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g r a p h i c a l a b s t r a c t
� A microfluidic aptasensor POC device
is proposed for monitoring the Kþ

ions in CKD patients.
� The device comprises of a PMMA/
paper-microchip and a RGB analysis
system.

� The Kþ ion concentration in the 287
real-world CKD serum samples was
measured.

� The measurement results are in good
agreement (R2 ¼ 0.980) with the ISE
method.
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An integrated microfluidic Au nanoparticle (AuNP) aptasensor device is proposed for monitoring the
concentration of potassium (Kþ) ions in the bloodstream of patients with chronic kidney disease (CKD).
In the proposed detection device, the AuNPs in the AuNP/aptamer complex are displaced by the serum
Kþ ions and react with NaCl to produce a color change in the detection region from which the Kþ ion
concentration is then inversely derived. The microfluidic device comprises two main components,
namely an AuNP aptasensor PMMA (Poly(methyl methacrylate))/paper-microchip and a colorimetric
analysis system for the quantitative detection of Kþ ion concentration in whole blood. The functions of
PMMA/paper microchips include reagent storage, Kþ ion/aptamer reaction, and separation of serum from
whole blood samples (blood filter). Experimental results show that the microfluidic device provides a
linear response over the Kþ ion concentration in range of 0.05e9 mM in artificial serum and has a
detection limit (LOD) of 0.01 mM. Moreover, the detection results obtained for the 137 whole blood and
287 serum samples of CKD patients are very consistent (R2 ¼ 0.968 and R2 ¼ 0.980) with the mea-
surement results obtained using an ion-selective electrodes (ISE) method. Results confirm that the
current microfluidic aptasensor device provides a highly-sensitive and convenient method for per-
forming the point-of-care (POC) monitoring of the whole blood Kþ ion concentration.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Potassium (Kþ) ions are the most abundant ion in the human
body and play a vital role in controlling muscle and nerve activity,
maintaining body fluid levels, and performing various other
important functions. For healthy human adults, the normal value of
human serum Kþ ions lies in the range of 3.5e5.5 mM (mEq/L).
High Kþ concentrations may cause fatigue or weakness, numbness
or tingling, nausea or vomiting, difficulties breathing, chest pain,
and irregular heart rhythm. In extreme cases, excessive Kþ ionsmay
cause paralysis, heart failure, or even sudden death [1]. By contrast,
low Kþ ion concentrations (referred to medically as hypokalemia)
may cause cramps, weakness, malaise, myalgia, and various other
symptoms. Furthermore, severe hypokalemia can lead to poten-
tially fatal conditions, such as hypotension, arrhythmia, and
tachycardia [2e5]. Therefore, CKD patients should pay attention to
the choice of diet and avoid high-potassium and high-phosphorus
foods. If the diet is not restrained and intake of a diet rich in Kþ ions,
it may have serious consequences due to hyperkalemia. Although
some of the Kþ ions can be removed by hemodialysis for CKD pa-
tients undergoing dialysis, the Kþ ions in the blood will gradually
accumulate with the food intake of each meal. In other words, CKD
patients have the highest blood Kþ concentration and the most
dangerous before the next dialysis, so the monitoring of Kþ ions in
the blood of CKD patients is very important.

The serum Kþ concentration is particularly important for
Chronic Kidney Disease (CKD) patients since excessive or insuffi-
cient Kþ levels place the patient at an increased risk of mortality.
Therefore, selective and sensitive Kþ ion sensors are essential in
facilitating the effective diagnosis and treatment of CKD patients.
Many measurement methods for the determination of Kþ ions have
been developed, including Raman scattering spectroscopy (RSS),
electrochemical (EC) sensing, atomic absorption spectrophotom-
etry (AAS), ion selective electrodes (ISE), ion chromatography (IC),
and so on [5e10]. However, most of these methods require
complicated instruments and tedious laboratory procedures.
Furthermore, most of them also have the shortcomings of narrow
detection ranges, relatively high detection limits and the inability
to perform real-time detection. Therefore, there is an urgent need
for a new platform that can detect serum Kþ ions in a more rapid,
convenient, low-cost and effective manner.

