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g r a p h i c a l a b s t r a c t
� An EC-biosensor microchip system is
presented for detection of urinary
MAU concentration.

� An electroactive substance of
amaranth is used to modify the sur-
face of the sensing electrodes.

� The MAU concentration in the urine
of 82 adult CKD patients was
measured.

� The measurement results are in good
agreement (R2 ¼ 0.988) with the
official method.
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a b s t r a c t

An electrochemical-biosensor (EC-biosensor) microchip consisting of screen-printed electrodes and a
double-layer reagent paper detection zone impregnated with amaranth is proposed for the rapid
determination of microalbuminuria (MAU) in human urine samples. Under the action of an applied
deposition potential, the amaranth is adsorbed on the electrode surface and the subsequent reaction
between the modified surface and the MAU content in the urine sample prompts the formation of an
inert layer on the electrode surface. The inert layer impedes the transfer of electrons and hence produces
a drop in the response peak current, from which the MAU concentration can then be determined. The
measurement results obtained for seven artificial urine samples with known MAU concentrations in the
range of 0.1e40 mg/dL show that the measured response peak current is related to the MAU concen-
tration with a determination coefficient of R2 ¼ 0.991 in the low concentration range of 0.1e10 mg/dL
and R2 ¼ 0.996 in the high concentration range of 10e40 mg/dL. Furthermore, the detection results
obtained for 82 actual chronic kidney disease (CKD) patients show an excellent agreement (R2 ¼ 0.988)
with the hospital analysis results. Overall, the results confirm that the proposed detection platform
provides a convenient and reliable approach for performing sensitive point-of-care testing (POCT) of the
MAU content in human urine samples.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Microalbuminuria (MAU) is an extremely important indicator
for the early detection of kidney disease and is often associated
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with an increased incidence of metabolic syndrome, insulin resis-
tance, obesity, hypertension, dyslipidemia, and kidney and car-
diovascular diseases. MAU is usually not present in urine, or the
measured value is less than 3mg/dL, because albumin is retained in
the blood by the kidneys in a functioning body. Many studies have
pointed out that under the influence of certain diseases; the renal
albumin excretion rate may increase, thereby increasing the
amount of albumin discharged in the urine [1,2]. Clinically, MAU is
defined as a urine albumin excretion of 30e300 mg/day from a 24-
h urine collection, or 3e30 mg/dL from a random or first morning
urine collection. The excretion of albumin in urine is in the range of
30e300 mg/dL is called albuminuria [3]. Urine albumin is a reliable
indicator of many human diseases, including kidney disease, car-
diovascular disease, and diabetes [4]. As a result, developing
effective methods for the early detection of MAU is of great clinical
importance.

Due to the low characteristic concentration of MAU in human
biological samples, it is difficult to quantify the concentration level
using general biochemical detection methods such as spec-
trophotometery and colorimetric methods. Accordingly, the liter-
ature contains many proposals for more specific methods for MAU
determination, including immunoturbidimetry [5], immunoassays
[1,2], liquid chromatography [6], spectrophotometery [7], and
microfluidic devices [8]. However, these methods are generally
impractical for point-of-care (POC) assays due to their long
response time, narrow linear range, high susceptibility to interfer-
ence, need for professional technical operators, and requirement
for expensive and complex detection instruments.

Microfluidic lab-on-a-chip systems [9e17] combine knowledge
in various fields, such as mechanics, physics, chemistry, biology and
medicine, and have significant advantages for POC testing (POCT),
including a rapid response, a low sample volume, high sensitivity,
high portability and low cost. The literature contains many micro-
total analysis systems (mTAS) [18e25] and microfluidic paper-
based analysis devices (mPAD) [26e44] for a wide variety of appli-
cations. In recent years, microfluidic platforms have been used to
detect total protein (TP) [45e47], the albumin/creatine ratio (ACR)
[48,49], albumin (ALB) [50e56] andmicroalbuminuria MAU [57,58]
in blood or urine samples. However, while these methods usually
have no problem in detecting TP and ALB in blood samples, or ALB
and ACR in urine samples, the detection of MAU in urine samples
remains a significant challenge due to its low concentration and
wide range. Nonetheless, the detection of MAU in urine samples is a
matter of great clinical concern due to the usefulness of MAU as a
biomarker for a large number of human diseases. Consequently, the
problem of developing effective microfluidic platforms for the
determination of MAU in urine samples continues to attract great
interest in the literature. For example, the authors in Refs. [57,58]
combined the field amplification stacking method with the use of
electric field and pH gradients to enhance the concentration of
MAU and improve the colorimetric detection performance as a
result. The experimental results showed that both devices were
capable of detecting MAU in artificial urine samples with concen-
trations as low as 1e30 mg/dL.

