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Abstract: This paper presents a compact spectral detection system for common fluorescent and
colorimetric assays. This system includes a gradient grating period guided-mode resonance (GGP-
GMR) filter and charge-coupled device. In its current form, the GGP-GMR filter, which has a size
of less than 2.5 mm, can achieve a spectral detection range of 500–700 nm. Through the direct
measurement of the fluorescence emission, the proposed system was demonstrated to detect both
the peak wavelength and its corresponding intensity. One fluorescent assay (albumin) and two
colorimetric assays (albumin and creatinine) were performed to demonstrate the practical application
of the proposed system for quantifying common liquid assays. The results of our system exhibited
suitable agreement with those of a commercial spectrometer in terms of the assay sensitivity and limit
of detection (LOD). With the proposed system, the fluorescent albumin, colorimetric albumin, and
colorimetric creatinine assays achieved LODs of 40.99 and 398 and 25.49 mg/L, respectively. For a
wide selection of biomolecules in point-of-care applications, the spectral detection range achieved by
the GGP-GMR filter can be further extended and the simple and compact optical path configuration
can be integrated with a lab-on-a-chip system.

Keywords: subwavelength grating; spectral detection; guided-mode resonance; fluorescence detec-
tion; colorimetric assays; albumin; creatinine

1. Introduction

Colorimetric and fluorescent assays are among the most popular techniques for quan-
tifying target analytes in a liquid sample. Such quantification has varied applications,
including food safety, water quality monitoring, biomarker detection, and pathogen de-
tection [1–5]. Fluorescence detection of chemically tagged biomolecules is a widely used
method in diagnostic assays, including deoxyribonucleic acid (DNA) or protein detection
assays and immunoassays, due to its excellent sensitivity [6–8]. In fluorescent assays,
the intensity of a specific wavelength can be monitored to be correlated with the analyte
concentration. By contrast, colorimetric assays, such as the commonly used enzyme-linked
immunosorbent assay for biomolecule detection [9], typically measure changes in the color
or intensity of a liquid sample through the reaction of reagents with the targeted analyte to
produce colored products [2,9]. The absorbance at a specific wavelength can be correlated
with the analyte concentration in the liquid sample.

To measure the fluorescence or absorbance, a photodiode with an appropriate optical
filter can be used depending on the fluorophores or colorimetric reagents [2,10]. However,
in the absence of the spectral information, only the intensity variation can be determined.
Spectrometers are often used to obtain both intensity and spectral information. However,
traditional spectrometers are bulky, costly, and difficult to integrate with sensor chips
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to realize miniaturized systems for current point-of-care diagnostics [5]. Wan et al. [5]
proposed a detection platform for fluorescence and absorption spectrum measurement
that contains a linear variable filter on top of a complementary metal oxide semiconductor.
This simple configuration has the potential of integrating biomolecule analysis capabilities
into smartphones or other portable devices for point-of-care applications. The current
paper proposes a miniaturized platform for fluorescence-based and colorimetric detec-
tion. The detection platform includes a gradient grating period guided-mode resonance
(GGP-GMR) device on top of a linear charge-coupled device (CCD). The GGP-GMR filter
exhibits spatially dependent resonance characteristics and converts spectral information
into spatial information in the CCD, which allows intensity and wavelength information
from fluorescence emission or colorimetric assays to be directly determined with the CCD
without the requirement of a bulky and expensive spectrometer.

2. Materials and Methods
2.1. Sensor Design, Fabrication, and Characterization

Our detection platform is based on the concept of GGP-GMR, which is based on the
guided-mode resonance (GMR) effect [11,12]. With an appropriate design in device geom-
etry and material selection, at normal incidence, a specific wavelength of light (resonant
wavelength) can be reflected, which results in minimum transmission; thus, GMR functions
as a bandstop filter. The resonant wavelength can be calculated under the second-order
Bragg condition [13], namely λR = ne f f Λ, where λR is the resonant wavelength, ne f f is the
effective refractive index, and Λ is the grating period. The variable ne f f can be considered
as a weighted average of the refractive indices of the overall GMR structure, which can be
calculated by referring to [14]. The resonant wavelength is highly sensitive to the grating
period. By varying the grating period along a device, a linearly varying bandstop filter
can be achieved, where the resonant wavelength varies along the device. Such a device is
termed as a GGP-GMR device [15].

