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ABSTRACT

Electronic biosensors operating without power supply are high in demand owing to increasing
interest in point-of-care (POC) coupled with portable and wearable electronic devices for smart
healthcare services. Although self-powered electronic sensors have emerged with the promise of
resolving the energy supply problems, achieving sufficient sensitivity to targets in real samples is
highly challenging because of the matrix effect caused by electroactive species. In this study, we
developed a self-powered biosensor platform by combining 7n-IGZO/p-Si heterojunction
photodetectors and physically separated colorimetric reactions. The self-powered biosensors were
applied to glucose detection in real human samples using light sources from daily life
environments such as fluorescent light and sunlight. The sensors showed high sensitivity and
stability from 0.01 mg ml™! to 10 mg ml ™! of glucose in human saliva and urine without matrix
effect from the electroactive species in real samples. In addition, a small change in glucose
concentration in human serum was distinguishable with resolution 0.01 mg ml™!. Notably, these
results were obtained using well-developed and widely used materials like Si and IGZO with
simple deposition techniques. Moreover, this self-powered biosensing platform can be universally
applied for detection of all biomolecules being detected by colorimetric assays. To the best of our
knowledge, the present paper is the first report on such self-powered biosensors, which could be a
promising candidate for future POC biosensors integrated with portable and wearable electronic

devices.
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INTRODUCTION

Biomolecule detection using electronic sensors is of interest in clinical analysis because of their
high sensitivity, portability, and adaptability to smart electronic devices.!”* These merits extend
their application to point-of-care (POC) integrated with electronic devices systems for seamless
health monitoring at any place and anytime, which leads to successful treatment of diseases.*> A
major challenge to developing such sensor systems is the use of battery power owing to its limited
lifetime, recharging inconvenience, and insufficient battery level to operate the integrated sensor
systems.®® Hence, with the objective of reducing the power consumption of electronic sensor
systems, many studies have been conducted based on emerging 2D materials that have high
mobility and the structural design of nanomaterial-based devices.!*!> However, despite
advancements in nanomaterials and electronic devices for low-power consumption, there is an
increasing demand for sensor systems that operate without batteries in order to enhance
adaptability and portability for future POC biosensors.

Self-powered biosensors have attracted considerable attention as a potential future POC
sensor platform coupled with smart electronic devices because they can operate using energy from
the local environment without the need for batteries.”**!** Since the first report of self-powered
biosensors based on electrochemical reactions by Willner et al. in 2001, self-powered biosensors
have been mainly explored based on an electrochemical sensing platform to detect various target
molecules such as glucose and cholesterol.!>!® Such self-powered biosensors are operated by
electricity from oxidation and reduction reactions at the anode and cathode, respectively. Those
self-powered sensing platforms, however, suffer from decreased performance due to matrix effects
caused by electroactive species in physiological samples such as urine, saliva, and serum, which

consist of ions, uric acid, enzymes, etc.!>?® Although photo-induced electrochemical biosensors
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for self-powered systems have been recently studied to further enhance sensitivity and reliability,
this approach inevitably results in additional electricity for restricted light generators (e.g., UV
lamp and LED) in order to excite electrons to induce photoelectrochemical reactions at
electrodes.”!** Moreover, it is still difficult to avoid the matrix effect because of the direct contact
between reactants and electrodes. Thus, it remains a challenge to fulfill the requirements of
sensitivity, stability, and operation without power supplies for future POC biosensor systems.

In this paper, we report on self-powered photodetectors with colorimetric reactions for a
highly practical and universal self-powered biosensing platform, which is operated by any visible
light sources in daily life environments such as fluorescent light and sunlight, which makes the
whole sensor system free from the need for a power supply, and widens its practical uses under
any weather conditions. The self-powered photodetector is simply fabricated by depositing n-
IGZO thin film onto p-Si wafer, thereby forming a p-n heterojunction. In polydimethylsiloxane
(PDMS) molds precisely located on the upper side of the IGZO/Si photodetectors, a physically
separated enzyme-based colorimetric reaction occurs. Further, reduction in the photocurrent of the
IGZO/Si photodetectors occurs as a result of production of colored products due to target injection,
which block the light reaching the IGZO/Si detectors, and facilitates the quantification of glucose
levels. The physical isolation of the detectors and the colorimetric reaction leads to high and stable
sensitivity towards glucose in real human samples, without the matrix effect. In addition, this self-
powered biosensor platform is capable of detecting all targets being detected by colorimetric
assays. Hence, application of such self-powered biosensors could be expanded to POC biosensors

and smart healthcare systems.

