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ARTICLE INFO ABSTRACT

Keywords: In this study, we have fabricated a simple disposable electrochemical immunosensor for the point of care testing
Electrochemical immunosensor of microalbuminuria, a well-known clinical biomarker for the onset of chronic kidney disease. The im-
Microalbuminuria munosensor is fabricated by screen-printing carbon interdigitated microelectrodes on a flexible plastic substrate
Interdigitated Microelectrodes and utilizes electrochemical impedance spectroscopy to enable direct and label free immunosensing by analyzing
fonoprobes . interfacial changes on the electrode surface. To improve conductivity and biocompatibility of the screen-printed
Dielectrophoresis

electrodes, we have modified it with gold nanoparticles, which are electrodeposited using linear sweep vol-
tammetry. To enable efficient immobilization of HSA antibodies, we have developed novel PS/Ag/ab-HSA na-
noprobes (polystyrene nanoparticle core with silver nanoshells covalently conjugated to HSA antibodies), and
these nanoprobes are trapped on the electrode surface using dielectrophoresis. Each immunosensor has two
sensing sites corresponding to test and control to improve specificity by performing differential analysis.
Immunosensing results show that the normalized impedance response is linearly dependent on albumin con-
centration in the clinically relevant range with good repeatability. We have also developed a portable impedance
readout module that can analyze the data obtained from the immunosensor and transmit it wirelessly for cloud
computing. Consequently, the developed immunosensing platform can be extended to the detection of a range of
immunoreactions and shows promise for point of diagnosis and public healthcare monitoring.

1. Introduction

Microalbuminuria is the excretion of albumin in urine (30-300 mg/
day or 30-300 mg/!l in a morning urine sample) and is an important
biomarker for the detection of Chronic Kidney Disease (CKD) (Forman
et al., 2008; Glassock, 2010). Albumin, a water-soluble globular protein
that comprises about one half of the total blood serum protein, is re-
tained in the bloodstream when the kidneys are healthy. Persistent
microalbuminuria is an indication that albumin is leaking through the
vascular membranes of the kidneys and is an early sign of kidney da-
mage as well as being an independent risk factor for incidence and
fatality rate of cardiovascular disease (Jefferson et al., 2008). Regular
screening of microalbuminuria, especially for higher risk patients such
as those suffering from diabetes or hypertension, could enable early
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detection and effective treatment of CKD before it progresses to an ir-
reversible stage. Some currently used technologies in hospitals and
clinical laboratories include fluorescence immunoassays, high perfor-
mance liquid chromatography, immunonephelometry and radio-
immunoassay among others (Magliano et al., 2007; Lakowicz et al.,
2005; Comper and Osicka, 2005). However, most of these technologies
require well-equipped labs with sophisticated equipment, trained per-
sonnel to perform diagnosis, and are often time consuming. Thus, there
is an urgent need for point of care (POC) immunosensing platforms that
can quantitatively detect microalbuminuria in the clinically relevant
range. In general, there has been a push for a range of POC technolo-
gies, which can perform the test anywhere from the home to the bed-
side, as they are more suitable for regular screening of diseases and
public health monitoring (Gauglitz, 2014; da Silva et al., 2017; Dincer
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et al., 2017; Guo, 2018, 2017; Xu et al., 2018; Guo and Ma, 2017; Guo
et al., 2018, 2015; Fu and Guo, 2018, 2017).

