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Used High Collimation UV-LEDs With a
Miniaturized Optomechanical Device for
the Detection of Direct Bilirubin

Zhi Ting Ye

Abstract—Invasive blood testing is the most used method for
testing bilirubin levels. However, invasive blood testing must be
carried out by professionally trained medical staff to avoid the risk
of infection. Apart from being present in blood, direct bilirubin is
excreted in human urine. Therefore, this study proposed a non-
invasive method, using high collimation ultraviolet-light-emitting
diodes (HC UV-LEDs) as the light source to design a miniaturized
optomechanical device (MOD) for direct bilirubin detection in
urine. The designed MOD was used to analyze different concentra-
tions of direct bilirubin using its absorbance spectrum to achieve a
non-invasive detection method. The HC UV-LEDs MOD proposed
in this study offers the benefits of being non-invasive and providing
a quantitative analysis of direct bilirubin.

Index Terms—UV-LEDs, high collimation, non-invasive, direct
bilirubin, quantitative analysis, coefficient of determination,
miniaturized optomechanical device.

1. INTRODUCTION

ILIRUBIN, a yellow pigment, is produced by the
B catabolism of hemoglobin in red blood cells. Normally,
bilirubin circulates to the liver through the blood combined with
uridine 5’-diphospho-glucuronosyltransferase and is excreted
into the intestine with bile before finally being converted into
urobilinogen, which is excreted in the urine and feces. The biliru-
bin before and after binding with liver cells is called indirect
(unconjugated) and direct (conjugated) bilirubin, respectively.
Total bilirubin is the sum of indirect and direct bilirubin [1],
[2], [3]. A high index value of indirect bilirubin can affect
brain development due to a clinical condition called jaundice
(hyperbilirubinemia). Jaundice is a consequence of the liver cells
not converting indirect bilirubin to direct bilirubin in a short
time, resulting in an excessively high indirect bilirubin index
in the blood. If the direct bilirubin index is too high, clinically
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called bile retention (conjunctive jaundice; bileretentive jaun-
dice), neonates can develop biliary atresia [4], [5], [6], which
is medically called neonatal jaundice. Neotal jaundice affects
60% and 80% of full-term neonates and preterm neonates,
respectively. As a result, bilirubin testing is a regular procedure
performed on newborns [7], [8].

Newborns often have jaundice because the liver is not fully
developed, so the liver cells lack the ability to bind bilirubin.
When the body’s function of binding bilirubin matures, this
problem will disappear, resulting in physiologic jaundice [9],
[10], [11]. Physiologic jaundice will last one to two weeks; it
appears on the second day of life, peaks on the fourth to fifth
day, and then subsides. In addition, neonates may develop patho-
logical jaundice (combined jaundice; cholestatic jaundice) due
to hepatitis or biliary atresia. In biliary atresia, early diagnosis
and surgery are necessary to avoid the eventual need for a liver
transplant. If the bilirubin index is too high for a long time,
it may lead to conditions, such as athetosis, hearing loss, and
mental deficiencies [12], [13]. In addition, high concentrations
of bilirubin may cause biliary duct or hepatic dysfunction, brain
damage, or even death [14], [15], [16].

Neonatal jaundice lasting more than two weeks is clinically
called delayed jaundice and should be investigated to confirm
if the cause is pathological jaundice. When delayed jaundice
is present in a newborn, the American Academy of Pediatrics
(AAP) recommends drawing blood for total and direct bilirubin
testing to rule out the possibility of biliary atresia. In Taiwan, to
detect biliary atresia in newborns, parents are provided a stool
color card in the health handbook to compare their infant’s stool
color for early biliary atresia screening. However, comparing
infants’ stools with the stool color cards is subjective and raises
concerns about making errors. Therefore, it is hoped that devel-
oping a non-invasive urine bilirubin test to provide accurate and
immediate results will assist parents and health workers.