The GGP-GMR device used in this study comprises a simple three-layer structure
consisting of a polyethylene terephthalate (PET) substrate, an optical adhesive (Norland 68
[NOA 68], Norland Products Inc., Cranbury, NJ, USA) replicated gradient grating structure,
and a TiO2 waveguiding layer (Figure 1a). The detailed design and fabrication of this
GGP-GMR device are highly similar to those in our previous study [15]. In brief, the
GGP-GMR device used in this study has a grating period varying from 250 to 550 nm
in increments of 2 nm. Each period comprises 100 repeated cycles. A GGP-GMR device
with grating periods ranging from 250 to 550 nm can support resonant wavelengths with
a bandwidth of over 400 nm [15]; however, for the purpose of this study, only grating
periods corresponding to resonant wavelengths between 500 and 700 nm were used to
demonstrate the fluorescence and colorimetric detection ability of the developed device.

To fabricate the device used in this study, first, electron beam lithography and reactive
ion etching were used to pattern the gradient grating period of a Si master with a grating
depth of 85 nm and a duty cycle of approximately 0.5. The liquid form of NOA 68 was
then sandwiched between the Si master and a flexible PET sheet. Once NOA 68 was
solidified with ultraviolet light exposure, the NOA 68/PET with the replicated gradient
grating pattern was separated from the Si master. Finally, a TiO2 layer (~130 nm thick) was
sputter-coated on top of NOA68/PET. A detailed discussion on the device geometry and
optical characterization can be found in [15].

The GGP-GMR device exhibits linearly varying resonance, as illustrated in Figure 1a.
For a specific monochromatic illumination, the light resonates (and reflects) in a specific
period, as illustrated by the orange arrow in Figure 1a, and is transmitted in other peri-
ods, which results in the minimum intensity underneath this period, as represented by
the dark gray pixel on the CCD in Figure 1a. To examine the spatially dependent reso-
nance, a broadband-light-coupled (LSH-150, Taiwan Fiber Optics, Inc., Taipei, Taiwan)
monochromator (DK242, Spectral Products, Putnam, CT, USA) was used to generate a
narrowband light source with a linewidth of approximately 2.5 nm. The light was coupled
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with a 600-µm optical fiber and collimated before illuminating the GGP-GMR device. A
combination of short- and long-pass filters was used to limit the spectral range between
500 and 700 nm.

Figure 1. (a) Illustration of a three-layer gradient grating period guided-mode resonance (GGP-GMR) device on top of a
charge-coupled device (CCD). The large blue arrow indicates an incident light with a specific wavelength, and the orange
arrow indicates the light reflected at a specific grating period. The reflected light indicated by the orange arrow results
in the minimum intensity in the underneath CCD pixel (represented in dark gray). Intensity distribution on the CCD for
incident wavelengths of (b) 520, (c) 600, and (d) 680 nm. (e) Calibration diagram of the transmission efficiency at each pixel
for each wavelength.

The transmitted light was recorded using a linear CCD (LHCCD01304, ToupTek Pho-
tonics Co., Hangzhou, Zhejiang, China). Figure 1b–d presents the transmission efficiency
recorded by the linear CCD at three incident wavelengths—520, 600, and 680 nm. The
aforementioned figure clearly indicates that the light reflects at different locations (periods),
which results in minimum intensities at different pixels corresponding to these periods.
By scanning wavelengths from 500 to 700 nm with increments of 1 nm, the relationship
between a specific incident wavelength and the minimum intensity (or transmission effi-
ciency) corresponding pixel (MICP) can be obtained, as illustrated in Figures Figure 1e and
Figure S1 in Supplementary Material.

2.2. Detection Mechanism and Experimental Setup

As indicated in Figure 1e, as the incident wavelength varies from 500 to 700 nm,
the MICP varies from the 2073th pixel to the 2361th pixel, which indicates a one-to-one
correspondence between the wavelength and MICP; that is, for each incident wavelength,
one corresponding MICP exists on the CCD. A transmission efficiency matrix T can be
obtained from Figure 1e and used to represent this correlation. The variable Tij can be
used to represent the elements in T. This variable indicates the transmission efficiency at
the MICP i for the incident wavelength j. For example, T5,100 represents the transmission
efficiency for the 100th wavelength at the fifth MICP. In this study, both i and j ranged from
1 to 200. An incident spectrum can be digitized and represented by a single-column matrix,
where the elements are denoted by Ij, which indicates the intensity of the jth wavelength,
where j ranges from 1 to 200 and represents wavelengths of 500–700 nm in 1-nm increments.
The intensity measured on the CCD can then be calculated using the formula C = TI, where
C is a column vector of size 200 and each element represents the intensity at each MICP on
the CCD.

