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Abstract

A novel electrochemical glucose sensor was created for a simple but semiquantitative visual screening of specific glucose
concentrations in urine. This noninvasive glucose biosensor integrated a disposable, paper-based sensing strip and a simple
amplifier circuit with a visual readout. The paper strip consisted of five enzyme-activated electrodes. Each electrode
was connected to a specific indicator circuit that triggered a light-emitting diode (LED) when a predefined glucose
concentration was reached. The device features (1) low-cost, disposable, paper-based glucose oxidase (GOXx)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) sensing electrodes, (2) simple signal amplification, and (3)
on-site, rapid, and visual detection. The sensor generated reliable, discrete visual responses to determine five glucose levels
(1, 2, 3, 4, and higher than 4 mM) in urine in less than 2 min. This innovative approach will provide a simple but powerful
glucose sensing paradigm for use in POC diagnostics.
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Introduction methods in POC applications, it requires a camera-equipped
smartphone or other handheld optical sensor to clearly deter-
mine different light intensities.

In this work, we demonstrate multiple-threshold urinary
glucose detection with a visual readout. This work eliminates
the need for interpretation of optical output intensity. The
sensor consisted of a paper-based, disposable sensing strip
assay integrated with discrete optical readout circuits.
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) was used to conductively functionalize the
paper structure because of its high electrical conductivity and
excellent electrochemical stability for the enzyme immobili-
zation.'>!3 A schematic illustration of the proposed glucose
sensor is depicted in Figure 1. The sensing strip contained
five glucose-specific enzyme-attached electrodes and
a common cathode electrode. The currents generated by

Urine has been widely studied as a glucose diagnostic sample
because it is easily and noninvasively collected.' Persistent
high glucose levels in urine may increase the complications
from diabetes or indicate a poor response to treatment. Urine
glucose in the 2.78-5.55 mM range reliably indicates that
blood sugar levels are high.>* Extensive research efforts have
been made by using glucose oxidase (GOx) enzymes for
amperometric detection of glucose levels in urine>?®
However, until now no research has shown the possibility of
using point-of-care (POC) diagnostics for quantitative or
semiquantitative monitoring of urinary glucose. Most con-
ventional POC devices for urinary glucose detection are lim-
ited to colorimetric or yes-no platforms based on monitoring
the color intensity of the sensors by the naked eye. Although
these subjective detection systems have been improved to
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Figure 1. (a) Conceptual illustration of the proposed sensor and (b) schematic diagram of the sensor’s operating principle. The
sensing strip contains five glucose-specific enzyme-attached electrodes and a common cathode electrode. The currents generated by
enzymatic reactions go from each of the five electrodes to their individual amplification circuit. The resistors are adjusted so that each
LED indicator in the array corresponds to a certain glucose concentration in the urine sample.

enzymatic reactions went from each of the five electrodes to
their individual amplification circuit. The resistors were
adjusted so that each LED indicator in the array corresponded
to a certain glucose concentration in the urine sample (Fig.
1). If all the LEDs light up, then the concentration is greater
than 4 mM. If only four light up, then the concentration is less
than or equal to 4 mM; three lights less than or equal to 3
mM; two less than or equal to 2 mM, and one less than or
equal to 1 mM. This innovative approach will provide an
accessible alternative way to conventional electrochemical
glucose sensing measurements that typically use complex,
bulky, and expensive potentiostat or galvanostat instrumenta-
tion that is inconvenient for use in POC diagnostics.

Materials and Methods

Reagents

GOx, PEDOT:PSS, Nafion solution, phosphate-buffered
saline (PBS), and p-glucose were purchased from Sigma-
Aldrich (St. Louis, MO). Artificial urine (ALDON CORP
SE, Rochester, NY) was obtained from VWR. Prussian
Blue (PB) was purchased from Spectrum Chemical (New
Brunswick, NJ).

Fabrication of Paper-Based Sensors

The electrodes were fabricated on Whatman #1 filter paper
(001-329 Grade 1) by patterning five hydrophilic regions for

