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Abstract: Abstract: The urine albumin (Alb)-to-creatinine (Crn) ratio (UACR) is a sensitive and early
indicator of chronic kidney disease (CKD) and cardiorenal syndrome. This study developed a portable
and wireless electrochemical-sensing platform for the sensitive and accurate determination of UACR.
The developed platform consists of a carbon nanotube (CNT)-2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid)(ABTS)-based modified UACR sensor, a miniaturised potentiostat, a cup holder
embedded with a magnetic stirrer and a smartphone app. The UACR sensing electrode is composed
of two screen-printed carbon working electrodes, one screen-printed carbon counter electrode and a
screen-printed AgCl reference electrode. The miniaturised potentiostat, which is controlled by the
developed app, performs cyclic voltammetry and amperometry to detect Alb and Crn, respectively.
Clinical trials of the proposed system by using spot urine samples from 30 diabetic patients indicate
that it can accurately classify all three CKD risk statuses within 30 min. The high accuracy of our
proposed sensing system exhibits satisfactory agreement with the commercial biochemical analyser
TBA-25FR (Y = 0.999X, R? = 0.995). The proposed UACR sensing system offers a convenient, reliable
and affordable solution for personal mobile health monitoring and point-of-care urinalysis.

Keywords: electrochemical sensor; chronic kidney disease; point-of-care testing; urine albumin-to-
creatinine ratio; electrochemical system and platform

1. Introduction

Chronic kidney disease (CKD) is amongst the most prominent causes of mortality,
projected to become the fifth leading cause of death by 2040 [1] and the fastest-growing
disease burden globally, according to the Global Burden of Disease Study [2]. The estimated
global prevalence of the five stages of CKD is approximately 13.4% [3], corresponding
to over one billion individuals worldwide. During the early stage of CKD, only a few
subclinical symptoms can be observed, and awareness of CKD remains low; only one-third
of patients, or even lower, are conscious of the disease [4]. In addition, CKD is considered
an accelerator of cardiovascular disease (CVD) risk and an independent risk factor for CVD
events [5]. Mild to moderate CKD is strongly associated with increased CVD morbidity
and mortality [6]. Accordingly, clinical interventions during the early stages of CKD may
not only delay or halt CKD progression but also prevent CVD outcomes. CKD patients are
more likely to die from CVD events than end-stage renal failure. Early intervention in CKD
is effective in reducing the high burden of related costs [7]. This effectiveness underscores
the urgent and substantial unmet need, particularly in developing countries, for effective
and affordable early CKD detection methods.
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CKD is diagnosed by architectural kidney damage (abnormal albuminuria) and re-
duced renal function (estimated glomerular filtration rate) [8]. Albuminuria is accessed
through 24 h urine albumin (Alb) excretion in the golden standard [9], which is cum-
bersome, time-consuming and associated with poor compliance in clinical practice [10].
Meanwhile, the urinary Alb-to-creatinine (Crn) ratio (UACR) calculated from a random
urine sample is highly correlated with the 24 h urine Alb excretion [11] and is regarded as
the most effective and convenient method for evaluating abnormal albuminuria [12,13].
UACR is not only a significant biomarker for a CKD diagnosis (<30 mg/g as normal, 30
to 300 mg/g as moderate and >300 mg/g as severe albuminuria) [14] but also a notable
risk factor for predicting cardiorenal syndrome [15,16] and subtype stoke [17] in low-grade
albuminuria (10-30 mg/g). In practical applications, biochemical analysers and urine strips
are commonly utilised to assess albuminuria. However, a biochemical analyser that uses
immunoturbidimetry and fluoroimmunoassay to detect UACR is costly and has a high tech-
nical threshold to operate [18]. Although urine colorimetric dipsticks are convenient and
low-cost, they are semiquantitative and suffer from poor sensitivity for UACR >30 mg/g
detection (34.6-43.6%) [19]; consequently, they may misclassify samples into lower risk
categories and are unsuitable for an early CKD diagnosis that corresponds to a direct effect
on health and survival.

Portable devices integrated with electrochemical sensing programmes have been
utilised to detect biomarkers in body fluids and are widely used in personal mobile health
and point-of-care (POC) monitoring [20,21]. The current study developed a promising
approach for urinalysis to detect UACR, characterised by low cost, easy preservation
and high accuracy, by integrating an electrochemical sensing system and platform. At
present, the previously carbon nanotube (CNT)-2,2-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid)(ABTS)-based modified Alb [22] and Crn [23] sensors have been improved
and evolved into one enzyme-like UACR sensing system and platform suitable for practical
POC applications. For this purpose, the following statements outline the advantages and
improvements of this UACR sensor compared with the previous version. The Alb and Crn
sensing processes are designed for simultaneous and automatic detection. The sensing
characteristics of urinary Alb and Crn have been enhanced by establishing calibration
curves in urine. The accuracy of the Crn sensor is improved by sensing and subtracting the
offset current at the beginning of UACR detection by using the developed electrochemical
system. The combined preprocessing and detection time for the Alb sensor is reduced from
2 h to 30 min. Urine samples from 30 diabetic patients are tested to confirm the feasibility
of the presented UACR detection system and platform. This approach demonstrates the
remarkable potential for the POC monitoring and the diagnosis of UACR, providing results
that are nearly comparable with those of commercial biochemical analysers.