Currently, the most widely used detection method for bilirubin
in clinical medicine is the diazotization (diazo) method. The tra-
ditional diazo method combines serum and diazonium reagents
into diazonium salts at pH 1.7-2.0. The diazonium salts react
with bilirubin to form azobilirubin, which has an absorbance
intensity at the wavelength of 600 nm. The absorbance reading
is proportional to the direct bilirubin concentration [17]. Various
diazo methods have been developed to determine the direct
bilirubin [18], [19]. However, the diazo reagent is unstable
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and must be synthesized from sodium nitrite and aminoben-
zenesulfonic acid, and is easily affected by pH [20], [21]. In
addition, neonatal serum has a high rate of hemolysis, which
leads to deviations in the detection results, and may affect
timely treatment [22]. Bilirubin oxidase is a multicopper oxidase
enzyme that belongs to the oxidoreductase class of enzymes. It
catalyzes the oxidation of bilirubin to biliverdin. This enzyme
has been broadly utilized as a test reagent [23], [24]. Bilirubin is
oxidized by bilirubin oxidase under acidic conditions to produce
biliverdin, which is used to determine the bilirubin concen-
tration [25]. In addition, some oxidase methods were used to
determine the direct bilirubin [26], [27], [28], [29] However,
oxidase methods for detecting bilirubin, have several disad-
vantages, such as low sensitivity, high cost, and low stability
[30], [31], [32].

Fluorescence detection has attracted much attention due to
its good optical properties; it provides a fast response, high
selectivity, amplified sensitivity, and a wide range of concen-
trations [33], [34], [35]. The determine of direct bilirubin by
fluorescence methods have the advantage of low response times
[36], [37], [38]. Howerer, the used of fluorescence to detect
substances without interferers delivers good detection results,
but for samples with complex components, such as urine and
blood, there is interference [39], [40]. Normally, bilirubin is
excreted from the body, and only a small amount of bilirubin
exists in the blood and urine. However, when biliary atresia
or hepatitis occurs, the direct bilirubin in the blood cannot
be converted efficiently and excreted out of the body, so the
concentration of direct bilirubin will increase. Only direct biliru-
bin can dissolve in water and be excreted in the urine after
passing through the kidneys. Therefore, early assessments can
be made by detecting direct bilirubin concentrations in the urine
[41], [42]. In recent years, scholars have also conducted direct
analysis and research on bilirubin and absorption spectra [43],
[44]. Direct bilirubin detection using spectral analysis RGB
Mini-LED as light source. High collimation light sources can
achieve relatively smaller spot sizes, enhancing the efficiency of
light incident on the test object and reducing the occurrence of
stray light, thus significantly aiding in improving linearity [45].
The recent progress in electrochemical and optical biosensors
for monitoring SARS-CoV-2 and various pathogens [46]. UV
LEDs are gradually becoming more prevalent in biomedical
applications, with research on their optoelectronic properties
cited in [47], [48], [49].

The current methods for detecting bilirubin mainly detect
total, direct, and indirect bilirubin in blood. Since direct biliru-
bin can be excreted in urine, this study proposed us-ing high
collimation ultraviolet-light-emitting diodes (HC UV-LEDs) as
the light source, to design a miniaturized optomechanical de-
vice (MOD) to determine direct bilirubin in urine. The fabri-
cated HC UV-LEDs MOD was used to analyze direct bilirubin
concentrations range from 8.55 to 350.55 pmol/L using its
absorbance spectrum. The linear regression was y = 0.0034x
+ 0.1686, R? value was 0.9983, the LOD of 35.167 pmol/L,
the LOQ of 117.225 pumol/L which offers the benefits of
being non-invasive, fast, and providing a digital quantitative
analysis.
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II. MATERIALS AND METHODS

A. Direct Bilirubin Sample

This article used the Direct Bilirubin Sample with the bilirubin
standard kit List No. 9450. (Verichem Laboratories, Inc., Rhode
Island, USA) is the reference standard for direct bilirubin in
clinical laboratories and intended specifically for calibration
verification. The CAS certification number is 68683-34-1. Five
different direct bilirubin concentrations, 8.55, 94.05, 179.55,
265.05, and 350.55 pmol/Lwere pre-processed in a sterile box
before measuring the spectrum. First, the direct bilirubin was
mixed uniformly by stirring at 500 rpm for 5 minutes using a
magnetic stirrer. Then a 50 pm/L sample of direct bilirubin was
pipetted into the quartz cell using a variable volume (S Series
Micropipette MS-100H, Taichung, Taiwan) to fill a quartz cell
and measure the absorbance spectrum.

B. Design of the Miniaturized Optomechanical Device

In order to enhance portability and improve ease of use for
patients, the MOD was developed as a detection instrument. The
deployment process is shown in Fig. 1(a). In this experiment, a
quartz cell was used as the measurement container. Compared
with ordinary glass, the absorbance value of quartz in the ultravi-
olet (300-380 nm) band and visible light band (400-700 nm) is
minimal. The absorbance values measured for the 300-600 nm
band are less than 0.063, which means that most of the light
can penetrate, reducing the measurement error, as shown in
Fig. 1(b). The MOD comprises a light source (high collimation
ultraviolet-light-emitting diodes (HC UV-LEDs), collimating
lens;y, fiber, collimating lens,,t, and micro spectrometer as
shown in Fig. 1(c).