For the incident spectrum presented as a blue curve in Figure 2a, which is obtained for
assays such as a fluorescence emission or colorimetric assay, the CCD intensity distribution
illustrated as a blue curve in Figure 2b can be obtained using a simple matrix multiplication.
The MICP in Figure 2b corresponds to the peak wavelength based on the calibration
diagram presented in Figure 1c. When the intensity of the incident spectrum is reduced
without changing its center wavelength, as indicated by the blue dashed line in Figure 2a,
the corresponding intensity distribution in the CCD is also reduced, as illustrated by the
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blue dashed curve in Figure 2b, without changing the MICP. If both the incident wavelength
and intensity are varied, as indicated by the red curve in Figure 2a, the intensity and location
of the MICP change accordingly. In summary, the peak wavelength and intensity of the
incident illumination are correlated with the location and intensity of the MICP in the
GGP-GMR/CCD system that does not contain a bulky spectrometer.

Figure 2. (a) Illustration of the incident spectrum for the GGP-GMR device, (b) intensity distribution
on the CCD of the GGP-GMR device, and (c) experimental setup for the fluorescence and colorimetric
assay measurement.

The experimental setup presented in Figure 2c was used to demonstrate that the
proposed GGP-GMR device and CCD can be used as a compact platform for fluorescence
and colorimetric assay detection. A customized sample chamber was used to hold the
cuvette and connect the light source and optical fiber. For fluorescence measurement, the
excitation light was set perpendicular to the detection optics to minimize the interference.
By contrast, for colorimetric detection, the light source was placed in line with the detection
optics to measure the transmission. To evaluate the performance of the proposed GGP-
GMR/CCD detection platform, the light emitted from the fluorophores or transmitted
through the samples was collected by a ball lens and coupled to a 2 × 1 fiber, whose one end
was connected to a commercial spectrometer (2000+VIS-NIR-ES, Ocean Inside, Orlando,
FL, USA) and other end was connected to the GGP-GMR/CCD system. Depending on
the assays and the excitation light source, a filter might need to be used before the light is
coupled to the 2 × 1 fiber. In this study, the spectral range in our GGP-GMR/CCD system
was limited between 500 and 700 nm through a combination of long- and short-pass filters
illustrated in Figure 2c. The pictures of GGP-GMR on top of the CCD and the customized
sample chamber can be found in Figure S2 in Supplementary Material.

3. Results and Discussion
3.1. Measurement of Fluorophore Emission

To verify that the proposed detection platform (GGP-GMR/CCD system) can detect
both the intensity and peak wavelength, one fluorescent dye that is commonly used in the
polymerase chain reaction for DNA detection was tested. The performance of the GGP-
GMR/CCD system was compared with that of a commercial spectrometer to demonstrate
its capability and flexibility for general fluorescence detection in liquid assays.

Figure 3a,b presents the fluorescence intensities measured using a spectrometer and
the GGP-GMR/CCD system, respectively, for five concentrations (10−3 to 10−7 M in
10-fold dilution) of TAMRA (5-carboxytetramethylrhodamine, Abcam, Cambridge, UK) in
methanol. A 458-nm LED was used as the excitation source, and the fluorescence emission
collected by the ball lens was coupled to the 2 × 1 fiber for the measurement (Figure 2c).
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Figure 3. Fluorescence emission from different concentrations of TAMRA (5-carboxytetramethyl-
rhodamine) measured using (a) a spectrometer and (b) the proposed GGP-GMR/CCD system.

The results presented in Figure 3a indicate that the fluorescence intensity increased
with increases in the analyte concentration from the spectrometer measurement, as ex-
pected. In addition, the intensity at the MICP measured by the GGP-GMR/CCD system
also increased with the aforementioned concentration, as indicated in Figure 3b (explained
in the previous section as well as in Figure 2a,b).

Experiments were performed three times to obtain a quantitative measurement. For
each run, the intensities were normalized to that measured at the highest concentration.
The dose response curves measured using the GGP-GMR/CCD system and spectrometer
are displayed in Figure 4a,b, respectively. A comparison of the results (normalized intensity
of the peak wavelength vs. the normalized intensity of the MICP) is illustrated in Figure 4c,
where both the slope of the regression line and the coefficient of determination (R2) ap-
proach 1, which indicates that the measurements obtained with the GGP-GMR/CCD
system agree well with those obtained with a commercial spectrometer.