2. Materials and Methods
2.1. Chemicals and Materials

Chemicals used for this work include Na,;SOy4, Na, HPOy, creatinine, human serum
albumin, multi-walled CNT, ABTS, 0.5 M hydrochloric acid solution, and 5 wt. % nafion per-
fluorinated resin solution; purchased from Sigma-Aldrich, St. Louis, MI, USA, and utilised
as received without further purification. Customised electrodes (Zensor R&D, Taichung
City, Taiwan) were fabricated using a five-layer manufacturing process (polypropylene
[PP] cutting, Ag printing, AgCl printing, carbon printing, and insulator covering) and used
as received. All electrical devices (Analog Devices, Wilmington, MA, USA) used in the pro-
posed electrochemical module were soldered on a printed circuit board (PCB) and powered
by a 3.3 V battery. The primary instruments included an electrochemical analyser (660e,
CH Instruments, Bee Cave, TX, USA) and an automatic biochemical analyser equipment
(TBA-25FR, Canon Medical Systems, Otawara, Japan) for the correlation of the urinalysis
results. All calibrators and quality control reagents used for Crn and Alb detection on
the TBA-25FR were purchased from Tunyen Enterprise Corporation. Deionized water
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was used for the preparation of the phosphate-buffered solution (PBS) and the dispersed
CNT-ABTS solution.

2.2. Manufacture of the Customised Electrode

The customised electrode was fabricated through a five-layer manufacturing process,
with overall dimensions of 25 mm x 50 mm X 0.5 mm (Figure 1a). The first PP layer, with
a thickness of 0.5 mm, served as the base of the electrode and was selected for printing Ag,
AgCl and carbon. The second Ag layer was designed to transmit electric current for the
three-electrode system. The AgCl reference electrode (RE) was printed on the third layer.
The fourth carbon layer consisted of two circles (¢ = 5.00 mm), which were screen-printed
electrodes (SPE) that functioned as the dual working electrodes (WEs). The half-oval one
was the counter electrode (CE), and four pins connected the electrochemical system. The
final layer was the photocuring-printed ultraviolet ray resin (PICS-Isolation Ink-U001),
which functioned as the insulator.
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Figure 1. (a) Layered graph of the customised electrode. (b) Proposed electrochemical UACR dual
working sensor.

2.3. Design of the Proposed Electrochemical System

Figure 2 illustrates the proposed electrochemical system, which consists of a 2:1 multi-
plexer (MUX), a reliable potentiostat circuit, a microcontroller unit (MCU) with a Bluetooth
Low Energy (BLE) module (Infineon Technologies CYBLE-222014-01, Neubiberg, Germany),
a power management circuit with a universal serial bus (USB) charger and a customised
smart application platform (app) as the user interface. The core of the electrochemical
readout circuit is the potentiostat, which can provide redox reaction and signal acquisition
with two operational amplifiers (Analog Devices AD8607ARMZ, Wilmington, MA, USA).
In a three-electrode electrochemical measurement, the conventional approach for detecting
sensor currents is utilising a trans-impedance amplifier (TIA) to amplify the weak redox
reaction current for signal acquisition with a high-resolution analog-to-digital converter
(ADC). The potentiostat can provide the chronoamperometry (CA) and cyclic voltammetry
(CV) programmes for detecting Crn and Alb, respectively. The MUX (Analog Devices
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MCU+BLE

Power Switch

MicroUSB

ADGS839YKSZ, Wilmington, MA, USA), which is controlled by the MCU in the BLE mod-
ule, enables two different electrochemistry of the dual WEs to be reacted consecutively,
following the programme of detection progress. The potentiostat circuit is directed by
the MCU to determine which wave pattern (step or triangle wave) to output from the
dual-channel digital-to-analog converter (DAC) (Analog Devices AD5623RBRMZ, Wilm-
ington, MA, USA) and automatically operate the experiments. The power management
circuit is composed of a 3.3 V low-dropout regulator (Analog Devices ADP151AUJZ-3.3,
Wilmington, MA, USA), providing the electrochemical system with a stable 3.3 V input
voltage and a charge integrated circuit (Analog Devices LTC4054ES5-4.2, Wilmington, MA,
USA) connected to a USB connector (Amphenol FCI 10118193-0001LFE, Bangalore, India) for
charging the rechargeable lithium-ion battery.
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Figure 2. Proposed electrochemical detection system.

Figure 3 depicts the design of the potentiostat for the CA and CV programmes. The
WE is regarded as an electronic provider or receiver under different DAC patterns of
Veerl- In CA measurement, the MCU directs the DAC to provide the step wave to the RE,
producing a constant potential difference across the WE and RE. The CE works as the
current source to provide a current path to the WE, adopting an operational amplifier as
the output driver. The mechanism is similar to a non-inverting amplifier operation with an
effective feedback network of urine impedance between WE/RE/CE. The RE remains at a
fixed potential throughout the reaction in this pattern. In the CV mode, the MCU directs
the DAC to implement the triangle wave, causing the varying potential difference at a
programmable scan rate. The equivalent impedance model of the electrochemical solution
can be described as Z; (CE to RE) and Z, (RE to WE). The oxidation or redox current
goes through the WE and CE, and no current passes through the RE due to the high input
impedance of the operational amplifier through the virtual ground. The reaction current
is converted into the voltage domain as an output node of V, with the TIA. This voltage
signal will be quantised by the ADC in the MCU module for further calculation. After
signal acquisition, the ADC output signal is transmitted to the smartphone app through
BLE. Accordingly, the analyte concentration will be calculated from the ADC output and
displayed on our customised user app.

This dual-channel electrochemical urine detection system is developed into a small
PCB to be a portable device (Figure 2). The size of the device is only 50 mm x 21.59 mm;
thus, it can be easily integrated into our prototype device. Urine detection can be simply
executed with the highly integrated PCB and the customised user platform; hence, the
device is useful either for personal health administration or home-care systems.
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Figure 3. Design of the potentiostat for performing the CA and CV programmes.

