) is the scattering order. ¢; and ¢, are
dielectric constants of the dielectric and metal. Eq. (7) shows how the
spacing and the resonant wavelength of the transmission spectra are
linearly related. On the other hand, it is difficult to expect the same
amount of variations in the color components according to the increase
and decrease of the spacing. As shown in Egs. (4)-(6), L*, a*, and b* are
described by different combinations of X, Y, and Z values which cover
color channels such as black to white, green to red, and blue to yellow,
respectively. It means that they are sensitive to the change in their own
color channel and insensitive to others. Due to this reason, different L*,
a*, and b* values in a single plasmonic sensor and different amounts of
variations according to the change in the spacing with the same in-
crement are observed (Fig. 3a). However, the spacing-CIELAB char-
acteristic curves can be meaningful in designing a plasmonic sensor
when the color sensitivity to the spacing shows some correlation with

)

Fig. 1. Schematic of the color-sensitive
and spectrometer-free sensing. (a-b)
White light exposes to the plasmonic
sensor with transparent materials.
Characteristic colors resulting from the
interaction of the sensor and its inter-
face material are collected by an im-
ager and recorded as an optical image.
(c) Color components, L*, a*, and b*, of
each pixel are extracted from the
| image. (d-e) The refractive indices are
predicted through the CIELAB proces-
sing and the weighted mean calcula-
tion.

L*a*b*
processing

WM
Calculation

refractive
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Predictioy, 5
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Fig. 2. (a) An optical microscope image of the plasmonic sensors with varying spacing conditions at 0% NaCl solution. (b—c) Scanning electron microscope images of
the hexagonal nanohole arrays with 400 nm (b) and 275 nm (c) spacing conditions. (d) Transmission spectra of the plasmonic sensors at 0% (solid lines) and 20%
(dash-dot lines) NaCl solution.

the color sensitivity to an optical parameter such as a refractive index.
To confirm whether there is a certain correlation, the derivative (or
instantaneous rate of change) of each color component for the nine
spacing conditions and the change of each color component with re-
spect to the increase of the refractive index for the nine plasmonic
sensors are described together in Fig. 3b—d. Interestingly, the derivative

L*

Derivative of L*

b*

275 300 325 350 375 400 425
Spacing (hm)

450 475

1 1 1 1 1 1

Derivative of b*

275

300 325 350 375 400
Spacing (hm)

425
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and the change of the three color components for each spacing of the
plasmonic sensors show a positive correlation. For example, both values
of L* are positive at the 275, 300, and 325 nm spacing conditions and
negative at the other spacing conditions. Moreover, the maximum and
minimum values are commonly observed at the 275 and 400 nm spa-
cing conditions. Such correlation between the derivative and the
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Fig. 3. The relationship between the spacing of the plasmonic sensors and the color components of CIELAB. (a) Measured (circles) and fitted (lines) L*(red),
a*(yellow), and b*(blue) of the plasmonic sensors with 275, 300, 325, 350, 375, 400, 425, 450 and 475 nm spacing conditions at 0% NaCl solution. (b-d) Derivatives
of L*(red), a*(yellow), and b*(blue) with respect to the spacing of the plasmonic sensors and the changes in the color components (solid green line) according to the
change in the NaCl concentration from 0% to 20%.

746



Biosensors and Bioelectronics 126 (2019) 743-750

S. Kim et al.
a b c 1.0
10k ——400-20% 06l 375-20% ——300-20%
: - - - 400-0% 375-0% - - - 300-0%
——350-20% 04l 325-20% 05} —47520%
0.8 — — - 350-0% 325-0% - - - 475-0%
S~ ~ 02t .y
S 06 5 p S 00 ]
s 8 00}~ — s
*= 04 o =
— 02} & 05
0.2 04l 10
00 06/ v
N L L L L ' L L L L L L L L 15 L L L " L f "
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
A A A
d e f
0.02 L 400 nm spacing 0.04 L 375 nm spacing 0.10 + 300 nm spacing
A 0.08
0.00 003} 8
| 0.06
-0.02} 0.02 /o I 0.04
—~-0.04 ~ 001+ N ~ 0.02
. 5 J ;
3‘0.06 | © 0.00 N v R 3 0.00
* < = *a\' = * < =
é 0.04 350 nm spacing 5 002t 325 nm spacing _g 0.04 - 475 nm spacing
0.02 0.01f ! 0.02f
0.00 0.00 | : 0.00 W
-0.02 -0.01} 002}
-0.04 -0.02 - -0.04 -
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
A A s
] h i
0010 , 0.010 + o
W 0.02f o \J\
@
0.005 -
- \ —~ 0.005 | — \
3 “\ S 5 001} a
T 0.000 & s
| i ‘T 0.000 i)
= e 3o 2 0.00 \
-0.005 - o S o
\ / \ u/
" -0.005 | -0.01} o
-0.010 - *
275 300 325 350 375 400 425 450 475