Microfluidic technology, with a high integration ability and good
biocompatibility, provides outstanding detection advantages for
many biomedicine, environmental and food science applications
[11e15]. As microfluidics technology has evolved, many “lab-on-a-
chip” devices have been proposed for performing reagent mixing,
separation, analysis and detection functions on a single platform
[16e20]. Generally speaking, these microfluidic systems [21e25]
can be classified as either microfluidic chip-based devices [26e30]
or microfluidic paper-based analysis devices (mPADs) [31e35]. Both
systems offer many advantages over conventional benchtop de-
vices, including smaller sample volume, rapider response time,
higher portability, and reduced reagent consumption [36e40].
However, of the two systems, mPADs are more qualified for point-
of-care testing (POCT) due to their lower cost, easier fabrication,
and simpler operation [41e48]. Cai et al. [49] developed a mPAD
based on the field amplification stacking (FAS) effect for performing
the enhanced-sensitivity detection of microalbuminuria (MAU) in
urine samples. It was shown that the stacking effect increased the
concentration of fluorescein isothiocyanate-labeled bovine serum
albumin (FITC-BSA) in artificial urine samples by more than 100-
fold. Moreover, by staining the protein stacking band with bro-
mophenol blue (BPB), the device achieved a linear detection range
for human serum albumin (HSA) of 10e300 mg/L with a limit of
detection (LOD) of 4.9 mg/L. Various researchers have shown that
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the sensitivity and specificity of mPAD detection platforms can be
further improved through the combination of metal nanoparticles
[50e53] and aptamer sensors [54e56].

This study proposes a microfluidic aptasensor device for the
rapid measurement of whole blood Kþ ions in CKD patients. The
microfluidic device comprises an AuNP aptasensor PMMA/paper-
microchip and a colorimetric detection system. The detection
method is based on the adsorption of cationic molecules caused by
NaCl, which neutralizes the surface charge of AuNPs and produces
the aggregation of AuNPs (Fig. S1(a)) [57]. In particular, an AuNP
aptasensor is prepared by adsorbing a specific aptamer sequence on
the surface of AuNPs (Fig. S1(b)). When Kþ ions are subsequently
added, the aptamer sequence binds to the ions and produces a four-
strand structure compound (G-quartet) through the hydrogen
bonds formed between the guanines. The formation of the rigid G-
quadruplex structure reduces the electrostatic force acting on the
AuNPs and causes them to detach from the surface of the apta-
sensor (Fig. S1(c)). In the presence of NaCl, the repulsion force be-
tween the detached AuNPs is reduced, and hence the AuNPs
aggregate and produce a color change of the AuNP/aptamer þ NaCl
reaction product. For a constant NaCl concentration, a higher Kþ ion
concentration results in a greater detachment and agglomeration of
the AuNPs and hence leads to a lighter color. By contrast, for a lower
Kþ ion concentration, a smaller number of AuNPs are detached, and
hence a more minor color change occurs. Consequently, the Kþ ion
concentration can be quantitatively determined by observing the
color change of the detection zone of the paper chip following the
injection of the serum sample into the PMMA/paper-based device.

2. Experimental details

2.1. Synthesis of AuNPs, aptamer and AuNP aptasensor

The AuNPs were synthesized via a liquid-phase chemical
reduction method [58]. Gold(III) chloride trihydrate solution
(250 mL, 1 mM, Alfa Aesar Co., U.S.A) was added to an Erlenmeyer
flask and heated under continuous magnetic stirring until it
reached boiling temperature. 25 mL of 38.8 mM sodium citrate
(Avantor Inc., U.S.A.) was rapidly added to the boiling gold(III)
chloride trihydrate solution and the solution was heated for a
further 15 min; resulting in a gradual color change from golden
yellow (Au3þ) to transparent (Au2þ), black (Auþ), and finally wine
red (AuNPs). The synthesized AuNPs were found to have a size of
17.6 nm (Fig. S2) and an absorption peak of 524 nm, as determined
by a dynamic light scattering particle size analyzer (Nanoptic 90,
Bettersize, U.S.A.) and UVevis light spectrometer (G10S, Thermo
Fisher Scientific Taiwan Co., Taiwan), respectively.