2.4. Preparation of the UACR Sensor

A dispersed 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)—carbon
nanotube (CNT) solution was prepared by dispersing CNT (3 mg mL~!) in ABTS that
contained an aqueous solution (6 mg mL~!) under ultrasonication for at least 30 min
in advance. WEs 1 (W) and 2 (W,) were modified by drop-casting an aliquot of 10 uL
of the prepared CNT-ABTS dispersion solution (Figure 1b). After being dried at room
temperature, the SPE(W1) | CNT-ABTS electrode was used for Alb detection. The Crn sensor
(W3) was further modified with a layer of Nafion film by drop-casting a 10 pL aliquot of
Nafion solution (5%), designated as SPE(W;) | CNT-ABTS | Nafion. The RE and CE were
used as received.

2.5. Characterisations of the UACR Sensing System and Platform

Figure 4a illustrates the proposed sensing system, which consists of a disposable
UACR sensing electrode, a portable electrochemical detector, a cup holder embedded
with a magnetic stirrer, and the developed app. Figure 4b shows the process of UACR
examination by the proposed system and platform. User operation time is less than 1 min
due to autoanalysis. Urine samples were collected from diabetic patients in the National
Cheng Kung University Hospital. Amperometric Crn detection and voltammetric Alb
detection in real urine samples were performed using SPE(W,) | CNT-ABTS | Nafion and
SPE(W1) |CNT-ABTS(cv) electrodes, respectively. The test samples were prepared by
adding 5 mL of urine to 20 mL of 0.1 M PBS (pH 7.0) using a 5 mL pipette into a 30 mL cup.
The stirring process controlled by wireless BLE was achieved through the magnetic stirrer
inside the cup holder.

Initially, the UACR sensor was connected to the powered-on electrochemical detector
and immersed in the prepared test sample. The user app and the electrochemical detector
were then connected via wireless BLE. After pressing the start button, the electrochemical
detector and magnetic stirrer carried out the UACR detection program in four automatic
measurement steps:

(i) The Alb sensor pretreatment was performed with CV analyses (potential range:
0-1.0 V versus Ag/AgCl; scan rate: 100 mV s~ 1; cycles: 10), after which W is repre-
sented as SPE(W1) | CNT-ABTScvy.

(ii) After the Alb sensor pretreatment, magnetic stirring was initiated at 200 rpm for
30 min. The Crn sensor (W) performed amperometric detection for 400 s at 1.05 V
versus Ag/AgCl in the stirred sample. The current density at the end of the ampero-
metric detection was recorded, and the Crn concentration was then calculated using
the calibration curve of SPE(W;) | CNT-ABTS | Nafion with the developed app.

(iii) By the end of the 30 min magnetic stirring, CV analyses (potential range: 0-1.0 V ver-
sus Ag/AgCl; scan rate: 100 mV s~ !; cycles: 10) were applied on the SPE(W;) | CNT-
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ABTScv). The Alb concentration was then calculated using the calibration curve of
SPE(W1) | CNT-ABTS cy) with the developed app.

(iv) The UACR results calculated from the values of Crn and Alb and the corresponding
risk levels by the clinically relevant CKD diagnostic criteria were displayed on the
customised user app.
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Figure 4. (a) Proposed portable UACR electrochemical system and platform. (b) UACR examination
process of the proposed portable electrochemical system and platform.

3. Results and Discussion
3.1. Alb and Crn Reaction Setting

In accordance with our team'’s previous studies [22-24], the detection of Crn based on
ABTS and Crn chemical reaction was performed at an optimal incubation pH of 7.0, with
stirring at 200 rpm for 400 s. Alb sensing was based on the electrochemical oxidation of the
amino acid residues of Alb at pH 9.0, with 200 rpm stirring for 30 min. In previous studies,
the optimal pH for Alb detection was set to 9.0. However, considering the pH range of
urine samples (5.5-7.5 [25]) and the integration of both sensors in the UACR experiment,
we chose pH 7.0 as the incubation solution for the detection of both Crn and Alb.

Due to the effects of biofluids [26,27], such as ionic strength, pH value, or conductivity,
which can influence electrochemical reactions, the calibration curves were established
under the same conditions as those used in practical clinical trial applications. Test samples
were prepared by adding 5 mL of urine to 20 mL of PBS (0.1 M, pH 7.0) to stabilize the
incubation solution at pH 7.0 and electrolyte conductivity. The benchmark values of Crn
and Alb in the urine were measured using a biochemical analyzer (TBA-25FR) for the
establishment and validation of the calibration curve.

3.2. Voltammetric Alb Detection by SPE(W;) | CNT-ABTS

Based on previous findings [22], the CNT-ABTScy) nanozyme was functionalized to
exhibit enzyme-like activity, characterized by high specificity and electrocatalytic prop-
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erties, making it an exceptional recognition element for detecting Alb. In the previous
study, the mechanisms behind the adsorption and electrochemical oxidation of Alb on
CNT-ABTS ¢y electrodes were investigated. The CNT-ABTS vy electrodes, derived from
anodic pretreatment, showed an enhanced affinity for electroactive amino acids like tryp-
tophan (Trp) and tyrosine (Tyr). This improved affinity facilitated Alb adsorption with
increased exposure of Trp and Tyr residues, boosting electrochemical oxidation activity. The
adsorption of Alb on the CNT-ABTS ¢y electrode involves a multisite interaction. After
Alb adsorption, Alb detection can be achieved based on the measurement of the current
response from the electrochemical oxidation of the adsorbed electroactive amino acids of
Alb and the unlinked ABTS on the SPE(W1) | CNT-ABTS ¢y, (Figure 5a). The oxidation
potential of adsorbed electroactive amino acids of Alb and the unlinked ABTS is 0.69 V
and 0.46 V versus Ag/AgCl, respectively. Noticeable increases in electroactive amino acids
oxidation current and decreases in ABTS oxidation current were observed with increased
concentration. The developed app will automatically identify the peaks near 0.46 V and
0.69 V versus Ag/AgCl, and then subtract the oxidation peak current of ABTS from that
of Alb for the concentration calculation. Considering the diverse interactions between
SPE(W1) | CNT-ABTScy) and Alb, the abundant interaction sites empower high selectivity
towards Alb detection.
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Figure 5. (a) CV responses of the SPE(W1) |CNT-ABTS(cyy to Alb of various concentrations. (b) Cali-
bration curve of the proposed albumin sensor in urine with known concentrations of 0.08, 0.1, 0.18,
0.54,0.8,0.94,0.98, 5.14, 6.1, and 19.2 mg/dL, respectively. (c) Regression analysis of Cy, in five urine
samples determined using TBA-25FR and the SPE(W1) | CNT-ABTScy; electrode is shown in red; The
deviation percentage in the C,j, values determined by TBA™-25FR and SPE(W1) | CNT-ABTS ¢y,
electrode is shown in blue.