Only a few studies have been reported on the development of low
cost quantitative POC platforms for detection of microalbuminuria and
we have compared them in Table S1. Omidfar et. al. developed a sen-
sitive and specific competitive immunosensor utilizing gold nano-
particle conjugated antibodies and PVA modified screen printed carbon
electrode for detecting urinary albumin in the range of 20-200 ug/ml
(Omidfar et al., 2011). Recently, Tsai et. al. developed an electro-
chemical immunosensor using screen printed electrodes and efficient
direct covalent conjugation of antibodies to the electrode surface and
can detect albumin in the relevant range (10-300 pg/ml) with a de-
tection limit of 9.7 ng/ml (Tsai et al., 2016). However, further research
in this area is needed to enable successful commercialization of im-
munological platforms that are suitable for POC detection of micro-
albuminuria. Currently, commercialized technologies for POC detection
include conventional semi-qualitative urine dipsticks and quantitative
testing using devices such as Hemoclue's Albumin 201 and Siemens's
DCA-Vantage Analyzer. While the devices for quantitative detection are
based on immunological methods with high per test cost, the accuracy
of the calorimetric pH dependent dipsticks is questionable for the early
detection of microalbuminuria.

Immunosensors, which detect the specific immune reaction of an
antibody to its target antigen to form a stable complex, have seen sig-
nificant growth in recent years for a range of applications from clinical
diagnosis to environmental monitoring (Ricci et al., 2007; Wu et al.,
2007; Saber et al., 2002). Label-free immunosensors, where the im-
mune reaction can be directly monitored without the need for addi-
tional labelling and amplification steps are particularly suited for POC
testing due to their speed and simplicity in operation. Labels such na-
noparticles, fluorescent tags, quantum dots and enzymes can be used to
improve sensitivity and selectivity of analyte detection for a range of
immunosensors. However, there are issues associated with labels,
which include additional costs, inherent multistep nature of analyses
and potentially perturbative and non-specific signals. This has led to an
increased interest in techniques that require no labelling and are in-
herently more facile and suitable for POC diagnostics (Chuang and
Shaikh, 2017). Among the various transduction schemes utilized,
electrochemical immunosensors have drawn much interest due to ad-
vantages like low cost, simplicity, reasonable limit of detection, ease of
automation and integration with miniaturized readout and overall
suitability for onsite testing (Ronkainen et al., 2010). Electrochemical
immunosensors have been utilized for the detection of various analy-
tical targets ranging from small molecules (e.g. haptens) and macro-
molecules (e.g. antigen and antibodies) to viruses and bacteria (Wen
et al., 2016). Among the various interrogation techniques utilized in
electrochemical immunosensors, Electrochemical Impedance Spectro-
scopy (EIS) is an effective technique for sensitive and label free mon-
itoring of immunoreactions. Impedance based biosensors utilize the
formation of a recognition complex between the antibody and its cor-
responding specific antigen in a thin film configuration on the electrode
surface. This complex formation alters the capacitance and charge
transfer resistance at the electrode/electrolyte interface. Since EIS uses
small amplitude AC perturbation as opposed to DC based techniques
like voltammetry, it can sensitively monitor changes in both the capa-
citance and electron-transfer resistance at this interface. Consequently,
EIS has been used for direct sensing of affinity interactions like antigen-
antibody, oligonucleotide-DNA and biotin-avidin as it helps bypass the
labelling procedure normally needed for other electrochemical bio-
sensors (Kharitonov et al., 2000; Athey et al., 1995; Bardea et al.,
1999). Furthermore, integration of EIS with interdigitated electrodes
has shown great promise in label free detection of biomolecules due to
their ability to sensitively monitor electrical changes close to their
surface (Yang et al., 2004; Chuang et al., 2016).

In this study, we have developed a simple disposable immunosensor
for the detection of microalbuminuria using electrochemical impedance

573

Biosensors and Bioelectronics 126 (2019) 572-580

spectroscopy (EIS). The carbon interdigitated microelectrodes (IMEs)
are fabricated using a one-step screen-printing protocol on flexible
Polyethylene terephthalate (PET) substrates. Screen-printed electrodes
not only address the issue of scalability and cost-effectiveness but also
allow for portability, which is key for decentralized analysis (Taleat
et al., 2014). Each immunosensor has two sensing sites corresponding
to test and control to reduce the effects of non-specific absorption and
increase specificity by performing differential analysis. To improve
conductivity and biocompatibility, we have modified the surface of the
carbon IMEs with gold nanocrystals that are obtained via electro-
deposition. Electrodeposition is a simple and efficient technique that
enables the gold nanocrystals to be evenly dispersed and firmly fixed on
the surface of the electrode (Hezard et al., 2012). Recently, research on
nanomaterials including noble metal nanoparticles, carbon nanoma-
terials and hybrid nanostructures has led to significant improvements in
sensitivity and selectivity of a variety of electrochemical im-
munosensors (Abdorahim et al., 2016; Ju, 2011; Lim and Ahmed,
2016).