The focal lengths of lens;,, and lens,,; can be calculated by

(1):
1:(n_1) {1_14_(“_1)(1 (1)
foo\n

Ry Ry nRi Ry

The f represents the focal length of the lens, while n stands for
the refractive index of the lens material. n; denotes the refractive
index of the material surrounding the lens material. Ry represents
the radius of curvature of the lens surface near the light source,
whereas R? represents the radius of curvature of the lens surface
on the opposite side. Lastly, d corresponds to the thickness of
the lens and the material is quartz.

The HC UV-LEDs MOD proposed in this study for detecting
direct bilirubin uses the Beer-Lambert Law to analyze the ab-
sorbance e and determine the concentration. The Beer-Lambert
law formula derivation process is shown in (2) and (3).

I
T=2 2
To (2)
I
A = logyo <0>:6-€~c 3)
I

Where T is the light transmittance, A is the sample’s ab-
sorbance of the sample, Ij is the incident light intensity, I; is
the transmitted light intensity, ¢ is the absorbance coefficient of
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Fig. 1. Design of the miniaturized optomechanical device detect bilirubin
(a) the flow diagram of direct bilirubin sample preparation. (b) The absorbance
spectrum (300-600 nm) for the quartz cell. (¢) UV LED MOD architecture.

the absorbinOg substance, ¢ is the absorbing medium thickness
(cm), and c is the absorbing substance concentration (pmol/L).

C. Experimental Process

In this study, we proposed using a light source to design
a MOD for detecting direct bilirubin. Step 1: Initially, five
different concentrations of direct bilirubin standard solutions
from 8.55 to 350.55 umol/L were prepared, and the absorbance
of air was used as the baseline to zero-calibrate the spectrometer
(Model U-3900, Hitachi, Ltd., Tokyo, Japan,). Step 2: Measure
the absorbance value of 5 different concentrations of direct
bilirubin, analyze the linear relationship between the absorbance
value and the concentration were measured in, and find the
optimum fitting region. Step 3: Analyze the relationship of the
optimum fitting region between direct bilirubin concentration
and absorbance, and find the wavelength with the optimum
linearity through the binary linear regression and the R? value.
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Step 4: Conduct a reproducibility experiment, repeat the erection
of the selfmade MOD five times, and analyze the average stan-
dard error of detecting direct bilirubin. Step 5: Finally, the results
from the fabricated MOD and the Hitachi U-3900 spectrometer
were compared to verify the MOD designed for this study’s
ability to detect direct bilirubin. The MOD experiments will
fix the integration time of the micro spectrometer and test in
the dark room with a room temperature and humidity of 25 °C
and 60%, respectively.

III. MATERIALS AND METHODS
A. Direct Bilirubin Absorbance Spectrum Analysis

In order to ensure the absorbance band of MOD analysis direct
bilirubin in the follow-up experiment, direct bilirubin was first
measured by a Hitachi U-3900 spectrometer; the absorbance
value was measured at a scan rate of 2 nm/s, slit 2 nm, and
PMT 200 V. Five different concentrations of direct bilirubin were
prepared (8.55, 94.05, 179.55, 265.05, and 350.55 pmol/L), and
their absorbance values measured as shown in Fig. 2(a), the first
absorbance peak (FAp) and second absorbance peak (SAp) are
300 nm and 400 nm, respectively. The optimum fitting region
was found in the 300—400 nm absorbance band, and the R? values
reached above 0.99 as shown in Fig. 2(b).

In Fig. 2(c) shows the linearity analysis of direct bilirubin for
the concentration range of 8.55 to 350.55 pumol/L at 350 nm.
The linear regression is y = 0.003x + 0.1999, and the R? value
was 0.999. The wavelength 400 nm is the second absorbance
peak (SAp): the linear relationship is shown in Fig. 2(d). The
experimental results show that at 400 nm in the direct biliru-
bin concentration range of 8.55 to 350.55 umol/L; the linear
regression is y = 0.004x + 0.0431, and the R? value reached
0.9908.