The normal Alb level in urine is less than 20 mg/dL [28]. The pretreatment of
SPE(W1) | CNT-ABTS was performed with a potential range of 0-1.0 V versus Ag/AgCl, a
scan rate of 100 mV s~ !, and 10 cycles, after which W1 is represented as SPE(W;) | CNT-
ABTS(cv). The characterizations of the Alb sensor were tested after 30 min of incubation
with stirring at 200 rpm, using prepared test samples described in Section 3.1, ranging
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from 0.08 to 19.2 mg/dL (with initial urine Alb concentrations ranging from 0.4 mg/dL to
96.0 mg/dL before 5-fold dilution). The calibration curve of the Alb sensor is drawn by the
oxidation current density of Alb minus that of ABTS on the y-axis and the logarithm of Alb
concentration on the x-axis is shown in Figure 5b. The linear range is from 0.08 mg/dL to
19.2 mg/dL. The linear equation is current density(mA / cm?) = —0.203 + 0.8136 logC(Alb)
(mg/dL). The limit of detection (LoD) is as low as 0.02 mg/dL.

To validate the calibration curve derived from test samples, five spot urine samples
were analyzed using both the proposed Alb sensor and the biochemical analyzer TBA-
25FR. The correlation coefficient of 0.999 (Figure 5c), obtained from the regression analysis
of Cay, values using both methods, demonstrated an excellent correlation between the
two methods and confirmed the reliability of the proposed Alb sensor in urine sample
testing. The deviation in the C,y, values determined by TBA™-25FR and our proposed
SPE(W1) | CNT-ABTS cv) electrode was less than 13.9%.

3.3. Amperometric Crn Detection by SPE(W,) | CNT-ABTS | Nafion

According to previous reports [29], the electrochemical oxidation of ABTS involves
two reversible single-electron transfer steps. The first step, with a formal potential (E°”)
of 0.472 V vs. Ag/AgCl, involves the oxidation of ABTS to its cation radical (ABTS")
(Equation (1)). The second step, with an E°” of 0.885 V vs. Ag/AgCl, involves the oxidation
of ABTS** to the ABTS dication (ABTS?**) (Equation (2)). Additionally, a compropor-
tionation reaction between ABTS?** and ABTS can occur during the process, forming 2
ABTS* (Equation (3)). The electrochemical detection of Crn involves the electrochemical
generation of ABTS" (Equation (4)) at an appropriately applied potential to maximize the
production of ABTS*. Hence, the applied potential of 1.05 V versus Ag/AgCl is chosen by
our previous results [23] and hardware design.

ABTS 2 ABTS*" +e~ at 0472V vs. Ag/AgCl. (1)
ABTS 2 ABTS*" + e~ at 0.885 V vs. Ag/AgCl )
ABTS + ABTS?*T — 2ABTS** (3)

The follow-up chemical reaction between ABTS** and Crn is
ABTS*" —Crn chemical reaction : ABTS*" + Crn 2 ABTS + product 4)

To further assess its applicability for Crn detection in urine samples, the reactivity of
various biomolecules commonly found in human urine towards the reduction of ABTS*
was investigated by colorimetric and amperometric methods in our previous research [23].
Colorimetric studies showed that the reduction of ABTS* to ABTS occurred not only in
the presence of Crn but also in the presence of other negatively charged biomolecules [30],
including tyrosine, uric acid, and ascorbic acid. However, the interference from these
biomolecules can be minimized significantly by incorporating a negatively charged Nafion
layer into the amperometric Crn sensors. In the application for detecting Crn in urine, the
SPE(W;) | CNT-ABTS | Nafion amperometric Crn sensor requires a 5-fold dilution of the
urine samples with PBS (0.1 M, pH 7.0). This dilution helps minimize interference from
other species and reduces the impact of variations in the pH of the urine samples.

At the beginning of Crn detection, the offset current is detected and subtracted by the
developed electrochemical system. After 400 s of the CA programme on SPE(W,) | CNT-
ABTS | Nafion, the amperometric responses to the prepared Crn samples with various
concentrations are presented in Figure 6a. The normal Crn level in urine ranges from 66.97
to 215.04 mg/dL [31]. The characteristics of the Crn sensor were tested using prepared
test samples described in Section 3.1, ranging from 1.67 to 58.62 mg/dL (with initial urine
Crn concentrations ranging from 8.36 mg/dL to 293.14 mg/dL before 5-fold dilution). The
linear fitting curve of the proposed Crn sensor is shown in Figure 6b, and the linear equation
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is current density(mA /cm?) = 0.0203 C(Crn) (mg/dL) with R? = 0.996. The detection limit
is estimated to be 0.62 mg/dL.
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Figure 6. (a) CA responses of the SPE(W;) | CNT-ABTS | Nafion electrode to various Crn concentra-
tions. (b) Calibration curve of the proposed Crn sensor in urine with known concentrations of 1.67,
11.55,20.10, 31.22, 41.80 and 58.62 mg/dL, respectively. (c) Regression analysis of Ccyy in five urine
samples determined by TBA-25FR and SPE(W;) | CNT-ABTS | Nafion is shown in red; The devia-
tion percentage in the Cc,y, values determined by TBA™-25FR and SPE(W;) | CNT-ABTS | Nafion
electrode is shown in blue.