275 300 325 350 375 400 425 450 475
Spacing (nm)

275 300 325 350 375 400 425 450 475
Spacing (nm)

Spacing (nm)

Fig. 4. (a—c) Normalized L; for the 400 and 350 nm spacing conditions (a), a; for the 375 and 325 nm spacing conditions (b), and b; for the 300 and 475 nm spacing
conditions (c) before (dash line) and after (solid line) the increase in the concentration of NaCl solution from 0% to 20%. (d-f) Corresponding difference according to
the increase in the concentrations. Positive and negative differences are filled with cyan and yellow colors, respectively. (g-i) Calculated and normalized changes in

each color component, L*(g), a*(h), and b*(i) for the nine plasmonic sensors.

change is also valid for other color components shown in Fig. 3c—d.
Thus, because the color sensitivity to the refractive index can be in-
ferred from the color sensitivity to the spacing, a highly sensitive
plasmonic sensor can be achieved by optimizing the geometric condi-
tions of nanohole arrays and the analysis parameters.

To explain why the three color components of a single plasmonic
sensor have different variations and why the same color component of
each sensor show different sensitivities when a change in the refractive
index occurs, we considered the mathematical models of XYZ (Eqgs. 1-3)
and CIELAB (Egs. (4)-(6)). For this calculation, the transmission spectra
of our nine plasmonic sensors in Fig. 2d were used. Additionally, to
simply visualize the mathematical process, we graphed out L] = Y;/Y,,
af = X;/X, — Ya/Y,, and by = Y;/Y, — Z;/Z,. These simplified expres-
sions are sufficient to reflect the variation aspects of each color com-
ponent because of the fact that the L*, a*, and b* values are propor-
tional to the increasing function f(t), given as </t (t > 0.0089) and
7.7870t + 0.1379 (t < 0.0089), and its variables over all visible light
range shown in Egs. (4)-(6). Fig. 4a—c illustrates the normalized L}, af,
and b; values of several plasmonic sensors for deionized water based
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solutions with two different NaCl concentrations of 0% (dash line) and
20% (solid line). To understand what causes the different sensitivities of
the color components, we selected the sensors which showed the
maximum and minimum changes in Fig. 3b-d. For example, sensors
with 375 and 325 nm spacing conditions were considered as the max-
imum and minimum changes for qj, respectively. The corresponding
difference, ALJ, Adf, and Ab}, according to the increase in the re-
fractive index as a function of A are illustrated in Fig. 4d-f. Here, it can
be noticed that the total integral value including the positive (cyan) and
negative (yellow) areas means the total net change in the color com-
ponent. The changes in the L*, a*, and b* values based on the mathe-
matical models for the nine plasmonic sensors were obtained
(Fig. 4g-i). Because it is expected that a large positive or negative in-
tegral results in high sensitivity, the plasmonic sensors with 400, 375,
and 300 nm spacing conditions show large positive or negative changes
in L*, a*, and b*, respectively. Therefore, from a theoretical point of
view, the sensitivity is improved when the positive or negative area is
large, and the offset of the positive and negative areas is minimized.
The sensitivity from the calculation supports the experimental results in
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Fig. 5. (a) Optical microscope images with respect to the refractive index changes of the NaCl solutions for the plasmonic sensors with the spacing conditions of
400 nm, 325 nm, and 275 nm. (b-d) Corresponding color components for 400 nm (b), 325 nm (c), and 275 nm (d).

Fig. 3b-d for all the plasmonic sensors.