Aptamer sequence 50-TTT GGT TGG TGT GGT TGG TTT-3 was
purchased from Protech Technology Enterprise Co., Ltd., Taiwan. A
100 mM aptamer stock solution was prepared using secondary
sterilized water (104 mL). The solution was aliquoted into 2-mL
centrifuge tubes and stored in a refrigerator at �20 �C. 1 mL of the
AuNP solutionwas added to a tube with 1 mL aptamer (100 mM) and
shaken gently to obtain a uniform dispersion. The solutionwas then
left to stand for 5 min to allow the aptamers to be adsorbed on the
surface of the AuNPs under the effects of electrostatic force. As the
aptamers were adsorbed on the AuNP surface, the surface charge
increased; resulting in a negative repulsive force between the
particles and a uniform dispersion of the AuNPs in the solution
without aggregation.

2.2. Manufacturing and assembly of PMMA/paper-microchip

Fig. 1 shows the complete structure of the proposed PMMA/
paper-microchip, which consists of a reagent chip and a whole
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blood filter chip. As shown in Fig. 1(a), the reagent chip consists of a
sealing film layer with a thickness of 0.1mm, two PET (polyethylene
terephthalate) cover layers with a thickness of 0.1 mm, a paper-
chip, and two PMMA layers (one is the reagent storage and finger
pump layer, and the other is the sliding structure layer) with a
thickness of 0.4 mm. Thewhole blood filter chip consists of two PET
with a thickness of 0.2 mm and a PMMA substrate with a thickness
of 0.4 mm. The patterns of the reagent chip and the whole blood
filter chip were fabricated by a CO2 laser processing machine
(Taiwan Giant Technology Co., Ltd.) using an unfocused laser beam
method, and a smooth channel wall can be obtained without an
annealing process. (The detailed information of laser processing is
provided in previous studies [59,60] and are hence omitted here.)

The reagent chip (see Fig. 1(a) and (c)) contains two reagent
tanks (Reagent B, aptamer, circular diameter 2 mm; and Reagent C,
NaCl, circular diameter 2 mm); and two finger pump tanks (ellipse
diameter 15� 6mm2) connected to the detection zone (2� 2mm2)
by microchannels with a width and depth of 200 mm and 100 mm,
respectively. The whole blood filter chip (see Fig. 1(b) and (c))
contains a waste chamber (2 � 2 � 0.2 mm3), a rectangular sample
chamber (4 � 4 � 0.6 mm3), and square paper-chip detection zone
(2 � 2 � 0.2 mm3) connected by a filtration/separation micro-
channel with sample chamber. After the laser ablation process, the
reagent chip and the whole blood filter chip were individually
bonded under the conditions of a maximum pressure of 10 kg/cm2

and a temperature of 100 �C for 12 min. After the bonding process,
the reagent chip is filled with reagents B and C (aptamers; 0.5 mL,
100 mM; NaCl; 3 mL, 0.6 M), and then sealed with a sealing film. The
blood filter chip is implanted with reagent-coated AuNPs (reagent
A, 8 mL) paper-chip (Advantec filter paper No. 1, Japan) and a paper
strip (blood separation membrane, Fr1, Advanced Microdevices
Ltd., India) into the detection zone and filtration/separation
microchannel, respectively. Fig. 1(b) shows the cross-sectional
structure of whole blood filter chip and describes the process of
separating a whole blood sample into serum and transferring it to
the reaction zone. Finally, the whole blood filter chip was inserted
Fig. 1. Schematic illustration and photo
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into the reagent chip to integrate the PMMA/paper-microchip. The
PMMA/paper-microchip was then stored at 4 �C in a nitrogen
environment until required for use. Note that themaximum storage
time was determined to be 60 days (Fig. S3).