To validate the calibration curve derived from test samples, five spot urine samples
were collected from the hospital and analysed using the proposed Crn sensor and bio-
chemical analyser TBA-25FR. The regression analyses determined by both methods are
illustrated in Figure 6¢, with a distinguished correlation coefficient (R% = 0.994). It was
found that the deviation in the C¢yy, values determined by TBA™-25FR and our proposed
SPE(W,) | CNT-ABTS | Nafion electrode was less than 11.45%.

3.4. Application of the Proposed Electrochemical System and Platform to UACR Test

Due to both CKD and cardiorenal syndrome being major complications associated with
diabetes [32-34], monitoring kidney function is essential in preventing further deterioration
of both renal and cardiovascular health. Therefore, diabetic patients were chosen in the
clinical trial in this study. A total of 30 human urine samples were collected from diabetic
patients at the National Cheng Kung University Hospital for the real sample test. The
hospital provided the age and gender of the patients, and the benchmark values for Alb and
Crn concentrations were determined using the TBA-25FR biochemical analyser (Table 1).

All the collected samples were tested using the proposed system and biochemical
analyser. The corresponding results are presented in Figure 7. The x-axis indicates the
benchmark results by TBA-25FR. The y-axis shows the experimental results obtained from
the electrochemical system and platform. Good agreements can be observed between both
methods (slope = 1.078 for Alb, slope = 1.004 for Crn and slope = 0.999 for UACR), with
an excellent correlation coefficient in all types of tests (R?> = 0.987 for Alb, R? = 0.981 for
Crn and R? = 0.995 for UACR). In the significant analysis, the correlation results between
the proposed system and the biochemical analyser TBA-25FR are statistically significant
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(r =0.992, p < 0.001 for Alb; r = 0.958, p < 0.001 for Crn; and r = 0.997, p < 0.001 for
UACR) in two-tailed tests conducted using SPSS Statistics 17.0. The feasibility of the
proposed electrochemical platform for UACR urinalysis is confirmed. Moreover, this
platform accurately classifies all three CKD risk statuses within 30 min and successfully
distinguishes between normal and low-grade albuminuria (10 mg/g to 30 mg/g) for the
application of cardiorenal syndrome and stroke risk prediction, with an accuracy of 96.7%,
where one low-grade albuminuria sample was misidentified as a normal sample out of
30 samples.

Table 1. Benchmark UACR values for the urine samples collected from diabetic patients across
different genders and age groups.

Gender Age Number <10 mg/g 10-30 30-300 >300 mg/g
(Years)
mg/g mg/g
Male All 19 5 4 7 3
<60 1 1 0 0 0
60-80 14 3 3 5 3
>80 4 1 1 2 0
Female All 11 0 3 6 2
<60 1 0 1 0 0
60-80 5 0 1 2 2
>80 5 0 1 4 0
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Figure 7. (a) Regression analysis of the C oy, of 30 spot urine samples determined using TBA-25FR and
the SPE(W1) |CNT-ABTS v electrode (b) Regression analysis of the Ccpy, of 30 spot urine samples
determined using TBA-25FR and the SPE(W,) | CNT-ABTS | Nafion electrode. (c) Regression analysis
of the UACR value of 30 spot urine samples calculated using the Alb and Crn results of TBA-25FR
and the proposed UACR sensing system and platform.

Table 2 compares various UACR detection systems [35-38] with the proposed system.
In contrast with paper-based methods, the presented system is considerably easier to store
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at room temperature for months [22,23] and operates without the need for heating even
though the analysis time is longer than the former. The proposed platform offers significant
advantages by analysing real urine instead of artificial urine compared with a similar
electrochemical method.

Table 2. Comparison of several UACR sensing systems.

Sensor

Analysis Linear

a b
Configura- Method Time Range (n:“o/]jL) ?OE) S(OE) S.N.¢ Refesence
tion (min) (mg/dL) &
10-350
BG €¢/JR h (Alb) 7.1 (Alb) i
f/PADE s M 1 10-350 5.1 (Crn) >0 N-A. 3 3]
(Crn)
CASJ
—Pd%* h 0-100 (Alb) N.A.1 X ;
complex/ drawingg 15 0-300 (Crn) N.A.1 RT. N-A- 15 [0
PADE s
Carbon | SA n 1-200 (Alb)  0.63 (Alb) K i o
I /NFC ™ EC 3 1-30 (Crn) 0.93 (Crn) R.T. N.A. 5(A.U.°) [37]
BCGP dye 0.75-10
/PA 1 h (Alb) 0.5 (Alb) B
/sliding M 3 10-300 5.0 (Crn) 40 15 2 [38]
PAD & (Crn)
SPE | CNT- 0.08-19.20
ABTS, (Alb) 0.02 (Alb) Present
(CV) n k k
SPEICNT- EC 30 1.67-58.62 0.62 (Crn) RT. RT 30 work
ABTS | Nafion (Crn)

a pperation temperature; P storage temperature; ¢ sample number; 4 reference; ¢ bromocresol green; f jaffé reaction;
& paper-based analytical device; h colorimetry; ' not available;) chrome azurol s; K room temperature; ! steric acid;
™ near-field communication; " electrochemistry; © artificial urine; P bromocresol green; 9 picric acid.