To improve antibody immobilization, we have synthesized novel
nanoprobes (antibody conjugated nanoparticles) followed by trapping
the nanoprobes on the surface of the IMEs using dielectrophoresis
(DEP). These PS/Ag/ab-HSA nanoprobes consist of a polystyrene core
with silver nanoshells (PS/Ag) to which the HSA antibodies (ab-HSA)
are conjugated via covalent chemistry using a heterobifunctional
Polyethylene glycol (PEG) ligand. We have developed an electroless
plating protocol that can tune the size and density of the Ag nanoshells
on the PS supporting core. These Ag nanoshells have significantly en-
hanced surface areas and can increase the number of immobilized an-
tibodies and further improve charge transfer to and from the electrode
surface. To improve physical immobilization of the nanoprobes on the
IMEs, we have utilized DEP, which is an AC electrokinetic technique
that can cause the translational motion of a dielectric particle in a
suspended medium under the influence of an AC electric field (Pethig,
2017). In our previous work, we have utilized programmable DEP
manipulation to distinguish bladder cancer staging using multiple an-
tibodies on a single lab on a chip device (Chuang et al., 2015). The
proposed immunosensing platform can detect HSA in spiked buffer
solution with good repeatability and the normalized impedance re-
sponse shows a linear dependence on HSA concentration in the clini-
cally relevant range of 30-300 pug/ml. A schematic of the steps involved
in immunosensor fabrication and operation is illustrated in Fig. 1.
Furthermore, we have also developed a low cost and portable im-
pedance readout module to which the immunosensor can be attached
and results can be obtained at the point of care. The data can then be
transferred wirelessly to a smart phone or computer and uploaded to
the cloud database, thus enabling early detection and improved mon-
itoring of CKD.

2. Experimental methods
2.1. Nanoprobe synthesis

The PS/Ag/ab-HSA nanoprobes consist of PS nanoparticles coated
with Ag nanoshells conjugated to HSA antibodies. The conjugation of
antibodies with nanoparticles has been widely utilized for developing
immunosensors as it combines the novel intrinsic properties of nano-
particles and their enhanced surface areas with the selective and spe-
cific recognition capabilities of antibodies to antigens (Cardoso et al.,
2012). While the dielectric PS NP core enables effective manipulation
using DEP, the silver nanoshells provides a conductive channel to the
electrodes and allow for oriented conjugation of antibodies via covalent
chemistry.

2.1.1. PS nanoparticles via dispersion polymerization
The synthesis of water-soluble monodisperse PS nanoparticles con-
sists of first preparing a chelating vinyl monomer, Glycidyl
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Fig. 1. Schematic illustration of systematic protocol for immunosensor fabrication and operation.

Methacrylate-Iminodiacetic Acid (GMA-IDA) followed by copolymer-
izing this monomer with styrene via dispersion polymerization. To
obtain the GMA-IDA monomer, first IDA and ammonium hydroxide in a
molar ratio of 1:2, respectively, are added to de-ionized (DI) water for
acid-base neutralization and the solution is stirred until clear. Next,
GMA (GMA: IDA molar ratio of 1:1) is added and the solution is heated
at 65 °C for 2 h, resulting in the formation of GMA-IDA monomer, which
is allowed to cool back to room temperature. Then we proceed to the
synthesis of monodisperse polystyrene nanoparticles using dispersion
polymerization. Briefly, styrene, GMA-IDA monomer, ethanol and
water were added to a four-necked round bottom flask that is equipped
with a thermometer, mechanical stirrer, N, gas inlet, condenser and
heating mantle. The solution was first deoxygenated by bubbling with
N, gas for one hour followed by heating to a temperature of 80 °C. The
initiator, potassium persulfate (KPS), was then added to the solution to
begin the polymerization reaction, which continued at 80 °C for one
hour while being continuously stirred at 150 rpm. The obtained Poly(St-
co-GMA-IDA) nanoparticles with an average size of about 250 nm were
collected via centrifugation and washed multiple times with ethanol
followed by drying and redispersing in DI water.