RESULTS AND DISCUSSION
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Figure 1a illustrates the structural concept of self-powered biosensors composed of self-powered
photodetectors and PDMS vessels for colorimetric reaction. Colorimetric reaction is commonly
used for biomolecule detection, which changes in color when a target is injected. The reaction
occurs in the PDMS vessel for determination of the glucose concentration, which is located at the
upper side of the self-powered photodetectors, coinciding with the exact light pathway. Both the
PDMS and detectors are fixed at the customized sensor case made by a 3D printer (Figure S1).
This structure has two main advantages in practical use: (i) avoidance of the matrix effect in real
sample detection owing to physical isolation between the reaction and detection parts; (ii) the
PDMS vessel is disposable, whereas IGZO/Si photodetectors are reusable. Figure 1b illustrates the
detection mechanism of self-powered photodetectors with colorimetric reaction. Injection of
glucose into the PDMS vessel containing glucose oxidase (GOx), N, N-bis (4-sulfobutyl)-3,5-
dimethylaniline (MADB), 4-aminoantipyrine (4-AAP), and peroxidase induces the change in the
color of the solution due to oxidized condensation products blocking the light. Thus, the intensity
of light reaching the self-powered photodetectors is reduced, which causes a decrease in the
devices’ photocurrent. The photocurrent change enables quantitative determination of the
concentration of glucose. Colorimetric reaction with enzyme is a well-known method for glucose
detection, leading to a change in the solution color.?>*¢ The reaction pathway for glucose in this

case is given by Equations (1) and (2) and is shown in Figure 1c.

glucose oxidase

Glucose + O2 » gluconic acid + H>0» (1)
MADB + H,0; + 4-AAP M» colored product (630 nm) + H>O 2)
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As aresult of glucose detection by colorimetric reaction in a 96-well plate, the higher concentration
of glucose induced the deeper-colored products, as shown in Figure 1d. Absorption spectra of the
colored products in the 96-well plate are shown in Figure S2, and the peak is located at 630 nm.

The self-powered photodetectors were fabricated by depositing #n-IGZO thin film onto
single crystal p-Si substrate (a lightly doped p-type silicon wafer) by forming a p-n heterojunction.
The roles of Si and IGZO are light absorption under visible light irradiation and carrier transport
layers, respectively. This combination of Si and IGZO has two main advantages. Firstly, single
crystal Si is highly efficient in the absorption of visible light owing to its extremely low defect
level and low bandgap (1.1 eV); whereas, the bandgap of IGZO is 3.1 eV where visible light
penetrates. This ensures that light sources can be easily chosen in daily life environments, as there
is no need for power consumption for light irradiation. Secondly, in general, the IGZO thin film
as a n-type semiconductor shows high mobility, thus it is suitable to be used as a carrier transport
layer. The fabrication process of the devices is described in Figure S3a.

A depletion region was formed in the entire IGZO layer because of the relative thinness of
30 nm (Figure S3b), which is important for obtaining high photosensitivity for the self-powered
photodetectors. This is because the internal potential in IGZO minimizes recombination of the
electron-hole pair during collection of carriers reaching the electrodes. The silver finger electrode,
which can form ohmic contact with IGZO, was deposited using a metal shadow mask on IGZO/Si.
A detailed band diagram of Ag, n-IGZO, and p-Si is described in Figure S3c. The self-powered
photodetectors at zero-voltage bias show a highly stable photocurrent with a fast response and
recovery time (within 0.1 s for both) under a 650 nm laser (Figure S3d). The fast response and
recovery of the devices without hysteresis stem from the single crystal silicon, which absorbs the

light.
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The photocurrent of self-powered photodetectors was measured after injection of various
glucose concentrations in DI water under laser and fluorescent light (Figure 2). The sensitivity of

the devices was defined as the percentage change in photocurrent due to the colorimetric reaction,