4. Conclusions

A portable, wireless, effective and affordable electrochemical system for the quantifi-
cation of UACR is proposed in this study. The UACR test results of the 30 diabetic patients
exhibit excellent agreement (Y = 0.999X, R? = 0.995) with the benchmark values analysed
using the biochemical analyser TBA-25FR, suggesting its applicability to the diagnoses
of early CKD and cardiorenal syndrome or the risk prediction of subtype stroke. The
presented system serves as a feasible and promising platform for practical clinical use and
POC urinalysis in the future due to its promising characteristics, including auto-detection
operation, low manufacturing cost (less than $0.50 USD), simple storage requirements and
high accuracy.

Author Contributions: Conceptualisation, S.-Y.L. and ].-Y.C.; methodology, S.-Y.L. and D.-5.C;
software, S.-Y.L., D.-5.C. and H.-Y.L.; validation, D.-S.C. and J.-Y.C.; formal analysis, Y.-C.W. and
M.-D.S,; investigation, D.-5.C. and H.-Y.L.; resources, S.-Y.L. and ] .-Y.C.; data curation, D.-S.C. and
H.-Y.L.; writing—original draft preparation, S.-Y.L. and D.-S.C.; writing—review and editing, S.-Y.L.
and D.-5.C,; visualisation, D.-S.C., Y.-C.W. and M.-D.S.; supervision, S.-Y.L.; project administration,
S.-Y.L. and J.-Y.C,; funding acquisition, S.-Y.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported in part by the Taiwan Semiconductor Research Institute, the
Ministry of Science and Technology (MOST) and the National Science and Technology Council
(NSTC), Taiwan, R.O.C., under grants MOST 110-2218-E-006-015, NSTC 112-2221-E-006-181 MY3,
and NSTC 113-2640-E-006-006.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
of the National Cheng Kung University Hospital (IRB No. A-ER-106-421).



Biosensors 2024, 14, 463 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors.

Acknowledgments: The authors would like to thank Chia-Yu Lin to advice the sensors design.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Foreman, K.J.; Marquez, N.; Dolgert, A.; Fukutaki, K.; Fullman, N.; McGaughey, M.; Pletcher, M. A ; Smith, A.E.; Tang, K.; Yuan,
C.W.; et al. Forecasting life expectancy, years of life lost, and all-cause and cause-specific mortality for 250 causes of death:
Reference and alternative scenarios for 2016-40 for 195 countries and territories. Lancet 2018, 392, 2052-2090. [CrossRef] [PubMed]
Ortiz, A.; Asociacion Informacion Enfermedades Renales Geneticas; European Kidney Patients’ Federation (EKPF). RICORS2040:
The need for collaborative research in chronic kidney disease. Clin. Kidney J. 2022, 15, 372-387. [CrossRef]

Hill, N.R,; Fatoba, S.T.; Oke, ].L.; Hirst, ].A.; O’Callaghan, C.A.; Lasserson, D.S.; Hobbs, E.D. Global Prevalence of Chronic Kidney
Disease—A Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, e0158765. [CrossRef]

Chu, C.D.; Chen, M.H.; McCulloch, C.E.; Powe, N.R.; Estrella, M.M.; Shlipak, M.G.; Tuot, D.S. Patient Awareness of CKD:
A Systematic Review and Meta-analysis of Patient-Oriented Questions and Study Setting. Kidney Med. 2021, 3, 576-585.e1.
[CrossRef]

Go, A.S.; Chertow, G.M.; Fan, D.; McCulloch, C.E.; Hsu, C.-Y. Chronic Kidney Disease and the Risks of Death, Cardiovascular
Events, and Hospitalization. N. Engl. ]. Med. 2004, 351, 1296-1305. [CrossRef] [PubMed]

Sarnak, M.J.; Levey, A.S.; Schoolwerth, A.C.; Coresh, J.; Culleton, B.; Hamm, L.L.; McCullough, P.A.; Kasiske, B.L.; Kelepouris, E.;
Klag, M.]; et al. Kidney disease as a risk factor for development of cardiovascular disease: A statement from the American Heart
Association Councils on Kidney in Cardiovascular Disease, High Blood Pressure Research, Clinical Cardiology, and Epidemiology
and Prevention. Hypertension 2003, 42, 1050-1065. [CrossRef]

Christofides, E.A.; Desai, N. Optimal Early Diagnosis and Monitoring of Diabetic Kidney Disease in Type 2 Diabetes Mellitus:
Addressing the Barriers to Albuminuria Testing. ]. Prim. Care Community Health 2021, 12, 21501327211003683. [CrossRef]
[PubMed]

Butt, L.; Unnersjo-Jess, D.; Hohne, M.; Edwards, A.; Binz-Lotter, J.; Reilly, D.; Hahnfeldt, R.; Ziegler, V.; Fremter, K.; Rinschen,
M.M,; et al. A molecular mechanism explaining albuminuria in kidney disease. Nat. Metab. 2020, 2, 461-474. [CrossRef]
Ruggenenti, P.; Gaspari, F,; Perna, A.; Remuzzi, G. Cross sectional longitudinal study of spot morning urine protein: Creatinine
ratio, 24 hour urine protein excretion rate, glomerular filtration rate, and end stage renal failure in chronic renal disease in patients
without diabetes. BM] 1998, 316, 504-509. [CrossRef]

Flores-Guerrero, ].L.; Mufioz-Morales, A.; Narea-Jimenez, F,; Perez-Fuentes, R.; Torres-Rasgado, E.; Ruiz-Vivanco, G.; Gonzalez-
Viveros, N.; Castro-Ramos, ]. Novel Assessment of Urinary Albumin Excretion in Type 2 Diabetes Patients by Raman Spectroscopy.
Diagnostics 2020, 10, 141. [CrossRef]