2.1.2. Electroless plating of silver nanoshells

To enable homogeneous and size-controlled deposition of silver
nanoshells on the surface of the synthesized PS nanoparticles, we have
developed a novel electroless plating protocol which is simple and
scalable. The prepared Poly (St-co-GMA-IDA) nanoparticles or PS na-
noparticles were added to silver nitrate (AgNO3) solution in DI water
and the beaker was placed in a water bath whose temperature was
controlled at 40 °C for 24 h. During this step, the positively charged
silver ions are attracted to the negatively charged PS nanoparticles and
act as seeds for further deposition of metallic silver. The modified PS
nanoparticles are then filtered, washed and redispersed in DI water.
Next, we freshly prepare the silver precursor solution which is Tollens'
reagent (containing [Ag(NH3)2]" complex ions) and is obtained by
reducing silver nitrate with ammonia. The PS nanoparticle solution is
added to the Tollens reagent and heated at 50 °C for an hour after which
glucose is added as the reducing agent and the reaction is allowed to
continue for a further 20 min. The prepared PS/Ag nanoparticles are
filtered, washed multiple times using a centrifuge and dried in an oven
at 60 °C for an hour. Furthermore, the same reaction can be repeated
multiple times to tune the size of the silver nanoshells which increase
after each successful reduction reaction. The final step is to functiona-
lize the surface of the silver nanoshells with amino groups using a
heterobifunctional PEG ligand. In a typical process, 1.5 g of DI water,
3 g of ethanol (95 wt%) and 0.5 g of thiol-PEG-amine were mixed under
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magnetic stirring at room temperature for 3 h. Next, 3 g of the PS/Ag
nanoparticle dispersed in 100 g of ethanol was added and the two so-
lutions were mixed at 60°C for an hour. The functionalized nano-
particles were washed and filtered followed by drying at 60 °C for 12 h,
after which they can be used for antibody conjugation. We have used a
pH meter (Suntex Instruments Co., TS-100) to analyze the change in
solution conductivity before and after electroless plating. While the
relative conductivity of the solution containing DI water and PS na-
noparticles is about 3.5 pS/cm, it increases to around 280-300 uS/cm
after modification with Ag nanoshells. The morphology of the PS na-
noparticles before and after deposition is characterized using a
Transmission electron microscope (TEM, Philips Tecnai G2 F20) with
an operating voltage of 200 kV. Also, Powder X-ray diffraction (XRD,
Bruker D2-PHASER) was performed to detect formation of multi-
crystalline phases associated with formation of the Ag nanoshells.

2.1.3. Antibody conjugation

Before antibody conjugation, the HSA antibodies are oxidized in a
solution of 1 mM sodium metaperiodate and 0.1 M sodium acetate with
the pH of 5.5. Next, the PS/Ag nanoparticles were added to the anti-
body solution and mixed under magnetic stirring at room temperature
for 30 min. During this step, the hydroxyl groups in carbohydrate
moieties of the antibodies are oxidized to aldehyde groups which can
then react then with the amino groups present on the silver nanoshells
of the PS/Ag nanoparticles via formation of a peptide bond. This allows
the fragment crystallizable or Fc region of the antibody to be bound to
the nanoparticle surface while the fragment antigen or Fab binding
region is available during immunoassay. The PS/Ag/ab-HSA nanop-
robes were washed multiple times in DI water to remove any unbound
antibodies followed by dispersion in DI water and stored at 4 °C until
further use. A  spectrophotometer (Unico S1000 Visible
Spectrophotometer) is used to perform optical density analysis and
study the conjugation efficiency of ab-HSA to the PS/Ag nanoparticles.
A 98% reduction in optical density of the supernatant before and after
conjugation with ab-HSA as shown in Fig. 2d confirms that conjugation
was successful.