2.3. Detection system

As shown in Fig. S4, the main components of the sample pre-
treatment and detection system included a 12 V/5 V power supply
(RID-85A, Tun-Hwa Elec. Co., Taiwan), two relays, a buck converter,
a temperature controller (PXR-4, Fuji Co., Japan) for temperature
control and display, an image analysis box for captured composite
image, a WiFi chip (Arduino D1 WiFi, Taiwan) for transmitting
captured image, a voltage switch and voltage adjustment button for
voltage detection and controller, a fan (DF8015UB, JetArt Tech. Co.,
Taiwan) for system cooling, and a smart phone for analyzed the
color intensity. The image analysis box contained an LED (light-
emitting diode) light source, a voltage controller, a CMOS (com-
plementary metal-oxide semiconductor) camera (1080 � 1920
pixels, Taiwan Dmatek Co. Ltd.), a chip holder, a hotplate and a
connector.

2.4. Materials and methods

A stock Kþ ion solution with a concentration of 1 M was pre-
pared by mixing Roche automation system calibration solution
powder (Roche Co., Germany) with 3000 mL of deionized (DI) water.
The solution was then further diluted with DI water to obtain
artificial serum samples with Kþ ion concentrations of 0.05, 1, 3, 6
and 9 mM, respectively. Samples for UV spectrometer character-
ization were prepared by adding 1 mL of AuNP solution and 1 mL
aptamer (100 mM) to cuvettes and shaking gently to obtain a uni-
form dispersion. The solutions were then allowed to stand for 5min
to allow the aptamer to be adsorbed on the surface of the AuNPs.
The artificial Kþ ion samples (10 mL) were added to the cuvettes and
left to stand for a further 10 min. Finally, NaCl (10 mL, 600 mМ) was
graph of PMMA/paper-microchip.
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added to the solution as an agglomeration agent and shaken gently
to produce a uniform dispersion. Finally, the absorbance of the Kþ

ions was measured with a spectrophotometer at a wavelength of
530 nm. For a more detailed description of macroscale serum Kþ

Ion detection using spectrophotometry technique, please refer to
section S.1 of the supplementary material.

In performing the microfluidic detection process, the PMMA/
paper-microchip was switched to the reagent mode (see
Fig. 1(d)). The finger pump (F1) was then used to deliver Reagent B
(aptamer) to the detection zone. After waiting for 2 min for the
aptamer to bind with AuNPs, the excess aptamer will flow into the
waste chamber. 3 mL whole blood sample was injected to sample
chamber, and then PMMA/paper-microchip was switched to reac-
tion mode (sample target reacts with AuNP/aptamer, see Fig. 1(e)).
A further 3 min was allowed for the whole blood to be separated
into serum, and the Kþ ions in the serum to react with the AuNP/
aptamer to form a compact rigid G-quadruplex structure. Then, the
second finger pump (F2) was activated to drive the reagent C (NaCl)
to the detection zone to facilitate a colorimetric reaction. Finally,
the paper chip was inserted into the image analysis box and acti-
vate the light source. The resulting images collected by the CMOS
camerawere transferredwirelessly to a smart phone and the Kþ ion
concentration was then used self-developed RGB analysis app. A
more details about the operation of the RGB color code APP soft-
ware has been shown in our previous study [38]. Fig. 2 shows the
operating steps of the experimental procedure.
3. Results and discussion