Cowell, C.; Rogers, S.; Silink, M. First morning urinary albumin concentration is a good predictor of 24-hour urinary albumin
excretion in children with Type I (insulin-dependent) diabetes. Diabetologia 1986, 29, 97-99. [CrossRef] [PubMed]

Fagerstrom, P,; Sallsten, G.; Akerstrom, M.; Haraldsson, B.; Barregard, L. Urinary albumin excretion in healthy adults: A cross
sectional study of 24-hour versus timed overnight samples and impact of GFR and other personal characteristics. BVIC Nephrol.
2015, 16, 8. [CrossRef] [PubMed]

Vart, P.; Scheven, L.; Heerspink, H.J.L.; de Jong, P.E.; de Zeeuw, D.; Gansevoort, R.T.; Group, P.S.; Investigators, R. Urine
albumin-creatinine ratio versus albumin excretion for albuminuria staging: A prospective longitudinal cohort study. Am. J.
Kidney Dis. 2016, 67, 70-78. [CrossRef]

Levey, A.S.; Gansevoort, R.T.; Coresh, J.; Inker, L.A.; Heerspink, H.L.; Grams, M.E.; Greene, T.; Tighiouart, H.; Matsushita, K,;
Ballew, S.H. Change in albuminuria and GFR as end points for clinical trials in early stages of CKD: A scientific workshop
sponsored by the National Kidney Foundation in collaboration with the US Food and Drug Administration and European
Medicines Agency. Am. J. Kidney Dis. 2020, 75, 84-104. [CrossRef]

Hong, ].W.; Ku, C.R.; Noh, ].H.; Ko, K.S.; Rhee, B.D.; Kim, D.]. Association between low-grade albuminuria and cardiovascular
risk in Korean adults: The 2011-2012 Korea National Health and Nutrition Examination Survey. PLoS ONE 2015, 10, e0118866.
[CrossRef] [PubMed]

Ruilope, L.M.; Ortiz, A.; Lucia, A.; Miranda, B.; Alvarez-Llamas, G.; Barderas, M.G.; Volpe, M.; Ruiz-Hurtado, G.; Pitt, B.
Prevention of cardiorenal damage: Importance of albuminuria. Eur. Heart J. 2023, 44, 1112-1123. [CrossRef]

Horn, ].W.; Romundstad, S.; Ellekjaer, H.; Janszky, I.; Horn, J. Low grade albuminuria as a risk factor for subtypes of stroke-the
HUNT Study in Norway. BMC Neurol. 2020, 20, 170. [CrossRef]

Omoruyi, FO.; Mustafa, G.M.; Okorodudu, A.O.; Petersen, J.R. Evaluation of the performance of urine albumin, creatinine
and albumin—creatinine ratio assay on two POCT analyzers relative to a central laboratory method. Clin. Chim. Acta 2012, 413,
625-629. [CrossRef]


https://doi.org/10.1016/S0140-6736(18)31694-5
https://www.ncbi.nlm.nih.gov/pubmed/30340847
https://doi.org/10.1093/ckj/sfab170
https://doi.org/10.1371/journal.pone.0158765
https://doi.org/10.1016/j.xkme.2021.03.014
https://doi.org/10.1056/NEJMoa041031
https://www.ncbi.nlm.nih.gov/pubmed/15385656
https://doi.org/10.1161/01.HYP.0000102971.85504.7c
https://doi.org/10.1177/21501327211003683
https://www.ncbi.nlm.nih.gov/pubmed/33749371
https://doi.org/10.1038/s42255-020-0204-y
https://doi.org/10.1136/bmj.316.7130.504
https://doi.org/10.3390/diagnostics10030141
https://doi.org/10.1007/BF00456117
https://www.ncbi.nlm.nih.gov/pubmed/3699303
https://doi.org/10.1186/1471-2369-16-8
https://www.ncbi.nlm.nih.gov/pubmed/25616740
https://doi.org/10.1053/j.ajkd.2015.05.025
https://doi.org/10.1053/j.ajkd.2019.06.009
https://doi.org/10.1371/journal.pone.0126746
https://www.ncbi.nlm.nih.gov/pubmed/26011526
https://doi.org/10.1093/eurheartj/ehac683
https://doi.org/10.1186/s12883-020-01746-9
https://doi.org/10.1016/j.cca.2011.12.013

Biosensors 2024, 14, 463 13 of 13

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Park, ].I; Baek, H.; Kim, B.R; Jung, H.H. Comparison of urine dipstick and albumin:creatinine ratio for chronic kidney disease
screening: A population-based study. PLoS ONE 2017, 12, e0171106. [CrossRef]

Stradolini, F; Tuoheti, A ; Kilic, T.; Ntella, S.L.; Tamburrano, N.; Huang, Z.; De Micheli, G.; Demarchi, D.; Carrara, S. An IoT
Solution for Online Monitoring of Anesthetics in Human Serum Based on an Integrated Fluidic Bioelectronic System. IEEE
TBioCAS 2018, 12, 1056-1064. [CrossRef]

Dudala, S.; Dubey, S.K; Javed, A.; Ganguly, A.; Kapur, S.; Goel, S. Portable Chemiluminescence Detection Platform and Its
Application in Creatinine Detection. IEEE Sens. J. 2022, 22, 7177-7184. [CrossRef]

Lin, S.Y.; Lin, C.Y. Electrochemically-functionalized CNT/ABTS nanozyme enabling sensitive and selective voltammetric
detection of microalbuminuria. Anal. Chim. Acta 2022, 1197, 339517. [CrossRef] [PubMed]

Ciou, D.S.; Wu, PH.; Huang, Y.C.; Yang, M.C,; Lee, S.Y.; Lin, C.Y. Colorimetric and amperometric detection of urine creatinine
based on the ABTS radical cation modified electrode. Sens. Actuator B 2020, 314, 9. [CrossRef]