In addition to the intensity, the peak wavelength and MICP shifted with changes in
the concentration, as displayed in Figure 2a,b. The peak wavelength shifted from 600 to
566 nm when the concentration decreased from 10−3 to 10−6 M, as depicted in Figure 3a.
According to the calibration diagram presented in Figure 1e, the MICP should correspond
to pixel numbers of 2199–2154, which is close to the observation in Figure 3b, where the
MICP corresponds to pixel numbers of 2201–2160. The variations in the peak wavelength
and MICP with the concentration obtained from the three experimental runs are illustrated
as blue and orange curves in Figure 5a, respectively.

Moreover, on the basis of the calibration diagram presented in Figure 1e, the calibrated
MICPs are plotted as a gray curve in Figure 5a. A comparison of the results between
the measured MICPs and peak wavelength measured by the spectrometer is presented
in Figure 5b, where the large value of the coefficient of determination (0.9825) indicates
a strong correlation between the MICP and the peak wavelength. These fluorescence
measurement results indicate that the location and intensity of the MICP can be used to cor-
relate the peak wavelength and its intensity appropriately. Similar results (Figures S3–S5)
were obtained from another commonly used fluorophores, FAM (6-carboxyfluorescein,
Merck, Darmstadt, Germany), which can be found in Supplementary Material.
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Figure 4. Dose response curve obtained using the (a) GGP-GMR/CCD system and (b) spectrome-193 ter. (c) This figure
displays the correlation between the normalized intensity of the peak wave-194 length and that of the minimum intensity
corresponding pixel (MICP).

Figure 5. (a) Peak wavelength (blue), measured MICP (orange), and expected MICP (gray) based on the calibration diagram
as a function of the concentration. (b) Correlation between the peak wavelength and the MICP.

3.2. Practical Assay Detection

Albumin and creatinine, which are the commonly used biomarkers for kidney dis-
eases [16,17], were used to demonstrate that the proposed GGP-GMR/CCD system can be
an effective measurement tool for practical fluorescent and colorimetric assays.

3.2.1. Fluorescence Detection for Albumin Quantification

In this study, the nonimmunological method for urinary albumin determination was
used to demonstrate the fluorescence detection capability of the GGP-GMR/CCD system.



Sensors 2021, 21, 2797 7 of 12

The detection mechanism is fairly simple. The albumin blue 580 (AB580) dye can bind to
human albumin [8,18] and enhance the fluorescence quantum efficiency by two orders of
magnitude [19].

The composition of artificial urine used in this study, which was obtained by referring
to [20], is listed in Table S1. By spiking human serum albumin (HSA; Abcam) in the artificial
urine, samples with seven HSA concentrations (200, 150, 100, 50, 25, 12.5, and 6.25 mg/L)
and a blank sample (only artificial urine) were prepared. Then, 4 µL of AB580 and 46 µL of
albumin assay buffer (both purchased from Abcam) were added to 50 µL of each sample
with HSA. The samples were wrapped in an aluminum foil for 30 min at room temperature
before the measurement.

A 5-mW green laser with a wavelength of 532 nm was used to excite the AB580-HSA
conjugate. In addition, a bandpass filter with a wavelength of 605–625 nm was used to block
the excitation illumination. The intensity measured by the GGP-GMR/CCD system and the
emission spectra measured using a spectrometer at different concentrations are illustrated in
Figure 6a,b, respectively. Both the peak wavelength intensity and MICP intensity increased
with the HSA concentration. The peak wavelength fluctuated marginally between 608 and
612 nm. Moreover, the MICP fluctuated between the 2210th and 2216th pixels, which
agrees well with the calibration diagram presented in Figure 1e.

Figure 6. Intensity measured with the (a) GGP-GMR/CCD system and (b) spectrometer for different human serum
albumin (has) concentrations. Normalized intensities for the (c) MICP and (d) peak wavelength as a function of the HSA
concentration. (e) This figure depicts the correlation between the HSA measurements obtained from the spectrometer and
GGP-GMR/CCD system.

The MICP and peak wavelength intensities were normalized to the highest HSA
concentration (200 mg/L). The dose response curves obtained from the three experimen-
tal runs are displayed in Figure 6c,d. The correlation between the spectrometer and
GPP-GMR/CCD system measurements is depicted in Figure 6e, where the slope of the
regression line and the coefficient of determination (R2) approach 1, which verifies that the
measurement obtained with the GGP-GMR/CCD system agrees comprehensively with
that measured with a commercial spectrometer.