The present study develops an EC-biosensor microchip con-
sisting of a double-layer reagent paper detection zone and screen-
printed electrodes for the rapid determination of microalbuminuria
(MAU) in human urine samples. In the proposed device, amaranth
(an electroactive substance) is adsorbed on the surface of the
electrodes under the effects of an external potential and subse-
quently reacts with the MAU content in the urine sample. The re-
action process results in the formation of an inert layer on the
electrode surface, which leads to a reduction in the response cur-
rent from which the MAU concentration can then be inversely
derived. The feasibility of the proposed device is demonstrated
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using both artificial urine samples with known MAU concentra-
tions and real-world samples taken from CKD patients with MAU
concentration levels ranging from 0 to 450 mg/dL.

2. Materials and methods

2.1. Chemical and reagent preparation

Albumin control samples were purchased from Sigma-Aldrich
(Germany). Artificial urine solutions (pH 6.6) were obtained from
Pickering (USA). A phosphate buffered saline (PBS) solution with
pH 6 was prepared consisting of 1.835 g Na2HPO4 and 5.955 g
NaH2PO4 mixed with 0.15 M sodium chloride (NaCl, 99.5%) and
deionized (DI) water. A 0.01 M amaranth solution was prepared by
dissolving 0.08 g of amaranth powder (Echo Chemical Co. Ltd.,
Taiwan) in 10 mL of PBS solution. Similarly, a 0.1 M potassium
ferricyanide solution was prepared by dissolving 3.293 g of potas-
sium ferricyanide powder (Showa Corp., Japan) in 10 mL of potas-
sium chloride buffer. Control samples with urinary MAU
concentrations in the range of 0.1e40 mg/dL were prepared by
diluting the stock solution with an appropriate quantity of PBS.
Finally, real urine samples were collected from CKD patients at a
university in southern Taiwan (National Cheng Kung University
Hospital, Tainan, Taiwan). The preparation of real urine samples
was centrifuged at 5000 rpm for 5 min to obtain the supernatant,
and then diluted 10-fold with PBS solution as the detection sample
solution.

2.2. Fabrication of EC-biosensor microchip and experimental setup

Fig. 1 shows a schematic diagram of the EC-biosensor microchip
assembly process and subsequent urinary MAU concentration
detection procedure. As shown in Fig. 1(a), filter paper was infil-
trated in amaranth solution for 5 min to ensure that the solution
was completely absorbed into the pore structure of filter paper. The
reagent paper was then baked in an oven at 40 �C for 30 min to dry
the solvent. The dried paper was cut into circular detection zones
with a diameter of 5 mm using a CO2 laser (see Fig. 1(b)). Three
electrodes (based on silver flakes, graphite powder and dielectric
materials) were printed on cardboard using a semi-automatic
screen-printer. Two circular reagent papers were placed above
and below the ends of the counter (CE) and working (WE) elec-
trodes in the detection zone. Finally, the reagent papers and elec-
trodes were assembled into the EC-biosensor microchip using
packaging film (see Fig. 1(c)). For the double-layer reagent, each
layer of reagent paper has the same composition. The purpose of
using two layers of reagent paper is to increase the contact area
between the EC-biosensor electrodes and the reactant, and to
enhance the sensitivity of detection. For a more detailed descrip-
tion of sensitivity, please refer to section S.1 of the supplementary
material. Following the fabrication process, the microchip was
stored in a nitrogen environment at a temperature of 4 �C until
required for use. To facilitate the MAU concentration detection
process, the EC-biosensor was integrated with a self-made three-
electrode cable USB connector (Fig. 1(d)) and then inserted into an
electrochemical analyzer (CHI 611, CH Instruments Co., USA)
(Fig. 1(e)). In the design of the three-electrode cable USB connector,
use the three contacts in the USB socket as the connection of CE,WE
and reference electrode (RE). The detailed design of the three-
electrode cable USB connector is shown in Fig. S2 (see Supple-
mentary Material).

Fig. 2 presents a schematic illustration of the detection principle
employed in the proposed device. As described above, amaranth-
impregnated reagent papers were adhered to the upper and
lower surfaces of the WE and CE electrodes. 4 mM potassium



Fig. 1. Schematic illustration of EC-biosensor microchip platform and associated MAU concentration detection procedure.

Fig. 2. Schematic diagram showing reaction principle of microchip platform.
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ferricyanide solution was dropped on the reagent paper and a po-
tential was applied for 1 min to adsorb the amaranth onto the
electrode surface through a redox reaction. In the subsequent
detection process, the MAU content in the urine sample (2 mL)
interacted with the amaranth on the electrode surface to generate
electrically-inert molecules, which led to an increase in the electron
transfer resistance and a measurable decrease in the response
current. AmarantheALB complex reduces the activity of Amaranth
due to the combination of hydrogen bonds [59,60], causing it to
generate electrically inert molecules and hinder electron transfer to
the electrode surface, as shown in Fig. S3 (see Supplementary
Material). A quantitative analysis of the MAU concentration was
then obtained via cyclic voltammetry, as shown in Fig. 1(e)).