2.2. Immunosensor fabrication

The carbon IMEs, fabricated on flexible PET sheets using a one-step
screen-printing protocol, are shown in the photo in Fig. 2a. Screen-
printing is carried out at a speed of 100 mm/s to print the IMEs where
the width and spacing between interdigitated fingers is 100 pm and
150 um, respectively. Both the sensing sites which include the test and
control have an area of 6.485 mm? with 8 pairs of interdigitated fingers
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Fig. 2. (a) Photo of screen printed carbon IDEs on PET substrate. (b) Results of confocal microscopy to measure width and spacing of IDEs. (c) Photo of the PS/Ag
nanoparticles as (i) powder and (ii) dispersed in DI water. (d) Optical density analysis confirms successful ab-HSA conjugation to the PS/Ag nanoparticles.

each. The ink used for printing is a commercially available conductive
carbon paste (C-1011-6, Advanced Electronic Materials Inc. Taiwan).
The printed electrodes are cured in a vacuum oven at 120 °C for 30 min
to remove organic solvents present in the carbon paste and to improve
its mechanical and electrical properties and provide better adhesion
with the plastic substrate. An optical microscope (Olympus BX51M) is
used to investigate the printed IMEs for any defects (e.g. development
of cracks or short circuit connections) that may lead to erroneous
readings. A confocal microscope (Keyence VK-X200K) is used to char-
acterize IMEs finger width and spacing, and check the screen-printing
conversion rate as schematically illustrated in Fig. 2b. We have also
tested feasibility for electrochemical measurements of the screen-
printed carbon IMEs by performing EIS and CV analysis in Phosphate
Buffer Saline (PBS) solution and find good stability and repeatability
after three scans as shown in Supplementary information (Fig. S1).
Next, the electrodes are rinsed thoroughly with ultrapure water and
allowed to dry the room temperature. The IMEs are now ready for
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further modification with gold (Au) nanocrystals which are electro-
deposited in a 0.05 mM HAuCly solution containing 0.5 M H»SO,4 using
linear sweep voltammetry (LSV) from —3V to OV at a scan rate of
0.05V/s. The electrodeposition was carried out using an electro-
chemical station (Metrohm Autolab, PGSTAT204) and a conventional
three electrode setup with the carbon IMEs as the working electrode
and a Pt wire and Ag/AgCl (saturated KCl) as the counter and reference
electrodes, respectively. Next, the PS/Ag/ab-HSA nanoprobes are
trapped on the IMEs using positive DEP force. 50 ul of nanoprobe
suspension with a conductivity of 280-300 uS/cm was dropped on the
sensing areas (PS/Ag/ab-HSA and PS/Ag on the test and control sites,
respectively) using a micropipette and an AC signal of 10 Vj, at
100 kHz is applied for 60 min using a function generator (AFG3022,
Tektronix) to trap the nanoprobes. The nanoprobe trapping step is
followed by washing with DI water and the baseline impedance before
immunosensing is recorded (Zy), after which the immunosensor is ready
for operation. The surface of the bare IMEs and after modification with
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gold nanocrystals and nanoprobe trapping are characterized using a
table top Scanning Electron Microscope (Phenom Pro Desktop SEM)
operated at an accelerating voltage of 10 kV.