Sensors 2021, 21, 2797 8 of 12

The limit of detection (LOD) was calculated by dividing the measurement noise
with sensitivity. The noise was calculated as three times the standard deviation from all
measurements. The sensitivity was obtained from the slope of the graphs presented in
Figure 6c,d. The results indicate that the GGP-GMR/CCD system and spectrometer could
achieve LODs of 40.99 and 17.39 mg/L, respectively, for HSA, which agreed well with the
manufacturer’s manual (which states that an LOD of 20 mg/L can be achieved). Within the
range of 6.25–200 mg/L, both GGP-GMR/CCD system and spectrometer exhibit a fairly
linear response. The marginally better LOD achieved with the spectrometer than with
the proposed device is attributable to the marginally higher sensitivity (0.042 vs. 0.037)
and smaller measurement noise (0.0730 vs. 0.1517) of the spectrometer. An improved
optical path design can increase the light intensity on the CCD and increase shielding on
the GGP-GMR/CCD setup to prevent environmental influences. Such a design can further
reduce the measured standard deviation and improve the LOD. Nevertheless, the GGP-
GMR/CCD system can accurately obtain the peak wavelength and intensity information
for a liquid sample.

3.2.2. Colorimetric Measurement for Creatinine and Albumin Quantification

The creatinine assay kit (BioChain Institute Inc., Newark, CA, USA) based on the Jaffe
method [21] was used to demonstrate the quantification of the creatinine concentration. The
yellow picrate solution turned red upon forming a picrate–creatinine complex in an alkaline
medium. Samples with seven concentrations of creatinine (500, 400, 300, 200, 150, 100, and
50 mg/L) prepared by diluting the creatinine standard provided by the manufacturer in
deionized water and one blank sample (0 mg/L creatinine, deionized water only) were
used to generate the standard curve and evaluate the GGP-GMR/CCD detection system.
The working reagent containing picrate, which was also provided by the manufacturer,
was added to each concentration to form the complex. An LED with a wavelength of
535 nm was used to illuminate the liquid sample. The transmitted intensity and spectrum
were recorded immediately after loading the working reagent (0 min) and after 5-min
incubation. Figure 7a,b present the spectra recorded for the sample with 500 mg/L of
creatinine by using the GGP-GMR/CCD system and spectrometer, respectively. The
varying intensities between 0 and 5 min at 535 nm and the 2100th pixel for different
concentrations were used to construct the dose response curves for the GGP-GMR/CCD
device and spectrometer (Figure 7c,d, respectively). The intensity variation increased with
the creatinine concentration, with the largest intensity variation observed at the highest
concentration of 500 mg/L. The correlation between the measurement results obtained
with the spectrometer and GGP-GMR/CCD device by normalizing the intensity variation
at each concentration to 500 mg/L is illustrated in Figure 7e. The slope and R2 values
indicate a comprehensive agreement between the results obtained with the spectrometer
and proposed device.

The dose response curves displayed in Figure 7c,d indicate that the results obtained
with the spectrometer and proposed system were highly close. Within the range of
50–500 mg/L, both GGP-GMR/CCD system and spectrometer exhibit a fairly linear re-
sponse. The spectrometer had higher sensitivity and noise than the proposed system did,
which resulted in the spectrometer having a marginally higher LOD. However, the LOD
values obtained with both systems were higher the value suggested by the manufacturer,
namely 1 mg/L. The main reason for this result is the continuous variation in intensity
due to the persistent reaction between creatinine and the working reagent. To overcome
this problem, the experiment must be executed in a highly proficient manner and the
environmental lighting must be strictly controlled. Nevertheless, the location and intensity
of the MICP obtained using the GGP-GMR/CCD system exhibit a suitable correlation with
the peak wavelength and its intensity obtained using the spectrometer.
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Figure 7. Intensity measured by the (a) GGP-GMR/CCD system and (b) spectrometer between 0 and 5 min at a creatinine
concentration of 500 mg/L. The dose response curves of the normalized intensity difference between 0 and 5 min as a
function of concentration measured with the (c) GGP-GMR/CCD device and (d) spectrometer. (e) Correlation between the
two measurement systems.