the anodic enzyme reservoirs as well as the corresponding
hydrophilic cathodic reservoirs (Fig. 2). Five regions were
well defined by printing wax boundaries with a solid-wax
printer (Xerox Phaser 8570dn, Xerox Corporation, Norwalk,
CT) (Fig. 3a). The wax patterns were then heat treated at 130
°C for 60 s to allow complete penetration of the wax through
the paper. GOx-functionalized anodic enzyme reservoirs were
prepared by introducing a 5 pL mixture of 1 wt% PEDOT:PSS
and 5 wt% DMSO onto each hydrophilic anodic reservoir.
The injection was performed on both sides of the paper to
ensure back-to-back high conductivity (<30 )). Each injec-
tion step was followed by thermal drying at 100 °C for 20
min. After ensuring the high conductivity, the graphite-ink
electrodes were screen printed on the back side of the sensing
strip, followed by 24 h of air drying. A magnetic stirrer was
used to mix 1 mL of 0.1 M (pH 7.0) PBS with 14 mg of GOx.
PEDOT:PSS was added to encapsulate the GOx. The result-
ing solution, about 30% PEDOT:PSS, was used to immobilize
the GOx on the conductive reservoir, preventing decay in con-
nectivity with the paper matrix. To ensure uniform distribu-
tion of the enzyme, the immobilization was performed
laterally via a sacrificial microfluidic patterned paper layer.
The anodic reservoir with the GOx was air-dried at 4 °C.

Transistor Amplifier with Discrete
Optical Readouts

The amplifier circuit consisted of five BC517 Darlington
transistors (B = 30,000) with different values of R1 and R2
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Figure 2. Schematic illustrations
of (a) the fabrication process and
(b) enzymatic reactions of the
device.

resistors (Fig. 3b). The enzymatic-electrochemical cell was
regarded as an active electronic element, and the R1 and R2
resistors were carefully chosen to obtain a signal specific to
a glucose concentration in the sample. Various combina-
tions of R1 and R2 were tested. After the addition of an
artificial urine sample with glucose to the cell, the glucose
is oxidized on the conductive electrode and the current
flowing through the cell is amplified and increases above
the background current that exists in the absence of glucose.
With the increasing concentration of glucose in urine, the
resistance of the enzymatic cell decreased, resulting in
higher transistor input voltage (Vin) and consequently
brighter LED lighting (Fig. 3¢). In all circuit configura-
tions, 1 and 100 ) resistors were used for R3 and R4,
respectively, and the applied voltage (Vcc) was 3 V. The
corresponding collector current (Ic) was measured by

monitoring the voltage on R3 (Fig. 3d). A five-LED array
(SSA-LXB525SRD purchased from Digi-Key) was used in
all experiments.

Results and Discussion

The need for complex instrumentation such as a potentio-
stat and sophisticated external readers is a barrier for all
existing electrochemical sensing techniques.'* In 2017, our
group reported a self-powered, paper-based glucose enzy-
matic biofuel cell for glucose monitoring in human sweat
and showed its potential as a disposable, inexpensive,
paper-based device platform.” Although the sensor showed
a high sensitivity of 1.35 pA/mM and produced enough
power and current to monitor glucose concentrations in
sweat (0.02—1.0 mg/mL), the need for a voltage reader and
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Figure 3. (a) Photo images and schematic diagrams of the proposed paper-based glucose sensing strip. (b) Schematic illustration of
the electric circuit for five glucose levels. (c) Transistor voltage inputs and (d) their collector currents in response to varying glucose

concentrations.

different external loads to measure the maximum power and
current was on the opposite side of the user-friendly spec-
trum of POC devices.

In this work, we report a simple glucose sensor without
external readout instrumentation. Our sensor is the first
demonstration of on-chip visual quantification of urine glu-
cose concentrations. The device consists of five
PEDOT:PSS/GOx paper electrodes, each of which func-
tions as an active current source or resistor in a simple tran-
sistor-based amplifier circuit that is specifically tuned to
detect a glucose threshold and correspondingly supply cur-
rent to power the LED. The physiological threshold concen-
trations of glucose in urine were reliably detected with the
developed semiquantitative electrochemical assay.

Sample Introduction and Working Principle

After the amplifier circuit and the disposable sensing strip
were constructed and connected, various artificial urine
samples with different glucose concentrations were intro-
duced onto the five reservoirs on the paper strip. The sample
volume was about 200 pL (approximately 40 pL for each
electrode), ensuring that the whole surface of the electrode
was covered. The samples wicked through the anodic
enzyme reservoirs via capillary force, eliminating the need
for any external pumps and electrical energy. The adsorption

of the sample facilitated rapid attachment of the glucose in
the sample to the conductive anode and promoted immediate
electron transfer from the GOx. Because of the high conduc-
tivity and the unique electrochemical stability of the
PEDOT:PSS in aqueous electrolytes,'> the GOx was suc-
cessfully encapsulated with the PEDOT:PSS matrix, result-
ing in effective GOx immobilization and promoting direct
electron transfer between the center of the redox enzyme and
the electrode matrix. Moreover, the large pores (11 pm) of
the filter paper allowed a higher volume of the enzyme to be
absorbed into the reservoir and, consequently, a greater sen-
sitivity and a faster response time were achieved.*'