2.3. Immunosensor operation

Each step during electrode modification and immunosensor opera-
tion was confirmed by electrochemical impedance analysis in a 10 pM
PBS solution using an LCR meter (Wayne Kerr Electronics, WK 6420) in
a frequency range of 1-100 kHz at an applied AC voltage with ampli-
tude of 10mV. To check the feasibility of the immunosensor for
quantitative detection of albumin, 50 pl of DI water spiked with dif-
ferent concentrations of HSA protein (30-300 mg/ml) was dropped
onto the sensing areas to perform immunosensing for 30 min. This is
followed by a washing step to remove any excess unbound proteins and
the impedance after immunosensing is recorded (Z;). The impedance
response (A\Z) due to immunoreaction can be mathematically ex-
pressed as Z;-Zy. Each concentration is tested 10 times using different
immunosensors to confirm repeatability. We have tried to eliminate
differences in the initial resistance of each electrode by normalizing the
impedance response (/\Z/Zy) during immunosensing (/\Z) with the
initial impedance observed at that particular electrode after nanoprobe
trapping (Zo). Furthermore, we have performed differential analysis
(ratio of normalized impedance variation at test and control sites) to
give the final value of the impedance response of the immunosensor
which is calculated at an operating frequency of 10 kHz where we ob-
serve the maximum stable response. Differential analysis aids in elim-
inating non-specific binding effects and ensures that the impedance
change after immunosensing is due to the formation of antibody/an-
tigen complex and not because of the physical immobilization of pro-
teins, thus reducing the chances of obtaining false positive results
(Daniels and Pourmand, 2007).

3. Results and discussion
3.1. Core-shell PS/Ag functionalized nanoparticles

The morphology of the synthesized PS nanoparticles before and
after electroless plating of silver nanoshells can be seen in the TEM
images as shown in Fig. 3a-c. The PS nanoparticles obtained by dis-
persion polymerization are spherical with a smooth surface and have an
average diameter of about 250 nm. The electroless plating protocol
developed in this study results in uniform and evenly dispersed silver
nanoshells on the surface of the PS nanoparticles. The obtained Ag
nanoshells act as nucleation sites for further growth of metallic Ag using
successive electroless plating cycles which involve the reduction reac-
tion of Tollens reagent with glucose. It can be seen from the TEM
images that the Ag nanoshells have an average diameter of about
5-10nm after the first electroless plating cycle and grow to about
25 nm after two cycles. While this process could be repeated to even-
tually obtain complete coverage of the Ag shell on the PS core, it will
result in lower effective surface areas as compared to dispersed Ag
nanoshells. We have chosen to grow the Ag nanoshells to a size of about
25 nm as obtained after two electroless plating cycles, which can enable
enhanced surface areas for increased antibody conjugation and conse-
quently result in improved sensitivities. Powder XRD analysis was
performed to confirm deposition of crystalline silver nanoshells on the
PS core during electroless plating. The XRD spectrum, shown in Fig. 3d,
shows a broad peak at 20.5° before silver deposition which is due to the
amorphous structure of the PS nanoparticles. After electroless plating,
the XRD spectra shows sharp distinct peaks whose 26 values correspond
to crystalline planes of cubic Ag. The obtained XRD results are in
agreement with previously reports that have developed PS-Ag core shell
particles (Zhang et al., 2012).
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3.2. Electrode modification

The successful fabrication of an electrochemical immunosensor
generally requires suitable modification of the electrode surface to
enable improved sensitivity. The surface morphology of the bare screen
printed IMEs and after electrodeposition of Au nanocrystals and die-
lectrophoretic trapping of PS/Ag nanoprobes can be seen in the SEM
images in Fig. 4. After electrodeposition using LSV from —0.3 to 0V, it
was observed that surface of the carbon IMEs have a dense, uniform and
conformal growth of gold nanocrystals which have an average size
ranging from 50 to 100 nm. A major advantage of electrochemical de-
position is the ability to control size and distribution of the Au nano-
crystals by simply varying the potential range, scan rate or concentra-
tion of gold precursor. This process enables deposition in a short time at
high growth rates and can be localized selectively on the surface of the
working electrode without material wastage. These electrodeposited Au
nanocrystals increase the conductivity of the bare electrode as shown
by the lower observed impedance values in the bode plot in Fig. 5a. This
improved charge transfer can result in stronger electric fields being
generated across the IME fingers during DEP trapping. This effect,
combined with the enhanced surface area and biocompatibility of the
gold nanocrystals, can result in effective immobilization of the PS/Ag/
ab-HSA nanoprobes. Consequently, DEP can successfully manipulate
and trap the nanoprobes on modified electrode surface with good sur-
face coverage when the applied voltage, frequency and immobilization
time are optimized.