When direct bilirubin concentrations between 8.55 and
350.55 pmol/L analyzed using a Hitachi U 3900 double-beam
UV/Vis spectrometer had an excellent linear relationship in the
300 to 450 nm wavelength bands. The wavelength of 350 nm
was the optimal fitting wavelength in this concentration range,
with R? values up to 0.999. The Hitachi U3900 spectrometer was
found to have excellent accuracy and detection tolerance, but it
is inconvenient to carry due to its size. Therefore, we fabricated
and evaluated a MOD using HC UV-LEDs as a light source.

B. Detecting Direct Bilirubin by Using the Fabricated HC
UV-LEDs MOD

After confirming the absorption band of the albumin, HC UV-
LEDs MOD will be developed through FC UVC LEDs to reduce
the size of the instrument. The prototype HC UV-LEDs MOD de-
veloped in this study was 3.5, 3.5, and 2 mm in length, width, and
height, respectively. Fig. 3(a) shows the prototype of UV-LEDs
MOD. The optomechanical device was custom-designed and
machined using Computer Numerical Control (CNC) processing
to secure the relative positions of the light source, fiber, lens;,,,
Quartz cell, and lens,, ;. The material used is aluminum (5051)
with a surface finish of hard-baked black paint. The micro
spectrometer of model SE1030-025-FUVN, produced by OtO
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Fig. 2. Absorbance spectrum of direct bilirubin using a Hitachi U-3900
spectrometer. (a) Absorbance spectrum. (b) The linear relationship in the 300 to
450 nm wavelength bands. (c) The linear analysis of direct bilirubin at 350 nm.
(d) The linear analysis of direct bilirubin at 400 nm.
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Fig. 3. HC UV-LEDs MOD developed (a) the prototype of UV-LEDs MOD,
entity diagram of the miniature optical system (MOS) with FC UV-LEDs.
(b) Emission spectra of UV-LEDs, and (c) measured light-current-voltage (L-I-
V) curve.

Photonics, Inc., Hsinchu City, Taiwan. The drive conditions of
the UV-LEDs were 3.35 V 300 mA. The emission spectrum
is shown in Fig. 3(b). There is a maximum peak at 365 nm,
including the optimal linearity wavelength of 350 nm. The full
width at half maximum (FWHM) of the spectrum is 18 nm.
Fig. 3(c) is the measured light-current-voltage (L-I-V) curve.
The inflection point in the UV LED LIV curve between 600mA
and 800mA 1is usually the result of a combination of changes
in internal excitation mechanisms, thermal effects, and optical
effects.

The optical fiber used had a numerical aperture of 0.22, core
size of 600 pm, and a length of 30 cm. The back focal length of
the collimating lens was 10 mm and the numerical aperture was
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TABLE I
REPRODUCIBILITY MEASUREMENT OF THE HC UV-LED MOD
. The The The The The
Direct absorbalabsorbalabsorba
.. . . |absorba absorba|Stand
bilirubin nce for | nce for | nce for
nce for nce for| ard
Concentral a the the
. the first . the fifth| error
tion second| third | fourth
test test | (%)
(umol/L) (arb. u) test test test (arb. u)
" 7|(arb. u)| (arb. u)|(arb. u) ’
8.55 0.217 | 0.216 | 0.217 | 0.216 | 0.215 | 0.04
179.55 | 0.783 | 0.783 | 0.787 | 0.786 | 0.785 | 0.08
350.55 | 1.367 | 1.366 | 1.363 | 1.363 | 1.373 | 0.18

0.22. The light absorbed through the quartz cell was converted
into parallel light by a collimating lens before it entered the
optical fiber. Finally, different direct bilirubin concentrations
were analyzed by a micro spectrometer (Model SE1030-025-
FUVN, OtO Photonics, Inc., Hsinchu City, Taiwan).

The direct bilirubin concentrations measured by the Hitachi
U-3900 spectrometer, identified that the optimal fitting range
was in the wavelength band of 300 to 400 nm and that the optimal
linear wavelength was 360 nm. Therefore, this study’s fabricated
HC UV-LEDs MOD was used in the 320 to 390 nm wavelength
band to analyze the relationship between direct bilirubin ab-
sorbance and wavelength. In order to enhance the collimated
MOD of the light source, fiber and lens are used to design the HC
UV-LEDs MOD. Fig. 4(a) is the polar candela distribution plot
of UV-LEDs, UV- LEDs with fiber, and UV- LEDs with fiber and
lens;,, the half-intensity angle are 60 degrees, 12.5 degree and,
and 1 degree, respectively. In Fig. 4(b) represents the standard
emission pattern of UV LEDs commonly used in the industry
with a half-intensity angle of 60 degrees. In Fig. 4(c), UV-LEDs
with fiber exhibit a half-intensity angle of 12.5 degrees. In Fig.
4(d), UV-LEDs with fiber, lens;, and lens,,; that can reduce
the half-intensity angle to 1 degree. Fig. 4(e) is the absorbance
spectrum of five concentrations of direct bilirubin measured
using the HC UV-LEDs MOD. The best fitting wavelength was
identified as 360 nm as shown in Fig. 4(f), the linear regression
was y = 0.0034x + 0.1686, and the R? value was 0.9983, the
LOD of 35.167 pmol/L, and the LOQ of 117.225 pmol/L.