Another example of a colorimetric assay is albumin detection based on its binding
with bromocresol green. On the formation of the albumin–bromocresol green complex, the
color of the assay solution changes from green to blue, and the peak absorbance is observed
at 620 nm. The assay was fairly straightforward according to the manufacturer’s manual.
We simply mixed different concentrations of albumin in deionized water (5–50 mg/mL)
and the bromocresol green reagent provided by the manufacturer in a 1:40 ratio in a cuvette
and incubated the mixtures for 5 min. An LED with a wavelength of 625 nm was used
to illuminate the liquid samples. Due to the high absorbance at 620 nm upon complex
formation, the transmitted intensity decreased with an increase in the albumin concentra-
tion for the measurements obtained with the GGP-GMR/CCD system and spectrometer
(Figure 8a,b, respectively). The peak wavelength was approximately 636 nm. By contrast,
the MICP had pixel numbers of 2247–2251, which agrees well with the calibration diagram
presented in Figure 1e.

The MICP intensity and peak wavelength intensity are illustrated as functions of the
concentrations obtained from the three experimental runs in Figure 8c,d, respectively. The
assay did not exhibit linear responses for both systems, which agree with manufacturer’s
data sheet. The LODs achieved with the proposed device and spectrometer were 0.4 and
0.33 mg/mL, respectively, which are close to the value suggested in the manufacturer’s
manual (0.1 mg/mL). The correlation of the normalized intensity between the two mea-
surement systems is depicted in Figure 8e, which indicates a good agreement between the
normalized intensity results obtained with the two systems.
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Figure 8. Transmission measured with the (a) GGP-GMR/CCD and (b) spectrometer. Dose response curves of the (c) MICP
intensity and (d) peak wavelength intensity as functions of the albumin concentration. (e) Correlation between the two
measurement systems.

4. Conclusions

This paper proposes a GGP-GMR system with a linear CCD as a miniaturized solution
for liquid assay detection based on fluorescence-based and colorimetric measurements.
A comparison of the proposed system with a commercial portable spectrometer indi-
cated that the location and intensity of the MICP obtained using the proposed system
effectively correlated with the peak wavelength and its corresponding intensity obtained
with the spectrometer. The results of the serial dilution tests in practical assays based on
fluorescence-based and two colorimetric measurements revealed that the GGP-GMR/CCD
system achieved comparable sensitivity and LOD results to those obtained of the commer-
cial spectrometer.

For the practical fluorescent assays for AB580 and the colorimetric assay for albumin
quantification, the LODs obtained with the two detection systems were very close to the
value recommended by the manufacturer. By contrast, the LODs observed in the colori-
metric assay for creatinine detection for the GGP-GMR/CCD system and spectrometer
were worse than that suggested by the manufacturer. The main reason for this result is
the relatively proficiency in performing the experiments and the marginal environmental
lighting fluctuation. A better shield or package for the developed system is expected
to reduce the recorded intensity fluctuation under environmental lighting to reduce the
experimental noise and thus further improve the LOD. Nevertheless, the results obtained
with the GGP-GMR/CCD system agreed well with those obtained using a commercial
spectrometer for all three practical assays.

In summary, a GGP-GMR filter with a length of less than 2.5 mm can achieve a spectral
detection range of 500–700 nm, which can be further extended to cover additional assays.
Through a direct measurement of the location and intensity of the MICP on the CCD, the
peak wavelength and its intensity obtained from the fluorescent or colorimetric assays can
be determined without using a bulky spectrometer. The compact size of the GGP-GMR
device and its simple optical path design configuration with a CCD enable accurate assay
detection based on fluorescence emission and absorption measurement; thus, the proposed
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device has the potential to be integrated with microfluidic chips, portable devices, or
smartphones for various point-of-care applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/s21082797/s1, Figure S1: The relationship between the MICP and the incident wavelength,
Figure S2: (a) GGP-GMR on top of a CCD. (b) Customized sample chamber with sample inside.
(c) Customized sample chamber with lid, Figure S3: Fluorescence emission from different concen-
trations of FAM measured using (a) a spectrometer and (b) the proposed GGP-GMR/CCD system,
Figure S4: Dose response curve obtained using the (a) GGP-GMR/CCD system and (b) spectrometer.
(c) This figure displays the correlation between the normalized intensity of the peak wavelength and
that of the MICP, Figure S5: (a) Peak wavelength (blue) and measured MICP (orange) as a function of
the concentration. (b) Correlation between the peak wavelength and the MICP, Table S1: Composition
of artificial urine.