3.1. Serum Kþ ion detection using microfluidic aptasensor device

To determine the optimal Kþ ion detection conditions for the
proposed microfluidic aptasensor device, a series of preliminary
experiments was performed using different volumes and concen-
trations of the various reagents (AuNPs, NaCl, Apt). Fig. 3(a) shows
the detection zone of the paper-based chip for various volumes of
AuNPs and concentrations of NaCl (3 ml). As shown, in the absence
of NaCl, the detection zone has a bright red appearance; particu-
larly at higher AuNP volumes. However, as the NaCl concentration
increases, the color of the detection zone changes from bright red to
purple-red, and finally blue-gray. Since red and blue-gray span two
different color levels in the RGB color space, a single color appears
when detecting the RGB intensity of the detection zone, and hence
the resolution of the detection process is degraded. To avoid this
phenomenon, the optimal detection conditionwas thus specified as
that which resulted in a pure blue-gray (i.e., no red) color of the
detection zone. Consequently, the optimal AuNP and NaCl condi-
tions were chosen as 8 mL AuNPs and 3 mL NaCl with a concentration
of 0.4 M, as shown in Fig. 3(a).
Fig. 2. The operating steps of th
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As mentioned earlier, the main purpose of the aptamers in the
present study is to protect the AuNPs from aggregation and
combinewith the Kþ ions to produce a G-quadruplex structure. The
presence of excessive aptamers prevents the release of AuNPs from
the aptasensor following the introduction of Kþ ions, and therefore
limits the colorimetric reaction with the NaCl. By contrast, the
absence of sufficient aptamers fails to suppress the aggregation of
the AuNPs, and therefore also results in detection errors. Fig. 3(b)
shows the color of the detection zone in the paper-based chip given
the use of 8 mL AuNPs, 3 mL NaCl (0.4 M), and various volumes of
aptamers. It is seen that the optimal color level is obtained when
using an aptamer volume of 0.4 mL.

To ensure the reliability of the color detection process, Kþ ion
samples with concentrations of 0.05e10 mMwere injected into the
PMMA/paper-based device under fixed parameter conditions of
8 mL AuNPs, 0.4 mL aptamer and 3 mL NaCl (0.4 M). Fig. 4(a) presents
the corresponding RGB intensity values of the detection zone after
the colorimetric reaction. The results show that the green and blue
intensity values increase linearly with an increasing Kþ ion con-
centration. However, the red intensity value exhibits a significant
discontinuity at a Kþ ion concentration of 3 mM. The main reason
for the discontinuity of the "R" value is that the color of the
detection zone changes from bright red to purplish-red. Accord-
ingly, the higher NaCl concentration of 0.6 M was used to focus the
reaction color in the purple-red region and the experiments were
repeated. In this case, all three intensity values increase linearly and
continuously over the considered Kþ ion concentration range, as
shown in Fig. 4(b). Furthermore, the average determination coef-
ficient (R2) is greater than 0.98 for every color signal. Thus, the final
reagent conditions for all of the remaining experiments were set as
8 mL AuNPs, 0.4 mL Apt and 3 mL NaCl (0.6 M).

Fig. 5(a) presents the measured R, G and B values of the artificial
serum samples with Kþ ion concentrations ranging from
0.05e9 mM under the above optimal parameter conditions. All
three color signals have good linearity (average determination co-
efficient R2 ¼ 0.99) over the considered Kþ ion concentration range.
In other words, all three color components have a good correlation
with the color development of the detection zone, while the cor-
responding sensitivities are 0.39 (R), 0.22 (G) and 0.31 (B) mM/a.u.,
respectively. ((i.e., [(9 � 0.1) mM]/[(177.2 � 154.3) a.u.] ¼ 0.39 mM/
a.u.). To obtain the optimized sensitivity in the permutation and
combination of R, G and B, when R þ G þ B has a good linear
relationship, it has an optimal sensitivity. Fig. 5(b) shows the results
obtained when plotting the mean R þ GþB values of the five
samples against the Kþ ion concentration in the range of
0.05e9 mM. Notably, the determination coefficient between the
mean RþGþB values and the Kþ ion concentration (R2 ¼ 0.994 and
sensitivity ¼ 0.10 mM/a.u.) is higher than that of any of the indi-
vidual R, G and B signals in Fig. 5(a). In other words, the feasibility of
e experimental procedure.