Sensitivity (%) = [(Li — 1) / 1i] x 100 3)

where /; is the initial photocurrent before glucose injection and /r is the photocurrent after glucose
injection. In the case of I, photocurrent measurement started 30 s after glucose injection. In Figure
2a, photocurrent is measured under a 650 nm laser (0.1 mW), which is matched with the absorption
peak of reactant, at different concentrations of glucose in DI water ranging from 0.01 mg ml™! to
10 mg ml™!. Photocurrent is dramatically reduced by increasing the concentration of glucose, and
its sensitivities are 0, 5.6, 57.2, 85.2, and 99.4% for the concentration of glucose in DI water of 0,
0.01, 0.1, 1, and 10 mg ml!, respectively. To measure the photocurrent of self-powered
photodetectors using fluorescent light in daily life environments, the sensor system was placed on
a table in our laboratory (Figure S4a), and the experiment was conducted only at night to eliminate
the effect of sunlight. The sensitivities of the devices decreased relatively under fluorescent light
compared with laser illumination; specifically, 4.5, 36.4, 58.4, and 79.0% for the concentration of
glucose in DI water of 0, 0.01, 0.1, 1, and 10 mg ml™!, respectively (Figure 2b). The reduced
sensitivities are due to the emission spectrum of the fluorescent light containing mainly 550 nm
and 610 nm (Figure S4b), which is not fully absorbed by the colored product having an absorption
peak at 630 nm.

Figure 3 shows the sensitivity dependence on intensity and the incident angle of the

fluorescent light on the self-powered photodetectors. The light intensity and angle are controlled
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by turning on and off three switches in our laboratory. Three different light conditions were chosen
to characterize the sensitivity of the self-powered biosensors: (1) only one fluorescent light was
turned on; it was located on just the upper side of the sensors (Figure 3a); (2) the other two
diagonally-located fluorescent lights were turned on, and the light obliquely reached the sensors
(Figure 3b); (3) just one diagonally-located fluorescent light was turned on (Figure 3c¢). In all three
cases, the self-powered biosensors show a similar sensitivity towards 0—10 mg ml™! glucose in DI
water regardless of the intensity and incident angle of the fluorescent light (Figures 3d—3f). Thus,
it is possible to reliably measure the glucose concentration using the self-powered biosensors under
a static light source, such as laser and fluorescent light.

Two identical self-powered photodetectors and PDMS vessels were used to determine
glucose concentration under sunlight, as shown in Figure S5, because the intensity of sunlight
changes from moment to moment. The sensor system with two devices was placed in a sunny area
of the laboratory. Photocurrents of the two devices equally changed in accordance with the sunlight
intensity, as shown in Figure 4a; thus, one device was used as a control sample for calibration and
the other for detection of glucose. The solution contained in the PDMS vessel for the control
sample was composed of the colored reagent, GOx, peroxidase, and 4-AAP, but not the color
development reagent, MADB. The sensitivity was calculated as the percentage change between

control and detection devices:

Sensitivity (%) = [(Ic — 1) / Ic] x 100 4)

where /I is the photocurrent of the control sample and /4 is the photocurrent of the detection sample

after glucose injection. In the case of /4, photocurrent measurement started 30 s after glucose
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injection. The values of both /. and /4 for sensitivity calculation were chosen at exactly the same
time. Figure 4b shows that the sensitivities in the site of sunshine are 3.4, 29.5, 45.7, and 54.7%
for the concentration of glucose in DI water of 0, 0.01, 0.1, 1, and 10 mg ml !, respectively. (Note:
The five different graphs were merged in Figure 4b to clarify the different sensitivities towards
different glucose concentrations; each graph is differently colored and there are breaks between
them.) The self-powered biosensors can successively detect target molecules even under sunlight
of varying intensities at each moment. Although there is a decrease in sensitivity under sunlight
owing to its wide light spectrum, photocurrent changes are still adequately sensitive to detect
glucose in DI water ranging from 0.01 mg ml™! to 10 mg ml™. In addition, it is confirmed that the
light intensity dependence of sensitivity towards glucose is not observed under sunlight, which
changes in terms of intensity from moment to moment (Figure S6). A repeated experiment for each
condition was carried out, and the results are shown in Figure 4c. A comparison of sensitivities
toward glucose in DI water under three different light sources shows a similar tendency to
concentration of glucose.