Lee, S.Y.; Lee, H.Y,; Ciou, D.S; Liao, Z.X.; Huang, PW.; Hsieh, Y.T.; Wei, Y.C.; Lin, C.Y.; Shieh, M.D.; Chen, ].Y. A Portable Wireless
Urine Detection System With Power-Efficient Electrochemical Readout ASIC and ABTS-CNT Biosensor for UACR Detection.
IEEE TBioCAS 2021, 15, 537-548. [CrossRef]

Bell, D. Beware the low urine pH—The major cause of the increased prevalence of nephrolithiasis in the patient with type 2
diabetes. Diabetes Obes. Metab. 2012, 14, 299-303. [CrossRef]

D’Orazio, P. Biosensors in clinical chemistry. Clin. Chim. Acta 2003, 334, 41-69. [CrossRef]

Grieshaber, D.; MacKenzie, R.; Voros, J.; Reimhult, E. Electrochemical Biosensors-Sensor Principles and Architectures. Sensors
2008, 8, 1400-1458. [CrossRef] [PubMed]

Bello, A K; Peters, J.; Wight, ].; de Zeeuw, D.; El Nahas, M. A Population-Based Screening for Microalbuminuria Among Relatives
of CKD Patients: The Kidney Evaluation and Awareness Program in Sheffield (KEAPS). Am. ]. Kidney Dis. 2008, 52, 434—443.
[CrossRef]

Bourbonnais, R.; Leech, D.; Paice, M.G. Electrochemical analysis of the interactions of laccase mediators with lignin model
compounds. Biochim. Et Biophys. Acta (BBA) General. Subj. 1998, 1379, 381-390. [CrossRef]

Abou-Elela, A. Epidemiology, pathophysiology, and management of uric acid urolithiasis: A narrative review. . Adv. Res. 2017, 8,
513-527. [CrossRef]

Putnam, D.F. Composition and Concentrative Properties of Human Urine; NASA: Washington, DC, USA, 1971.

D’Elia, J.A.; Bayliss, G.P.; Weinrauch, L.A. The Diabetic Cardiorenal Nexus. Int. ]. Mol. Sci. 2022, 23, 7351. [CrossRef] [PubMed]
Marassi, M.; Fadini, G.P. The cardio-renal-metabolic connection: A review of the evidence. Cardiovasc. Diabetol. 2023, 22, 195.
[CrossRef]

Zoccali, C.; Zannad, F. Refocusing cardio-renal problems: The cardiovascular-kidney-metabolic syndrome and the chronic
cardiovascular-kidney disorder. Nephrol. Dial. Transplant. 2024, 39, 1378-1380. [CrossRef]

Chaiyo, S.; Kalcher, K.; Apilux, A.; Chailapakul, O.; Siangproh, W. A novel paper-based colorimetry device for the determination
of the albumin to creatinine ratio. Analyst 2018, 143, 5453-5460. [CrossRef]

Hiraoka, R.; Kuwahara, K.; Wen, Y.C.; Yen, T.H.; Hiruta, Y.; Cheng, C.M.; Citterio, D. Paper-Based Device for Naked Eye Urinary
Albumin/Creatinine Ratio Evaluation. ACS Sens. 2020, 5, 1110-1118. [CrossRef] [PubMed]

Jia, Y; Liu, G.; Xu, G,; Li, X;; Shi, Z.; Cheng, C.; Xu, D.; Lu, Y.; Liu, Q. Battery-free and wireless tag for in situ sensing of urinary
albumin/creatinine ratio (ACR) for the assessment of albuminuria. Sens. Actuators B 2022, 367, 132050. [CrossRef]

Chen, SJ.; Tseng, C.C.; Huang, K.H.; Chang, Y.C.; Fu, L.M. Microfluidic Sliding Paper-Based Device for Point-of-Care Determina-
tion of Albumin-to-Creatine Ratio in Human Urine. Biosensors 2022, 12, 496. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0171106
https://doi.org/10.1109/TBCAS.2018.2855048
https://doi.org/10.1109/JSEN.2022.3151694
https://doi.org/10.1016/j.aca.2022.339517
https://www.ncbi.nlm.nih.gov/pubmed/35168734
https://doi.org/10.1016/j.snb.2020.128034
https://doi.org/10.1109/TBCAS.2021.3087475
https://doi.org/10.1111/j.1463-1326.2011.01519.x
https://doi.org/10.1016/S0009-8981(03)00241-9
https://doi.org/10.3390/s80314000
https://www.ncbi.nlm.nih.gov/pubmed/27879772
https://doi.org/10.1053/j.ajkd.2007.12.034
https://doi.org/10.1016/S0304-4165(97)00117-7
https://doi.org/10.1016/j.jare.2017.04.005
https://doi.org/10.3390/ijms23137351
https://www.ncbi.nlm.nih.gov/pubmed/35806355
https://doi.org/10.1186/s12933-023-01937-x
https://doi.org/10.1093/ndt/gfae086
https://doi.org/10.1039/C8AN01122B
https://doi.org/10.1021/acssensors.0c00050
https://www.ncbi.nlm.nih.gov/pubmed/32186370
https://doi.org/10.1016/j.snb.2022.132050
https://doi.org/10.3390/bios12070496

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Manufacture of the Customised Electrode 
	Design of the Proposed Electrochemical System 
	Preparation of the UACR Sensor 
	Characterisations of the UACR Sensing System and Platform 

	Results and Discussion 
	Alb and Crn Reaction Setting 
	Voltammetric Alb Detection by SPE(W1)|CNT-ABTS 
	Amperometric Crn Detection by SPE(W2)|CNT-ABTS|Nafion 
	Application of the Proposed Electrochemical System and Platform to UACR Test 

	Conclusions 
	References