Author Contributions: Conceptualization, C.-S.H.; methodology, C.-S.H., J.-J.G., K.-H.W. and C.-
W.C.; software, J.-J.G.; validation, J.-J.G. and C.-W.C.; formal analysis, C.-S.H., J.-J.G. and C.-W.C.;
investigation, C.-S.H., J.-J.G. and C.-W.C.; resources, C.-S.H., J.-J.G., K.-H.W. and C.-W.C.; data
curation, J.-J.G. and C.-W.C.; writing—original draft preparation, C.-S.H.; writing—review and
editing, C.-S.H., J.-J.G., C.-W.C. and K.-H.W.; visualization, J.-J.G. and C.-W.C.; supervision, C.-S.H.;
project administration, C.-S.H.; and funding acquisition, C.-S.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was supported by the Ministry of Science and Technology (MOST-108-2221-E-
009-115 and 109-2221-E-009-157) and National Health Research Institutes (NHRI-EX109-10921EI and
NHRI-EX110-10921EI), Taiwan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on reasonable request from the corresponding author.

Acknowledgments: The authors would like to thank the Nano Facility Center at National Chiao
Tung University (NCTU) and the Taiwan Semiconductor Research Institute (TSRI) for the support
provided during the fabrication and characterization of the GGP-GMR sensor. This manuscript was
edited by Wallace Academic Editing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hatiboruah, D.; Das, T.; Chamuah, N.; Rabha, D.; Talukdar, B.; Bora, U.; Ahamad, K.U.; Nath, P. Estimation of trace-mercury

concentration in water using a smartphone. Measurement 2020, 154, 7. [CrossRef]
2. Minas, G.; Wolffenbuttel, R.F.; Correia, J.H. A lab-on-a-chip for spectrophotometric analysis of biological fluids. Lab Chip 2005, 5,

1303–1309. [CrossRef] [PubMed]
3. Zeinhom, M.M.A.; Wang, Y.J.; Song, Y.; Zhu, M.J.; Lin, Y.H.; Du, D. A portable smart -phone device for rapid and sensitive

detection of E. coli O157:H7 in Yoghurt and Egg. Biosens. Bioelectron. 2018, 99, 479–485. [CrossRef] [PubMed]
4. Petryayeva, E.; Algar, W.R.; Medintz, I.L. Quantum Dots in Bioanalysis: A review of applications across various platforms for

fluorescence spectroscopy and imaging. Appl. Spectrosc. 2013, 67, 215–252. [CrossRef] [PubMed]
5. Wan, Y.H.; Carlson, J.A.; Kesler, B.A.; Peng, W.; Su, P.; Al-Mulla, S.A.; Lim, S.J.; Smith, A.M.; Dallesasse, J.M.; Cunningham, B.T.

Compact characterization of liquid absorption and emission spectra using linear variable filters integrated with a CMOS imaging
camera. Sci. Rep. 2016, 6, 9. [CrossRef] [PubMed]

6. Schena, M.; Shalon, D.; Davis, R.W.; Brown, P.O. Quantitative monitoring of gene expression patterns with a complementary
DNA microarray. Science 1995, 270, 467–470. [CrossRef] [PubMed]

7. Woodbury, R.L.; Varnum, S.M.; Zangar, R.C. Elevated HGF levels in sera from breast cancer patients detected using a protein
microarray ELISA. J. Proteome Res. 2002, 1, 233–237. [CrossRef] [PubMed]

8. Kessler, M.A.; Meinitzer, A.; Wolfbeis, O.S. Albumin blue 580 fluorescence assay for albumin. Anal. Biochem. 1997, 248, 180–182.
[CrossRef] [PubMed]

9. Hennion, M.C.; Barcelo, D. Strengths and limitations of immunoassays for effective and efficient use for pesticide analysis in
water samples: A review. Anal. Chim. Acta 1998, 362, 3–34. [CrossRef]

10. Hall, G.H.; Glerum, D.M.; Backhouse, C.J. Light emitting diode, photodiode-based fluorescence detection system for DNA
analysis with microchip electrophoresis. Electrophoresis 2016, 37, 406–413. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/s21082797/s1
https://www.mdpi.com/article/10.3390/s21082797/s1
http://doi.org/10.1016/j.measurement.2020.107507
http://doi.org/10.1039/b506817g
http://www.ncbi.nlm.nih.gov/pubmed/16234956
http://doi.org/10.1016/j.bios.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28822314
http://doi.org/10.1366/12-06948
http://www.ncbi.nlm.nih.gov/pubmed/23452487
http://doi.org/10.1038/srep29117
http://www.ncbi.nlm.nih.gov/pubmed/27389070
http://doi.org/10.1126/science.270.5235.467
http://www.ncbi.nlm.nih.gov/pubmed/7569999
http://doi.org/10.1021/pr025506q
http://www.ncbi.nlm.nih.gov/pubmed/12645900
http://doi.org/10.1006/abio.1997.2113
http://www.ncbi.nlm.nih.gov/pubmed/9177738
http://doi.org/10.1016/S0003-2670(97)00608-9
http://doi.org/10.1002/elps.201500355
http://www.ncbi.nlm.nih.gov/pubmed/26412502