Sensing performance towards glucose in real samples was investigated by spiking glucose
into real human saliva and urine. The photocurrent measurement procedure and sensitivity
calculation were the same as in the cases of detection of glucose in DI water. The final
concentrations of saliva and urine were 10 times diluted when they were injected into PDMS molds.
The sensitivities of glucose in saliva and urine are shown in Figures 5a and 5b, respectively.
Glucose in non-spiked saliva and urine was not detected by the self-powered biosensors under any
of the three light sources. Detectable sensitivity was initially observed when saliva and urine were
spiked with 0.01 mg ml™! of glucose (final concentration). Considering that the final glucose

concentrations in saliva and urine are 0.0008 mg ml™! and 0.0011 mg ml !, respectively (Table
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S1), the amount of glucose in the two real samples is much too low to be detected by the self-
powered biosensors. Nevertheless, the sensors show a similar sensitivity and the same tendency
compared to glucose in DI water. Thus, it is confirmed that there is negligible matrix effect on the
self-powered biosensors caused by inorganic salts and organic compounds in real samples, which
is due to the physically separated reaction part and detection part in the sensor system.

Among the glucose levels in the real human samples, the serum glucose level is the key
factor in real clinical diagnosis.?’*® Thus, the self-powered biosensors were used to measure
glucose concentration in human serum. The purchased human serum was analyzed using a clinical
analyzer (Hitachi 7020) and found to contain 0.98 mg ml ! of glucose (Table S1), which is within
the range of normal fasting serum glucose levels, while increased risk for diabetes is regarded over
1.25 mg ml'.? Therefore, glucose in non-spiked and spiked (final concentrations of spiked
glucose: 0.01 mgml ™, 0.02 mgml!, 0.04 mgml ™, 0.06 mgml!, 0.08 mgml !, and 0.1 mgml ")
human serum was measured using the self-powered biosensors under fluorescent light and sunlight
illumination, as shown in Figure 6. The sensitivities to non-spiked and 0.01, 0.02, 0.04, 0.06, 0.08,
and 0.1 mg ml™! spiked human serum were 29, 32, 34, 35, 37, 39, and 41%, respectively for under
fluorescent light (Figure 6a), and 13, 15, 18, 20, 22, 24, and 26%, respectively for under sunlight
(Figure 6b). (Note: The eight different graphs were merged in Figure 6b to clarify the different
sensitivities towards different glucose concentrations; each graph was differently colored and there
are breaks between them.) Hence, precise analysis of the serum glucose level was possible using
self-powered biosensors, which shows great potential for real clinical diagnosis of glucose.

Finally, the performance of the self-powered photodetectors with colorimetric reaction was
compared with previously reported self-powered glucose sensors. Our self-powered biosensors

exhibited superior performance towards real human saliva and urine with no power consumption
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compared with the others as shown in Table 1.!32223:30-34 ¢ g

noteworthy that this superior
sensitivity is obtained using commercially available materials (#n-IGZO and p-Si) and simple
deposition techniques. Moreover, any previously reported colorimetric assays can be applied to

our self-powered biosensors.*>" This makes the sensors more attractive for a universal POC

biosensor platform integrated with smart electronic devices.

CONCLUSIONS

In this paper, we demonstrated self-powered biosensors by introducing the colorimetric reaction
to n-1GZO/p-Si heterojunction photodetectors, thereby operating with no power consumption by
detector or light sources by employing light available in daily life environments. Such self-
powered biosensors are highly suitable to the biosensing platforms for smart and wearable
electronic devices, which suffer from battery limitations. Moreover, the physically separated
reaction part and the detection part in the self-powered biosensors are responsible for high
sensitivity and stable monitoring of glucose in real samples without the matrix effect, which
allowing detection from 0.01 to 10 mg ml ™! of glucose in saliva and urine with a fast-diagnostic
time (30 s) under laser, fluorescent light, and sunlight. In addition, in the detection of serum
glucose levels, increases in glucose concentration of 0.01 mg ml™! steps were distinguished, which
is sufficient to diagnose hyperglycemia. Notably, this high sensitivity was obtained using
commonly utilized materials and simple deposition techniques. Moreover, the proposed self-
powered biosensing platform is highly adaptable for detecting any disease detectable by
colorimetric assays simply by changing the reactant in disposable PDMS vessels. Hence, the self-

powered biosensors presented in this paper can set the foundation for notable development of POC
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biosensors combined with smart electronic device technologies, leading to smart healthcare

systems.