Fig. 3. (a) Reaction color for different volumes of AuNPs and concentrations of 3 mL NaCl. (b) Reaction color for 8 mL AuNPs, 3 mL NaCl (0.4 M) and different volumes of aptamers. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. The measured RGB value as function of Kþ ion concentration (0.05e10 mM) given fixed parameter conditions of 8 mL AuNPs, 0.4 mL Apt and 3 mL NaCl. (a) NaCl concentration
0.4 M, and (b) NaCl concentration 0.6 M.

Fig. 5. (a) The measured RGB value as function of Kþ ion concentration (0.05e9 mM). (b) Total R þ GþB value as function of Kþ ion concentration (0.05e9 mM).
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using the total R þ GþB value of the detection zone to quantify the
Kþ ion concentration in the normal Kþ ion concentration range is
5

confirmed. A detailed inspection of the RGB intensity measure-
ments shows that the R þ G þ B value (Y) is related to the Kþ ion
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concentration (X) by the relationship Y ¼ 9.985 X þ 475.056. In
addition, the LOD of the proposed device was confirmed to be
0.01 mM in artificial serum.
3.2. Specificity of microfluidic aptasensor device for Kþ ion
detection

Human serum contains many different electrolyte ions, the
main ions are sodium (Naþ, reference value 135e145 mM), chloride
(Cl�, reference value 98e108 mM), calcium (Ca2þ, reference value
8.5e10.1 mM), potassium (Kþ, reference value 3.5e5.5 mM), mag-
nesium (Mg2þ, reference value 0.78e1.11 mM) and phosphorus (P,
reference value 0.81e1.45 mM). Therefore, although the micro-
fluidic aptasensor device in the current study is specially developed
for measuring of Kþ ion concentration, its response to Naþ, Cl�,
Ca2þ, Mg2þ and P ions must also be considered. In order to evaluate
the specificity of the microfluidic aptasensor device blood potas-
sium detection, colorimetric reactions were performed using DI
water (background), Kþ (3 mM), Naþ (140 mM), Cl� (110 mM), Ca2þ

(10 mM), Mg2þ (2 mM) and P (2 mM). Note that the background
R þG þ B value represents the reaction value of reagents A, B and C
with DI water. As shown in Fig. 6, none of electrolytes other than
the Kþ ion with a concentration of 3 mM showed a strong color
reaction. The RþG þ B value of the phosphorus sample is around
7.6% higher than that of the background value. By contrast, the
R þGþ B values of the other ion samples are no more than 1% than
that of the background value. In other words, the specificity of the
AuNPs aptasensor for Kþ ions sample is confirmed.
3.3. Actual patient samples

The practical feasibility of the current PMMA/paper-based de-
vice is evaluated by comparing the Kþ ion concentration detection
results obtained for 150 CKD patients with a total of 137 blood
samples and 287 serum samples at National Cheng Kung University
Hospital (NCKUH) with those obtained using an ion-selective
electrodes (ISE) method (cobas® 8000 modular analyzer series,
USA). Blood specimens were collected on four separate occasions,
namely 2020/07/08 (50 patients, serum), 2020/10/15 (50 patients,
blood/serum), 2020/11/12 (17 patients, blood/serum) and 2020/12/
10 (50 patients, blood/serum). Calibration curve for current
microfluidic aptasensor device was constructed using artificial
serum samples, as described the previous section. The Kþ ion
concentrations of the collected samples were then determined by
Fig. 6. R þ G þ B values of different electrolyte ions after reaction with the AuNPs
aptasensor.
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substituting the total RþG þ B intensity (microfluidic aptasensor
device) into the calibration equations. The PMMA/paper-
microchips required for the testing process were prepared 2 days
before the first sample collection date and were stored in nitrogen
at 4 �C.

Fig. 7(a) shows the detection results obtained by the current
microfluidic aptasensor method and NCKUH detection method (ISE
method) for the 50 samples collected on 2020/10/15. From a
detailed inspection, the recovery rate of the 50 samples is 96.2%,
while the standard deviation is 5.4%. Moreover, a good qualitative
agreement is observed between the two sets of results for all of the
samples.