3.3. Feasibility of immunosensor for microalbuminuria detection

To confirm the feasibility of the proposed immunosensor for mi-
croalbuminuria detection, we have performed preliminary tests using
PBS spiked with different concentrations of HSA. The impedance values
observed at each step of electrode modification and after immunosen-
sing are shown in the Bode plot in Fig. 5a. It can be seen that the im-
pedance value at 10 kHz drops by about 8 kQ after electrodeposition of
Au nanocrystals on the bare carbon IMEs. These Au crystals sig-
nificantly increase the surface area and act as nanoscale electrodes,
which improves charge transfer between the interdigitated fingers, re-
sulting in improved conductivity. After immobilization of the PS/Ag/
ab-HSA nanoprobes using DEP, it was observed that the impedance
increased to a value close to that of the bare electrode and further in-
creased after immunosensing with 300 pg/ml of spiked HSA buffer so-
lution. This is because both the PS core and the antibody-antigen
complex are dielectric in nature and can be visualized as increasing the
thickness of the dielectric layer in a capacitor (where the two con-
ductive plates are the modified electrode and the buffer electrolyte).
This effect results in reduced capacitance and an increase in overall
impedance. Furthermore, the comparative impedance change observed
at the test and control sites during immunosensing with 300 pug/ml of
HSA spiked buffer solution is shown in Fig. 5b, c. The normalized im-
pedance variation (A\Z/Zy) when expressed as a percentage was
16.14% for the test site, which is significantly higher than the 3.24%
observed for the control. While immunosensing due to antigen-antibody
complex formation occurs at the test site, this is not the case at the
control site, which only has trapped PS/Ag nanoparticles without any
conjugated antibodies. However, there is still as small change at the
control site due to non-specific binding of HSA on the modified elec-
trode surface due to physical absorption. It is for this reason that we
have included the capability of performing differential analysis

(Z — _Zrest (41— 2Zo)
Zcontrol Z
eliminates the effect of non-specific absorption and increases detection

accuracy. The normalized immunosensor response after differential
analysis was observed for different concentrations of HSA in the range
of 30-300 pug/ml as shown in Fig. 5d. The normalized impedance var-
iation after differential analysis shows a linear response to HSA

Test/%&mtml , on the same chip which
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Fig. 3. TEM images of (a) PS nanoparticle (b) PS/Ag nanoparticles after one-step electroless plating and (c) after two-step electroless plating. (d) Powder XRD spectra

of PS nanoparticles before and after Ag electroless plating.

Fig. 4. SEM images of (a) bare screen printed carbon IMEs. (b) After electrodeposition of Au nanocrystals and (c) dielectrophoretic trapping of PS/Ag/ab-HSA

nanoprobes (The scale bar corresponds to 2 um).

concentration from 30 to 300 pg/ml with a coefficient of determination
value of 0.98. Furthermore, the immunosensor response is stable and
repeatable with low variability as shown by the short error bars ob-
tained by testing each concentration using 10 different immunosensors.
Consequently, the proposed immunosensor shows potential for quan-
titative screening of microalbuminuria. The next step will involve
clinical testing using human urine samples and the results will be
published in the near future.
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3.4. Portable readout module for POC