Next, a reproducibility test was conducted. The HC UV-LEDs
MOD was rebuilt five times, and each was used to measure three
different concentrations of direct bilirubin at 360 nm; the highest
concentration was 350.55 pmol/L, the median concentration was
179.55 pmol/L, and the lowest concentration was 8.55 pumol/L.
The experimental results are shown in Table I. The standard
error of the absorbance intensity at 360 nm for the 350.55,
179.55, and 8.55 pmol/L direct bilirubin concentrations was
0.04%,0.08%, and 0.18%, respectively, and the average standard
error was 0.1%. According to these experimental results, the HC
UV-LEDs MOD demonstrated excellent reproducibility in the
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Fig. 4. Absorbance spectrum of five concentrations of direct bilirubin mea-
sured using the HC UV-LEDs MOD. (a) Polar candela distribution plot
(b) angular profiles of the UV-LEDs, (c¢) UV-LEDs with fiber, and (d) UV-LEDs
with fiber and collimating lens;,. (e) Absorbance spectrum. (f) The linear
analysis of the absorbance of direct bilirubin at 360 nm.

repeated fabrication test and the measurement of direct bilirubin
concentration at 360 nm.

Compare the measurement results of the HC UV-LED MOD
proposed in this article and the Hitachi U-3900 spectrometer,
the direct bilirubin standard solution’s concentrations were mea-
sured with the HC UV-LEDs MOD, and the linear relationship
was analyzed between the concentration and the transmission
spectrum. The results show that the best fitting band for direct
bilirubin concentrations from 8.55 to 350.55 pumol/L is 360 nm,
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the linear regression was found to be y = 0.0034x + 0.1686,
and the R? value was 0.9983. The Hitachi U-3900 spectrometer
was used to measure direct bilirubin concentrations from 0.855
to 35.055 pmol/L at 350 nm. The linear regression was found
to be y = 0.003x + 0.1999, and the R? value was 0.999. These
results support that there is good agreement between the two
methods.

IV. CONCLUSION

The experimental results show that the UV-LEDs MOD de-
veloped in this study and Hitachi U-3900 spectrometer have
an excellent linear relationship when detecting direct bilirubin
between the concentrations of 8.55 to 350.55 umol/L, and the
optimal fitting wavelength for Hitachi U-3900 and UV-LEDs
MOD is 350 nm and 360 nm, respectively.

This study proposed a non-invasive spectroscopic detection
method to detect direct bilirubin. The fabricated HC UV-LEDs
MOD and the Hitachi U-3900 spectrometer were used to ana-
lyze the relationship between direct bilirubin at different con-
centrations and the light absorbance change in the spectrum.
Linear regression analysis of the HC UV-LEDs MOD'’s results
showed that direct bilirubin concentration corresponded to the
absorbance values to achieve a non-invasive direct bilirubin
quantitative analysis. The experimental results showed that the
HC UV-LEDs MOD'’s optimal fitting wavelength to detect direct
bilirubin concentrations from 8.55 to 350.55 pmol/L is 360 nm,
the R? value was 0.9983, the LOD of 35.167 pmol/L, and
the LOQ of 117.225 pmol/L. The average standard error of
measurement reproducibility was 0.1%. Comparing the blue HC
UV-LEDs MOD at 360 nm and the Hitachi U-3900 spectrometer
at 350 nm, detect different concentrations of direct bilirubin,
the linear regression and R? values are y = 0.0034x + 0.1686,
0.9983 and y = 0.003x + 0.1999, 0.999, respectively. The HC
UV-LEDs MOD can effectively simplify the measurement of
direct bilirubin, it demonstrated high accuracy while achieving
non-invasive quantitative detection of direct bilirubin in urine.
Therefore, the HC UV-LEDs MOD have the advantage such
as portability and small size. In the future, the highly portable
device can be used as a non-invasive direct bilirubin detection
method for medical use, providing a more convenient detection
method for patients with jaundice.
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