EXPERIMENTAL SECTION

Materials. D-(+)-glucose (BioXtra, > 99.5) and 4-aminoantipyrine (4-AAP, reagent grade)
were obtained from Sigma Aldrich. Glucose oxidase (GOx, GLO-201, 100 U mg ') and peroxidase
(PEO-301, 110 U mg ") were purchased from Toyobo Co., Ltd. (OSK, Japan). N, N-bis (4-
sulfobutyl)-3,5-dimethylaniline, disodium salt (MADB) (My: 423.46, > 99.5) were purchased
from Dojindo Molecular Technologies, Inc. (Tokyo, Japan). Phosphate buffered saline (PBS, pH
7.4) was purchased from Biosesang (Seongnam, South Korea). Pooled normal human urine and
pooled normal human saliva were purchased from Innovative Research (Novi, USA). Human
serum (from human male AB plasma, USA origin, sterile-filtered, H4522) was purchased from
Sigma Aldrich.

Fabrication and characterization of self-powered photodetectors. N-type InGaZnO
thin films were deposited on p-type silicon substrate using DC sputtering, as previously reported.*!
Composition of the IGZO target was In203:Ga203:ZnO = 1:1:1 (atomic ratio), and the thicknesses
of the deposited-IGZO thin films were 30 nm at a pressure of 3x10°® mbar with 1% O, partial
pressure. 30 nm of silver thin film as the top electrode was then deposited through a metal shadow
mask using e-beam evaporator on the IGZO/Si substrate. Copper tape was attached to the bottom
of the IGZO/Si substrate using silver paste as the bottom electrode. Photocurrent was measured
using chronoamperometry analysis (Compactstat; Ivium technologies, Netherlands) by applying 0

V under laser, fluorescent light, and sunlight illumination.
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Light sources. Laser (maximum power: 20 mW; power was controlled using an ND filter)
was purchased from LS Korea, Korea. The fluorescent light used was from conventional
fluorescent lamps in the ceiling of our laboratory, and was two meters above the measurement
table, as shown in Figure S4a. Real sunlight was used by placing self-powered biosensors in a
sunny place in our laboratory (with the fluorescent light turned of¥).

Preparation of sensing system for measurement. Cases for sensing measurement were
fabricated using a 3D printer (Ultimaker 3) and the materials were polylactic acid. The cases were
composed of two parts. The bottom part was needed for placing the self-powered photodetectors.
The top part having rectangular hole was used to place the PDMS mold. The size of each part is
written in Figure S1. The PDMS mold was prepared as a reaction vessel for colorimetric reaction,
and the volume of the PDMS vessel was 15 mm x 5 mm x 2 mm (length % width x height). To
assemble the sensing cases, firstly, self-powered photodetectors were placed on the bottom part of
the case, and the wiring process was performed on each top and bottom electrode using copper
wire and silver paste. Secondly, the top part was placed on the bottom part, and PDMS mold was
placed on the top part of the case. In the case of two-sample detection, the cases were designed as
a dual room for two samples, as shown in Figure S5.

Glucose detection measurement under various light sources. Glucose sensing
experiments were performed in the previously fabricated sensor cases with IGZO/Si
photodetectors and the PDMS vessels. Firstly, optimized solution for glucose detection composed
of PBS (pH 6.0), 0.05 M 4-AAP, 0.05 M MADB, 50 U ml ! peroxidase, and 50 U ml™! glucose
oxidase at aratio of 6:1:1:1 was prepared. Into the PDMS vessel, 180 ul of the solution was poured,
and the vessel was partially covered with glass. The glass cover was employed to fully cover the