Following an analysis of the 50 samples collected on 2020/10/15,
17 patients with high serum Kþ ion concentrations (>5 mM) were
selected to undergo oral hygiene education, adjustment of medi-
cation, dietary change, and prescribed rest for a period of 4 weeks.
New samples were then collected from these patients on 2020/11/
20. The detection results presented in Fig. 7(b) show that the Kþ ion
concentration values of all 17 patients lie within the normal range
following intervention. In addition, a good agreement is observed
once again between the two sets of detection results. The results
confirm that the current microfluidic aptasensor device can be used
to monitor the serum Kþ ion concentration of CKD patients over
time.

To evaluate the reliability of the microfluidic system after pro-
longed storage (58 days) blood samples were acquired from a
further 50 CKD patients at NCKUH on 2020/12/10. Fig. 7(c) shows
the corresponding detection results obtained by the proposed
method and NCKUH detection method, respectively. A detailed
inspection shows that the recovery rate of the 50 samples is 97.1%,
while the standard deviation is 5.1%. In addition, a good agreement
is observed between the two sets of results for all 50 samples.
Consequently, the feasibility of the proposed PMMA/paper-
microchip storage method (nitrogen, 4 �C) is confirmed. It is seen
that the Kþ ion concentrations of the 50 samples all lie within the
range of 3.5e6.0 mM. To evaluate the detection performance of the
current microfluidic aptasensor device at lower (less than 3 mM
and higher (greater than 6 mM) concentrations, 20 of the 50
samples shown in Fig. 7(c) were randomly selected and their Kþ ion
concentrations decreased or increased accordingly. In particular, 10
samples were diluted by a factor of 2.5-times through the addition
of DI water, while 10 samples were mixed with Kþ ion concentra-
tions of 2.5 mM to increase their concentration by a corresponding
amount. The detection results for the 20 samples are shown in
Fig. 7(d). It is seen that the results obtained using the current
microfluidic aptasensor device are still consistent with those ob-
tained using the NCKUH detectionmethod. The results confirm that
the current microfluidic aptasensor device has the ability to mea-
sure Kþ ion concentration in a wide clinical range.

Fig. 8(a) and (b) showa scatter plot of the results acquired by the
current microfluidic aptasensor device and NCKUH testing system,
respectively, for all 137 whole blood and 287 serum samples. As
shown, the determination coefficient (R2) between the two sets of
results is 0.968 and 0.980, respectively. Note that in order to present
the applicability of the detection range of the current microfluidic
aptasensor POC device, the 50 samples (serum) collected on 2020/
07/08 were diluted 1.5 times (25 samples) and 2.5 times (25 sam-
ples), and the 50 samples (serum) collected on 2020/10/15 were
mixed with Kþ ion concentrations of 1.5 mM (25 samples) and
2.5 mM (25 samples) to increase the concentration by a corre-
sponding amount. The corresponding results are shown in Fig. 8(b).
Table 1 presents comparisons of several properties between the
current microfluidic aptasensor device and the developed methods
for Kþ ion detection in human samples. Overall, the results pre-
sented in Fig. 8 confirm that the current microfluidic aptasensor



Fig. 7. Comparison of Kþ ion detection results acquired using current microfluidic aptasensor platform and ISE method, respectively. (a) 50 samples collected on 2020/10/5 (b) 17
samples collected on 2020/11/12, (c) 50 samples collected on 2020/12/10, and (d) 20 samples collected on 2020/12/10 and subsequently diluted or concentrated.

Fig. 8. Correlation between Kþ ion concentration results acquired using current microfluidic aptasensor device and NCKU Hospital detection method.
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Table 1
Comparison of several properties between the current microfluidic aptasensor device and the developed methods for Kþ ion detection in human samples.