3. Results and discussions

3.1. Effect of deposition potential and potassium ferricyanide
concentration on adsorption of amaranth

As described above, the amaranth ions are attracted to the
surface of the electrode via an external potential and then react
with the MAU in the urine sample to form an electrically-inert
substance. In practice, the resolution of the detection process de-
pends on the quantity of amaranth ions adsorbed on the electrode
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surface, which depends in turn on the magnitude of the deposition
potential. Fig. 3(a) shows the effect of the deposition potential on
the current inhibition effect of the amaranth for deposition po-
tentials in the range of 0e0.8 V, 4 mM potassium ferricyanide,
0.25mM amaranth and 20mg/dLMAU. It is seen that themaximum
current response occurs at 0.1 V, which indicates that a large
amount of potassium ferricyanide is adsorbed on the electrode
surface. In other words, the corresponding redox reaction greatly
increases the current, and hence the potential of 0.1 V corresponds
to the optimal deposition potential of potassium ferricyanide.
However, a further inspection of Fig. 3(a), shows that the minimal
current response occurs at 0.3 V. Thus, it is inferred that the optimal
current suppression effect (i.e., the maximum formation of an
electrically-inert layer on the electrode surface) is obtained using a
deposition potential of 0.3 V.

Fig. 3(b) shows the current response of the EC-microchip for
potassium ferricyanide solution concentrations of 1e6 mM, a
deposition potential of 0.3 V, an amaranth concentration of
0.25 mM, and a MAU concentration of 20 mg/dL. For a potassium
ferricyanide concentration of less than 4 mM, the current response
increases with an increasing potassium ferricyanide concentration.
In other words, the amaranth is not fully adsorbed on the electrode
surface. However, as the potassium ferricyanide concentration in-
creases beyond 4 mM, the current response remains almost



Fig. 3. (a) Effect of deposition potential on adsorption of amaranth on electrode surface and resulting inhibition of current. (b) Effect of potassium ferricyanide concentration on
response peak current.
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unchanged. In other words, the amaranth and MAU fully react to
form an inert layer on the electrode surface, which impedes the
transfer of electrons and therefore causes the current to saturate.
Consequently, the potassium ferricyanide concentration was set as
4 mM in all of the remaining experiments.
3.2. Effect of amaranth concentration

As described in Section 2.2, the MAU concentration is deter-
mined by measuring the change in the response peak current
following the reaction between the adsorbed amaranth ions on
the electrode surface and the MAU in the urine sample. Fig. 4(a)
shows the variation of the response peak current with the MAU
concentration given amaranth concentrations of 0.1, 0.25, 0.5 and
1.0 mM, respectively. (Note that in accordance with the results
obtained in Section 3.1, the potassium ferricyanide concentration
and deposition potential were set as 4 mM and 0.3 V, respectively.)
As shown, the proposed device achieves a resolution of 20.68,
12.75, 15.02 and 20.34 mg/dL per mA for amaranth concentrations
of 0.1, 0.25, 0.5 and 1.0 mM, respectively. In other words, an
amaranth concentration of 0.25 mM maximizes the resolution of
the EC-microchip for MAU concentration sensing. However, the
linear determination coefficient values (R2) of the detection
curves obtained with different concentrations of amaranth are all
less than 0.8. Hence, the reaction performance of different
amaranth concentrations was further analyzed by
Fig. 4. (a) Response peak current and (b) UV absorbance as functio
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spectrophotometry to confirm the optimal concentration. Fig. 4(b)
shows the measured UV absorbance values of MAU samples with
amaranth concentrations of 0.1 mM, 0.25 mM and 0.5 mM,
respectively, given MAU concentrations of 0.1e30 mg/dL, a po-
tassium ferricyanide concentration of 4 mM and an excitation
wavelength of 524 nm. In this case, the linear determination co-
efficient values of the three detection curves are all greater than
R2 ¼ 0.98. Furthermore, the corresponding resolution values are
140.2, 73.5 and 111.5 mg/dL per a.u., respectively. Thus, an
amaranth concentration of 0.25 mMwas confirmed as the optimal
concentration for the remaining MAU detection experiments.
3.3. Calibration of detection platform

Overall, the optimal EC-biosensor detection parameters were
found to be a potassium ferricyanide concentration of 4 mM, an
amaranth concentration of 0.25 mM, a buffer solution condition of
pH 6, a deposition potential of 0.3 V, and a deposition time of 60 s.
The detection performance of the EC-biosensor prepared using
these optimal parameters was calibrated by performing cyclic
voltammetry tests using control samples with known MAU con-
centrations in the range of 0.1e40 mg/dL and a scanning rate of
0.1 V/s. Fig. 5(a) presents the corresponding results for a scanning
range of �1 to 1 V. It is clearly seen that the peak current decreases
as theMAU concentration increases as a result of the corresponding
increase in the electron transmission impedance.
n of MAU concentration for different amaranth concentrations.