To enable point of care testing using the proposed immunosensor,
EIS analysis should be performed using a miniaturized and portable
impedance analyzer as opposed to bulky and expensive LCR meters and
potentiostats commonly used in laboratory settings. Therefore, we have
developed a low cost prototype impedance readout module with di-
mensions of 8.5cm X 4cm X 5cm and 3-D printed outer packaging as
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Fig. 5. (a) Impedance curves (bode plot) for each step during immunosensor modification and operation. Impedance response after immunosensing with 300 pg/ml
HSA spiked buffer solution at the (b) Control and (c) Test site. (d) Normalized impedance variation after differential analysis for different HSA concentrations in the

clinically relevant range required for detection of microalbuminuria.

shown in Fig. 6a, b. To enable size comparison, we have also provided a
photo of the readout module placed beside a Taiwan currency 10 NTD
coin as shown in Supplementary information (Fig. S2). When switched
on, the device has a user friendly operation interface with an OLED
display and is powered by a small rechargeable battery (3.7V,
450 mAh). The device utilizes an Altera MAX10 system Field Pro-
grammable Gate Array (FPGA) module as shown in the block diagram
in Fig. 6¢ with 12-bit ADC with sampling speed of 1Msps programmed
using the hardware description language Verilog Syntax. The carrier
signal of the direct digital synthesizer (DDS) is generated by the FPGA,
and the back end is matched with the voltage control current source
(VCCS) to generate a stable current. After testing, the impedance ana-
lysis is performed by the demodulation circuit and the information is
integrated into the FPGA module through the IC communication pro-
tocol. Also, a pre-amplifier and calibration circuit is used to improve
accuracy and stability by increased signal-noise ratio (SNR) during
impedance analysis. Furthermore, the readout module uses Bluetooth
Low Energy (BLE) to wirelessly transmit data to a mobile device like a
smartphone or tablet which has an installed APP that we have devel-
oped to analyze the data and provide real time feedback. Uploading the
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data to a cloud database will allow the physician to track the patient's
microalbuminuria levels over time and enable early detection and im-
proved treatment and prognosis of kidney disease. Furthermore, we
have compared the impedance measurements of the proposed readout
module with a table-top LCR meter as shown in the table in Fig. 6d
using standard resistors ranging from 200 to 1000 K, and find a max-
imum deviation of 3.05% which is observed for the 1000 K resistor.
Consequently, we have developed a complete point of care im-
munosensing platform comprising of a disposable chip and a portable
readout module.

4. Conclusions

In summary, we have developed a point of care immunosensing
platform for the quantitative detection of microalbuminuria. The low
cost and flexible plastic based immunosensor utilizes carbon IMEs
fabricated via a simple one-step screen-printing protocol. The surface of
the IMEs is modified with gold nanocrystals, which improves electrode
conductivity, biocompatibility and charge transfer capability.
Furthermore, we have synthesized novel PS/Ag/ab-HSA nanoprobes to
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(d ) Standard Readout I\III- ER Error
. eter
Resistance System (kQ) (%)
(kQ)
200kQ 202.64 199.82 1.39
300kQ 304.29 299.72 1.50
400kQ 401.47 399.65 0.45
500kQ 485.41 499.53 2.91
600kQ 609.79 599.17 1.74
700kQ 717.80 698.89 2.63
800kQ 778.97 799.07 2.58
900kQ 914.24 898.90 1.68
1000kQ 1030 998.54 3.05
1100kQ 1110 1098.00 1.08
1200kQ 1240 1197.00 3.47

Fig. 6. (a) Photograph, (b) Schematic of inner components and (c) Block diagram of the developed prototype impedance readout module. (d) Table showing
comparison of the impedance measurements obtained using the readout module with a conventional laboratory LCR meter.

enable effective antibody immobilization using p-DEP. The proposed
immunosensor can successfully detect microalbuminuria in the clini-
cally relevant stage needed for early diagnosis of CKD with good re-
peatability. The ability to combine the disposable immunosensor chip
with a portable impedance analyzer as developed in this study will
enable effective point of care diagnosis, monitoring and prognosis of
CKD.
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