The system we developed was based on a two-electrode
amperometric configuration, five of which were connected
to a specifically tuned transistor-based circuit and an optical
sensing array. The number of active LEDs in the optical
array was proportional to the discrete ranges of glucose
concentration. The screen-printed electrodes were exposed
to capillary-driven flow of artificial urine samples with dif-
ferent glucose concentrations. In the absence of an external
voltage, the two-electrode enzymatic cell can be regarded
as a simple resistor. However, as the voltage is applied, the
glucose molecules in the PEDOT:PSS/GOx electrode can
be oxidized to gluconolactone and deliver electrons by fur-
ther electrochemical oxidation of H,O, to O, and the redox
behavior of PEDOT:PSS.'"!#
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Figure 4. (a) Optical outputs of the proposed urinary glucose sensor (each LED is assigned for a certain glucose concentration in
urine). (b—f) LED responses and the current outputs for the detection of five different glucose concentrations: (b) =1 mM (18 mg/dL),
LED I; (c) =2 mM (36 mg/dL), LEDs | and 2; (d) =3 mM (54 mg/dL), LEDs 1-3; () =4 mM (72 mg/dL), LEDs 1—4; and (f) higher than

4 mM (72 mg/dL).
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The flow of current through the enzymatic electrode
resulted in voltage drop in the electrochemical cell (or a
decrease in electrochemical cell resistance), leading to an
increase in the current flow through the R1 and the base of
the transistor. The appropriate choice of resistors R1 and R2
provided the desired limit of detection for each individual
cell by adjusting the transistor threshold voltage and corre-
sponding optical signal. Theoretically, when lower concen-
trations of redox compounds need to be detected, lower
values of R1 and R2 and lower ratios of R2/R1 are required

to increase the applied potential to the electrochemical cell,
and vice versa, for detection of higher currents.

Semiquantitative Visual Screening of Glucose
in Urine

Figure 4 shows collector current outputs of five transistors
and the corresponding LED responses with different combi-
nations of R1 and R2 resistors and varying concentrations
of glucose in artificial urine (9 mg/dL [~0.5 mM], 27 mg/dL
[~1.5 mM], 45 mg/dL [~2.5 mM], 63 mg/dL [~3.5 mM],
and 81 mg/dL [~4.5 mM]). The resistor R1 adjusted the
voltage across the enzymatic cell, while the resistor R2 con-
trolled the minimum input voltage and current to obtain the
desirable transistor operating point proportional to glucose
concentration (R1 = 100 KQ, R2 = 5.6 M() for =0 mM;
RI = 100 KQ, R2 = 4.7 MQ for =1 mM; R1 = 51 K(),
R2 = 4.7 MQ for =2 mM; R1 = 220 K, R2 = 2.4 M()
for =3 mM; R1 = 80 K, R2 = 2 MQ for =4 mM). The
first LED (LED 1) corresponded to the 0—1 mM glucose
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Figure 5. Percent of sensor responses to various glucose
concentrations.

concentration, which is a typical concentration in normal
urine samples (Fig. 4a). When the concentration of glucose
was in the normal range, the current was not enough to light
up the remaining LEDs in the array. Simultaneous responses
of LEDs 1-5 indicate the highest concentration of glucose
in urine, larger than 4 mM. The LED responses were con-
ducted in less than 2 min, which holds considerable promise
for rapid and noninvasive glucose measurements, demon-
strating that the entirely integrated sensing system with a
simple readout platform can be realized toward POC diag-
nosis even in resource-limited countries.

Glucose Monitoring

After demonstrating the circuit configuration to sensitively
measure five glucose levels, we examined the reliability of
the device with various unknown glucose levels in artificial
urine. Repeated 8—10 samples were tested for each of the
five detection levels, and the numbers of correct and incor-
rect classifications, as well as the invalid results, were
recorded (Fig. 5). More than 80% successful biosensing
classification was achieved. This demonstration indicates
that our sensor has a high potential for monitoring glucose
concentrations with substantial performance improvement
from conventional urinary glucose sensors.

In this work, we reported a simple urinary glucose sensor
by using the direct conversion of the amplified electro-
chemical signal to discrete visual perception to address the
current limitations for developing low-cost, noninvasive,

amperometric biosensing of glucose. These limitations
mainly include the requirements for (1) complex instrumen-
tation, (2) additional reference electrodes, (3) sophisticated
external readouts, and (4) extensive data analysis. The pro-
posed device allowed rapid, easy-to-use, low-cost, and non-
invasive glucose monitoring in urine by using a paper-based
PEDOT:PSS/GOx assay and a simple amplification circuit
with a 5-LED indicator array. The proposed sensor platform
will offer flexibility for more updated designs and will be
transformative for various biological and chemical
measurements.
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