area where light penetrates and reaches the self-powered photodetectors. This was done to avoid
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the side effect of any unintentional change in the intensity of the light reaching the detectors caused
by morphology of the solution. Twenty microliters (20 ul) of various concentrations of spiked
glucose (final concentration: 0, 0.01, 0.1, 1, 10 mg ml™') in DI water, real human urine, and real
human saliva were then injected into the PDMS vessel; as a result, real samples were finally diluted
10 times. Regarding detection of glucose in human serum, non-spiked and spiked (final
concentrations of the spiked glucose: 0.01 mg ml™!, 0.02 mg ml™!, 0.04 mg mI!, 0.06 mg ml ™},
0.08 mg ml™!, and 0.1 mg ml™!) human serum were used. Photocurrent was measured using
chronoamperometry analysis (Compactstat; Ivium technologies, Netherlands); in the case of
glucose detection, the measurement started 30 s after injection of glucose in all results. All the
photocurrent measurements of Ag/IGZO/Si photodetectors were performed at zero voltage bias.
With regard to illumination of sunlight, two identical self-powered photodetectors (one for
calibration; the other for detection) were used, and the solution in the PDMS vessel for calibration
sample consisted of 4-AAP, GOx, and peroxidase except for MADB. To use sunlight for glucose
detection, the two identical self-powered biosensors were placed near the window of the laboratory,
in sunlight.

Analysis of glucose concentration in real human samples. Glucose concentrations in
real human saliva, urine, and serum were analyzed using Hitachi 7020 Clinical Analyzer (Hitachi

High-Technologies Corporation, Japan).
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Figure 1. (a) Schematic illustration showing the structure of the self-powered biosensors
composed of the vertically located sensing part of PDMS and the detector part of n-IGZO/p-Si
photodetectors. (b) Detection mechanism of the self-powered biosensors. (c) Principle of
colorimetric reaction. (d) Digital image of the result of colorimetric reaction of 0, 0.01, 0.1, 1, and
10 mg ml~* glucose in a 96-well plate starting from the left.
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16 Figure 2. Detection performance of the self-powered biosensors towards glucose in DI water.
17 Photocurrent changes induced by colorimetric reaction depending on the concentration of glucose
18 under (a) 650 nm laser 0.1 mW, and (b) fluorescent light.
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Figure 3. Glucose (in DI water) detection by measuring photocurrent under different intensities
and angles of fluorescent light. The light angle and intensity were controlled by turning on and
off of three switches of the fluorescent light. (a) Direct incident light (one switch on). Oblique
incident light with (b) two switches on and (c) one switch on. Photocurrents under each light
condition are (d), (e), and (f) for (a), (b), and (c), respectively.
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Figure 4. (a) Photocurrents of two self-powered biosensors under sunlight (sunny place). (b)
Detection performance of the dual self-powered biosensors towards glucose in DI water in sunlight
(five different graphs with differently colored backgrounds are joined). (c) Comparison of
18 sensitivities of our devices under the three different light sources.
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Figure 5. Sensitivities of the self-powered biosensors towards glucose in (a) pooled real human
saliva and (b) pooled real human urine under the three different light sources.
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Figure 6. Sensitivities of the self-powered biosensors towards glucose in non-spiked and spiked
16 human serum under (a) fluorescent light and (b) sunlight (eight different graphs with differently
17 colored backgrounds are joined). Photocurrent measurement began 30 s after the target injection.
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Table 1. Comparison of the performance of our devices and other self-powered glucose sensors

reported in the literature

Method Additional Matrix for glucose Detection Reference
power supply range (mM)
Electrochemistry None 0.1 MPB,pH 7.0 1-80 (15)
Electrochemistry None 0.1 M PBS 2-30 30)
Electrochemistry None 0.16 M PB, pH 7.0 0.2-1 31
Physiological glucose
Electrochemistry None (w/ acetaminophen, ascorbic acid, 5-25 32)
uric acid, and lactic acid)
Electrochemistry None Not mentioned 1-5 (33)
Electrochemistry None 0.1 MPBS, pH 7.0 10-50 (34)
. i 0.1 M PBS, pH 7.0 0.01-0.07
Photoelectrochemistry Need for light - - P (22)
source Physiological glucose 3-8

Photoelectrochemistry Neesdmt;(;rcélght 0.1 M Tris-HCI buffer, pH 7.0 0.001-10 (23)
Pho.tocur}“ent WIt.h None Pooled human saliva and urine 0.055-55 This
colorimetric reaction work
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