3.3. Prediction using color components and weighted mean calculation

As mentioned previously, if an optoelectronic property of optically
transparent materials such as the refractive index is obtained by de-
tecting the changes in the color components using plasmonic sensors, it
could be advantageous for real-time and label-free bio-detection. To
achieve our color-sensitive and spectrometer-free sensing platform, we
tried to find the correlation between the refractive index and the in-
dividual sensing factor, L*, a*, and b*. As the first step, NaCl solutions
with various concentrations (0%, 5%, 10%, 15%, and 20%) were pre-
pared as various conditions of the refractive index (1.3325, 1.3418,
1.3505, 1.3594, and 1.3684). After obtaining optical images of the
plasmonic sensors with the NaCl solutions using a CCD camera, the
corresponding color responses were extracted from each (200 x 200
pixels) and statistically averaged. Fig. 5 describes the results of three
plasmonic sensors with spacing conditions of 400, 325, and 275 nm.
According to the experimentally measured and statistically calculated
data, each sensor has different color sensitivities to the change in the
refractive index. This is due to the different variation trends of the color
components shown in Fig. 4. In addition, it can clearly be seen that
there is a linear correlation between the sensing factor and the re-
fractive index for all cases. Therefore, the sensitivity can be obtained
from these relations. A plasmonic sensor with a spacing condition of
400 nm shows a color sensitivity of —63.58 RIU ! for L*, 99.85 RIU ™!
for a*, and —143.50 RIU™! for b*(Fig. 5a). The other sensors with
spacing conditions of 325 (Fig. 5b) and 275nm (Fig. 5c) have
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sensitivities of —2.51 RIU™' (L*), 32.84 RIU" ! (a*), 156.94 RIU ™!
(b*), and 40.48 RIU™! (L*), —69.52 RIU™! (a*), 116.72 RIU™! (b*),
respectively. The sensitivity of the nine plasmonic sensors was also
obtained from the measurement and calculation (Table S1). To evaluate
the performance of our sensing method in terms of accuracy for all the
plasmonic sensors, the mean absolute error (MAE) of the predicted
refractive index using each color component, L*, a*, and b*, is calcu-
lated using the following equation:

n

1 m
MAE=— > > Ip,; — xl,
mn 21 s

(®

where p and r indicate the refractive index predicted by each pixel and
measured by a refractometer, respectively. The number of pixels and
the refractive index conditions are denoted as n = 40,000 and m= 5 for
this evaluation. The calculated MAE values for all L*, a*, and b* of the
plasmonic sensors are listed in Table S1. As a result, the minimum MAE,
1.298x10~* RIU, is achieved by the sensitivity of a* from the sensor
with the 475nm spacing. The MAE with respect to the sensitivity is
described in Fig. 6a. There is a specific tendency that the MAE is gra-
dually reduced when the sensitivity increases. This fact indicates that
the prediction using our sensing platform is going to be more accurate
as the sensitivity improves. In addition, the sensitivity of a* and b* is
generally higher than that of L*. This trend agrees with the result that
the derivatives of a* and b* are larger than that of L* shown in Fig. 3.
As mentioned earlier, the plasmonic sensor structure makes the filtered
color change depending on the surrounding environment, and there-
fore, one can infer that the a* and b* indices representing color are
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Measured Refractive Index

Fig. 6. (a) Mean absolute errors as a function of the color sensitivity. Sensitivities are obtained from the linear correlations of the individual color components for
each plasmonic sensor and the refractive index. Mean absolute errors are calculated using the refractive indices given from the measured data and our plasmonic
sensors for NaCl solutions with varying concentrations (0%, 5%, 10%, 15%, and 20%). Red, yellow, and blue circles represents the mean absolute errors of the
prediction from the individual sensing index, L*, a*, and b*, respectively. (b) Comparison of the mean absolute errors based on the individual sensing factors (red,
yellow, and blue bars) and the weighed mean calculations (striped magenta bar). (c—d) The refractive index prediction of unknown NaCl concentrations using the
plasmonic sensors with the individual sensing factor and the weighted mean calculation. The refractive index of the NaCl solutions is given as 1.3325, 1.3334,
1.3353, 1.3379, 1.3418, 1.3462, 1.3505, and 1.3594. The results are for the plasmonic sensors with the spacing conditions of 325 nm (c) and 475 nm (d).

more sensitive than L* which generally corresponds to brightness. For
this reason, it is effective to detect the refractive index using a* and b*
when each color component is used as an individual sensing factor.
However, obtaining multiple sensing factors from a single measurement
of a single sensor and using them as variables for a function which
induces a more stable sensing result are expected to show a more sig-
nificant advantage in reducing prediction errors and enhancing accu-
racy. To derive a new prediction value from multiple factors, the
weighted mean (WM) calculation is used as bellow:

ZI Pt

3 1
il

where the indexed variable sequences, P; and e, are the predicted
refractive index and corresponding MAE for the individual sensing
factors, L*, a*, and b*. The inverse of e is set as the weight so that, in the
prediction, a sensing factor with a low error has a high contribution and
a sensing factor with a high error has a low contribution. After the WM
calculations, the prediction errors are obtained using Eq. (8). Fig. 6b
shows the MAE values of the refractive indices predicted by the in-
dividual sensing factors (red, yellow, and blue bars) and the WM cal-
culations (striped magenta bar). According to the results, in general, the
prediction error of the WM calculations is lower than that of the in-
dividual sensing factors. In the prediction based on the WM calculation,
the final result is mainly determined by sensing factors which have high
weights. Therefore, it can be recognized that the prediction using the
WM has generally reduced errors and an enhanced sensing

WM =

>

€©)
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performance. In addition, MAE values under 1x10 ™3 RIU are achieved
for all the sensors.

Finally, to validate the sensing performance of our color-sensitive
and spectrometer-free sensing platform based on plasmonic sensors and
WM calculations, the unknown concentrations of NaCl solutions were
predicted. For this experiment, the nine plasmonic sensors which had
been used in the previous experiment, were surrounded by NaCl solu-
tions at several concentrations, 0%, 0.5%, 1.5%, 3%, 5%, 7.5%, 10%,
and 15%. The corresponding refractive indices of the NaCl solutions are
1.3325, 1.3334, 1.3353, 1.3379, 1.3418, 1.3462, 1.3505, and 1.3594,
respectively. The individual sensing factors, L*, a*, and b*, were sta-
tistically extracted and converted into refractive indices using our
linear correlation models. Then, they were used as variables in the WM
calculation. Fig. 6¢c—d shows the predicted refractive index using the
individual sensing factors and WM calculations. Among the individual
sensing factors, L* of a sensor with 325 nm spacing shows the poorest
results, whereas a* of a sensor with 475 nm spacing has the most ac-
curate prediction results. As expected, predictions using a sensing factor
that has the highest MAE above 1x10~2 RIU are relatively inaccurate
while a factor that has the lowest MAE shows a result which is almost
consistent with the measured refractive indices. When the WM calcu-
lation is used as a prediction tool, the prediction accuracy is more en-
hanced, and the MAE is reduced for all the sensors. For example, when
using the WM calculation, a plasmonic sensor with a 475 nm spacing
condition can detect the difference in the refractive index of up to
0.0009. Therefore, a good performance can be expected if an individual
sensing factor with a low MAE is used, and it can be seen that it is more
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advantageous to predict the refractive index with the WM calculation.
The predicted refractive indices of the nine plasmonic sensors based on
the WM calculation are described in Fig. S2.

To establish the color-sensitive and spectrometer-free sensing plat-
form, the color sensitivity of plasmonic sensors is most important be-
cause the change in the refractive index causes different changes in the
color components. Therefore, selecting the proper material and geo-
metric conditions of plasmonic sensors, which show large changes in
L*, a*, and b*, is necessary to obtain a high sensitivity and low pre-
diction error. Our study found and optimized the sensing conditions
with experimental and mathematical analysis.

4. Conclusion

In summary, we have demonstrated the color-sensitive analysis
method for enhanced bio-detecting performance including the sensi-
tivity and the accuracy. Detailed study on a trend of each color com-
ponent according to the spacing of plasmonic sensors shows a high
correlation between the derivative of the color component for the
spacing of plasmonic sensors and the color sensitivity to the refractive
index. This correlation enables to design and fabricate highly sensitive
plasmonic sensors consisted of nanohole array structures. In addition,
by utilizing all color components of CIELAB as an individual sensing
factor, the color sensitivity up to 156.94 RIU ™! and the minimum MAE
up to 1.298x10~* RIU are achieved. The WM calculation further im-
proves the sensing performance as using L*, a*, and b* sensing factors
simultaneously for the prediction of the refractive index. As a result, the
difference in the refractive index of only 0.0009 is detected and the
prediction error is reduced below 1x10~2 RIU. The suggested color-
sensitive and spectrometer-free sensing platform only needs a low
magnification lens and a CCD camera making the measurement system
simple and cost-effective. In this sense, a color-sensitive and spectro-
meter-free sensing presented in this study could help to detect not only
the refractive index of liquid solutions but also biomaterials without
complex systemic and time-consuming preparation. Our work opens
great potential of color-sensitive analysis going to the significantly high
sensitivity and high resolution. Therefore, we expect that more sensi-
tive plasmonic structures and more effective mathematical processes
will increase the practical availability in medical and biological fields.
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