Sensors 2021, 21, 2797 12 of 12

11. Wang, S.S.; Magnusson, R. Theory and applications of guided-mode resonance filters. Appl. Optics 1993, 32, 2606–2613. [CrossRef]
[PubMed]

12. Rosenblatt, D.; Sharon, A.; Friesem, A.A. Resonant grating waveguide structures. IEEE J. Quantum Electron. 1997, 33, 2038–2059.
[CrossRef]

13. Magnusson, R.; Ding, Y.; Lee, K.J.; Shin, D.; Priambodo, P.S.; Young, P.P.; Maldonado, T.A. Photonic devices enabled by waveguide-
mode resonance effects in periodically modulated films. In Proceedings of the Optical Science and Technology, SPIE’s 48th
Annual Meeting, San Diego, CA, USA, 3–8 August 2003.

14. Block, I.D.; Ganesh, N.; Lu, M.; Cunningham, B.T. Sensitivity model for predicting photonic crystal biosensor performance. IEEE
Sens. J. 2008, 8, 274–280. [CrossRef]

15. Lin, H.A.; Huang, C.S. Linear variable filter based on a gradient grating period guided-mode resonance filter. IEEE Photonics
Technol. Lett. 2016, 28, 1042–1045. [CrossRef]

16. National Kidney Foundation. KDOQI Clinical Practice Guideline for Hemodialysis Adequacy: 2015 Update. Am. J. Kidney Dis.
2016, 67, 534.

17. Levey, A.S.; Eckardt, K.U.; Tsukamoto, Y.; Levin, A.; Coresh, J.; Rossert, J.; de Zeeuw, D.; Hostetter, T.H.; Lameire, N.; Eknoyan, G.
Definition and classification of chronic kidney disease: A position statement from Kidney Disease: Improving Global Outcomes
(KDIGO). Kidney Int. 2005, 67, 2089–2100. [CrossRef] [PubMed]

18. Laiwattanapaisal, W.; Saythanu, P.; Nubtueboon, P.; Tencomnao, T.; Santiyanont, R. A high-throughput nonimmunological
method for determination of microalbuminuria based on utilization of albumin blue 580. Labmedicine 2008, 39, 727–729. [CrossRef]

19. Hofmann, O.; Wang, X.H.; deMello, J.C.; Bradley, D.D.C.; deMello, A.J. Towards microalbuminuria determination on a disposable
diagnostic microchip with integrated fluorescence detection based on thin-film organic light emitting diodes. Lab Chip 2005, 5,
863–868. [CrossRef] [PubMed]

20. Rose, C.; Parker, A.; Jefferson, B.; Cartmell, E. The Characterization of Feces and Urine: A review of the literature to inform
advanced treatment technology. Crit. Rev. Environ. Sci. Technol. 2015, 45, 1827–1879. [CrossRef] [PubMed]

21. Bonsnes, R.W.; Taussky, H.H. On the colorimetric determination of creatinine by the jaffe reaction. J. Biol. Chem. 1945, 158, 11.
[CrossRef]

http://doi.org/10.1364/AO.32.002606
http://www.ncbi.nlm.nih.gov/pubmed/20820422
http://doi.org/10.1109/3.641320
http://doi.org/10.1109/JSEN.2008.917127
http://doi.org/10.1109/LPT.2016.2524655
http://doi.org/10.1111/j.1523-1755.2005.00365.x
http://www.ncbi.nlm.nih.gov/pubmed/15882252
http://doi.org/10.1309/LMVDTG6F2UG5QHYH
http://doi.org/10.1039/b504551g
http://www.ncbi.nlm.nih.gov/pubmed/16027938
http://doi.org/10.1080/10643389.2014.1000761
http://www.ncbi.nlm.nih.gov/pubmed/26246784
http://doi.org/10.1016/S0021-9258(19)51334-5

	Introduction 
	Materials and Methods 
	Sensor Design, Fabrication, and Characterization 
	Detection Mechanism and Experimental Setup 

	Results and Discussion 
	Measurement of Fluorophore Emission 
	Practical Assay Detection 
	Fluorescence Detection for Albumin Quantification 
	Colorimetric Measurement for Creatinine and Albumin Quantification 


	Conclusions 
	References