Fig. 5. (a) Cyclic voltammograms for different MAU concentrations given buffer solution with pH 6 and scanning rate of 0.1 V/s. (b) Response peak current as function of MAU
concentration in range of 0.1e40 mg/dL.

Fig. 6. Comparison of MAU detection results obtained using EC-biosensor microchip platform and NCKU Hospital standard analysis method.
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Fig. 5(b) shows the variation of the response peak current with
the MAU concentration over the considered range of 0.1e40 mg/dL.
When evaluated over the full MAU concentration range, the
determination coefficient has a value of R2 ¼ 0.923 (see red dashed
line). However, it is observed that the regression line deviates
significantly from the measured response peak current at an MAU
concentration of 10 mg/dL. Thus, to improve the prediction per-
formance, the fitting process was repeated separately for the MAU
concentration ranges of 0.1e10 mg/dL and 10e40 mg/dL, respec-
tively. The corresponding regression formulae were found to be
Y ¼ 0.113 X � 8.005 and Y ¼ 0.041 X � 7.038, respectively, with
determination coefficients (R2) of 0.991 and 0.996, respectively. In
two cases, the determination coefficient is approximately the ideal
value of 1. Thus, the reliability of the two regression equations for
predicting theMAU concentration from the detected response peak
current is confirmed.
3.4. Detection performance of EC-biosensor for real-world MAU
specimens

The practical feasibility of the EC-biosensor was evaluated using
82 real urine samples collected from CKD patients at National
Cheng Kung University (NCKU) Hospital in southern Taiwan. Prior
to testing, the urine samples were rapidly centrifuged using a self-
developed micro-flow centrifugal device, filtered, mixed with
0.01 mM [Sb(OH)6]] solution (remove sodium ions to reduce
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interference), and then filtered once again to extract the upper
layer. For each sample, the MAU concentration was calculated by
substituting the measured response peak current into the calibra-
tion curve equations derived in the previous section.

Fig. 6(a) compares the results obtained for the MAU concen-
trations of the 82 samples using the EC-biosensor microchip plat-
form with those obtained using a standard analysis method
(immunoturbidimetry). As shown in Fig. 6(b), the correlation co-
efficient between the two set of results has a value of R2 ¼ 0.988.
Moreover, the recovery rate of the 82 samples is equal to 102.6%
(±7.2%). The applicability of the EC-biosensor platform for MAU
concentration detection was further investigated over the specific
concentration ranges of 0e30 mg/dL (microalbuminuria) and
30e300 mg/dL (albuminuria), as shown in Fig. 7(a) and (b),
respectively. As shown, the corresponding correlation coefficients
(R2) are 0.977 and 0.985, respectively. In other words, the reliability
of the detection results is confirmed. Moreover, the detection limit
of the proposed device is confirmed to be 0.1 mg/dL.
4. Conclusion

This study has presented a highly-sensitive EC-biosensor
microchip platform for the rapid and accurate measurement of the
MAU concentration in human urine samples. In the proposed de-
vice, an electroactive substance (amaranth) is used to modify the
surface of the sensing electrodes, and subsequently reacts with the



Fig. 7. Comparison of detection results obtained using EC-biosensor microchip platform and NCKU Hospital standard analysis method for patients with MAU concentration ranges
of (a) 0e30 mg/dL (microalbuminuria) and (b) 30e300 mg/dL (albuminuria).
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MAU content of the urine sample to form an electrically-inert re-
action layer on the electrode surface. The reaction layer impedes
the transfer of electrons and hence results in a reduction in the
current response from which the MAU concentration can then be
inversely derived. The experimental results obtained for seven
artificial urine samples with known MAU concentrations in the
range of 0.1e40 mg/dL have shown that the crrent platform has a
determination coefficient (R2) of 0.991 in the low concentration
range (0.1e10 mg/dL) and 0.996 in the high concentration range
(10e40 mg/dL). Moreover, the device has a detection limit of
0.1 mg/dL. It has been shown that the MAU concentration mea-
surements obtained using the proposed device for 82 real-world
CKD patient samples are in good agreement (R2 ¼ 0.988) with
the results obtained using an official macroscopic measurement
method. In addition, the recovery rate is 102.6% (±7.2%). Hence, the
overall feasibility of the proposed EC-biosensor microchip platform
for practical clinical purposes is confirmed.
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