Author and year Sample type and pretreatment Real samples Detection method and system Reagent Detection range LOD Ref.

Current system Whole blood, 137 Microchip þ Colorimetric Aptamer þ AuNPs 0.05e9 mM 0.01 mM e

Non-pretreatment Handheld
NCKU hospital Serum, e ISE method e 0.5e10 mM e e

Centrifugal Benchtop
Braiek et al., 2016 Whole blood, 3 Conductometric method Ion-selective membrane 0.1e16 mM 0.1 mM [61]

Dilute, Centrifugal Benchtop
Su et al., 2016 Serum, 1 RS spectroscopy Sodium cobaltinitrite 0.01e50 mM 0.01 mM [6]

Centrifugal Benchtop
Du and Xie 2017 Plasma, No. ISOs method Agarose hydrogel 0.1e100 mM 0.1 mM [7]

e Benchtop

Liu et al., 2017 Serum, 5 OES method Cation exchange membrane 0.51e17.92 mM 0.15 mM [62]
Centrifugal Benchtop

Kollegger et al., 2018 Whole blood, No. Potentiometric method Ion-selective membrane 1e10 mM 1 mM [63]

e Handheld

Gul et al., 2019 Serum No. Potentiometric method Dibenzo-18-crown-6 3e5 mM 3 mM [64]

e Benchtop

Shen et al., 2019 Serum, 3 Fluorescence Cyanine dye & oligonucleotides 0.01e4.5 mM 0.01 mM [65]
Centrifugal Benchtop

Zhao et al., 2020 Whole blood, 7 CE-C4D MES 50e5000 mM 14.9 mM [9]
Dilute Benchtop

Naderi et al., 2018 Urine, 4 mPAD þ Colorimetric Aptamer þ AuNPs 0.01e40 mM 6.2 mM [66]
Dilute Handheld

Qiu et al., 2019 Urine, 3 UV spectrophotometry ABC þ AuNPs 0e0.2 mM 40 mM [8]
Centrifugal Benchtop

Surendran et al., 2019 Saliva, 3 Microchip þ Optical Benedict's reagent e e [67]
Dilute Benchtop

ABC: 4-aminobenzo-18-crown-6; C4D: Capacitively coupled contactless conductivity detector; ISOs: Ion-selective optodes (ISOs); MES: Morpholine ethane sulfonic acid; OES:
Optical emission spectrometric; RS: Raman scattering; mPAD: Microfluidic paper-based device.

C.-C. Tseng, S.-Y. Lu, S.-J. Chen et al. Analytica Chimica Acta 1203 (2022) 339722
device provides a reliable and accurate approach for detecting the
serum Kþ concentration of real-world CKD patients.

4. Conclusion

This study has proposed a microfluidic AuNP/aptamer sensor
device for determining the whole blood Kþ concentration of CKD
patients. In the proposed device, an AuNP aptasensor is prepared on
the detection zone of a paper-chip and subsequently reacts with Kþ

ions in the serum sample after separation of whole blood to pro-
duce a rigid G-quadruplex structure. The formation of this structure
results in the release of some of the AuNPs from the aptasensor in a
quantity proportional to the Kþ ion concentration. The released
AuNPs aggregate under the effects of NaCl reagent and produce a
color change of the detection zone from which the Kþ ion con-
centration is then used RGB analysis app software. The proposed
device is shown to achieve a good linear response (R2 ¼ 0.994) for
artificial serum samples with known Kþ concentrations in the
range of 0.05e9 mM. Moreover, the test results of 137 real-world
CKD whole blood and 287 serum samples and the results ob-
tained using the ion-selective electrode method showed excellent
agreement (R2 ¼ 0.968 and R2 ¼ 0.980). The currently developed
microfluidic aptamer sensor device was easy to produce and can be
used as a low-cost home self-monitoring device, with a price of less
than US$ 0.50 per microchip. In the future, CKD patients will be
provided with a simple, fast, accurate and reliable self-monitoring
method of Kþ ion concentration in whole blood.
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