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ABSTRACT

Rapid and accurate diagnosis of cardiovascular diseases (CVDs) at the earliest stage is of
paramount importance to improve the treatment outcomes and avoid irreversible damage to a
patient’s cardiovascular system. Microfluidic paper-based devices (LUPADS) represent a promising
platform for rapid CVD protein biomarker diagnosis at the point of care (POC). This paper presents
an electrochemical pPAD (E-pPAD) with an all-in-one origami design for rapid and POC testing
of cardiac protein markers. Based on the label-free, electrochemical impedance spectroscopy (EIS)
immunoassay, the E-JPAD integrates all essential components on a single chip, including three
electrochemical cells, a plasma separation membrane, and a buffer absorption pad, enabling easy
and streamlined operations for multiplexed detection of three cardiac protein markers [cardiac
troponin I (cTnl), brain natriuretic peptide (BNP)-32, D-Dimer] on a finger-prick whole blood

sample within 46 minutes. Superior analytical performance is achieved through sensitive EIS
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measurement on carbon electrodes decorated with semiconductor zinc oxide nanowires (ZnO
NWs). Using spiked human plasma samples, ultralow limits of detection (LODSs) of the E-lPAD
are achieved at 4.6 pg/mL (190 fM) for cTnl, 1.2 pg/mL (40 fM) for BNP-32, and 146 pg/mL (730
fM) for D-Dimer. Real human blood samples spiked with purified proteins are also tested, and the
device’s analytical performance was proven comparable to commercial ELISA kits. The all-in-
one E-pPAD will allow rapid and sensitive testing of cardiac protein markers through easy
operations, which holds great potential for on-site screening of acute CVDs in non-laboratory

settings such as emergency rooms, doctor’s offices, or patient homes.
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Cardiovascular diseases (CVDs) are the leading cause of death worldwide, and approximately
17.9 million people died from CVDs in 2019, representing 32% of the worldwide deaths *. Due to
the irreversible damages to the cardiovascular system caused by CVDs, accurate and rapid CVD
diagnosis at the earliest stage is of paramount importance for improving the treatment outcomes
and saving patients’ lives. An internationally recognized guideline recommends a turnaround time
of CVD testing within 60 minutes to enable timely treatments for patients who may suffer from
CVDs 2. However, less than 25% of the global hospitals can meet the recommended turnaround
time requirement 3. To identify the specific type of CVD such as acute coronary syndrome (ACS)
or heart failure, immunoassays such as enzyme-linked immunosorbent assay (ELISA) and lateral
flow immunoassay (LFIA) have been used as the gold standard tests for detecting specific cardiac
biomarkers; in particular, the LFIA has been widely adopted in hospital emergency rooms because
of its short assay time (<15 min). However, typical LFIAs provide limited sensitivity for the
detection of early-stage CVDs. The further development of rapid CVD diagnostic tools with high
clinical performance can help shorten the delay in CVD diagnosis and thus lead to promote

treatment outcomes *.

Rapid on-site diagnosis of infectious diseases has become increasingly important, which was
recently highlighted by the ongoing COVID-19 pandemic °. Significant efforts have been devoted
to developing microfluidic platforms for point-of-care (POC) blood testing of cardiac biomarkers
&9 which are typically constructed from elastomer (e.g., polydimethylsiloxane — PDMS) and
plastic materials and employ a variety of biosensing mechanisms including electrochemistry +10-12
and chemiluminescence ***8, In addition, several microfluidic diagnostic devices are commercially
available for Cardiac Troponin I (cTnl) and Cardiac Troponin T (cTnT) detection *°, such as the i-
STAT System from Abbott 2° and the Triage Meter Pro from Quidel %,
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Besides the conventional PDMS- and plastic-based microfluidic devices, microfluidic paper-
based analytical devices (JPADs) represent another promising platform technology for CVD
diagnostics. The UPADs offer a unique combination of advantages such as pumpless fluid transport,
simple device fabrication, mature analytical chemistry on paper substrates, low material and
manufacturing costs, and high portability 2224, In addition, pPADs with novel three-dimensional
origami designs allow for high-level device integration and simple operations, which are
particularly suitable for use in non-laboratory environments by un-skilled users #-?". Detection of
protein biomarkers based on electrochemical mechanisms has been widely performed on pPADs
with screen-printed electrodes %% providing higher sensitivities than colorimetric methods. With
the addition of functional nanomaterials such as carbon nanotubes * and graphene 32 on working
electrodes (WESs), these electrochemical |PADs (E-JPADs) are capable of detecting low-

concentration protein analytes with ultra-high sensitivities.

Compared to these carbon-based nanomaterials that are normally synthesized off the chip,
semiconductor zinc oxide nanowires (ZnO NWSs) can be directly grown on a paper electrode
through a low-temperature hydrothermal process **%. The in-situ decoration of an E-pPAD
electrode with ZnO NWs greatly improves the electrode’s surface-area-to-volume ratio and thus
the device’s analytical sensitivity. Only a few reports have focused on developing E-pPADs for
POC detection of cardiac protein markers **°. These studies are mainly about multiplexing device
designs for the detection of multiple cardiac markers *, WE decoration methods with different
nanomaterials and protein capture probes **° and assay optimization experiments for improving
the analytical performance *. However, there is no integrated device design with all required
components on the same chip (an “all-in-one” design) for rapid and sensitive CVD diagnosis.
Electrochemical impedance spectroscopy (EIS) is a powerful technique to rapidly analyse the bio-
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recognition events occurring at the electrode surface **2. The proven biosensing technique requires
no molecule labelling for signal readout and directly measures the impedance spectroscopy of the
WE-solution interface as a function of the target analyte amount captured on the WE surface 3+,
The EIS-based biosensing provides high sensitivity, satisfactory selectivity, simple assay operation

and short turnaround time.

This paper reports an all-in-one origami E-pPAD for multiplexed detection of three major
cardiac protein markers, namely cTnl, brain natriuretic peptide (BNP)-32, and D-Dimer. The
detection of cardiac protein markers helps clinicians further enhance myocardial infarction (Ml)
rule out with results obtained by an on-site clinical specialist. The measurement of a specific
marker also reveals the condition's specificity, myocardial damage location, and the initial time of
on-set/progression. However, no single cardiac protein biomarker can be considered as a general
indicator for all possible conditions due to the complexity of CVDs. Therefore, the rapid test of
multiple cardiac biomarkers within desired turnaround time is significant for assessing patients
with potential CVDs ’. Among the biomarkers, cTnl or cTnT has the highest cardio-specificity. It
is elevated within a few hours of heart damage and remains elevated for up to two weeks. The
rising levels in a series of troponin tests performed over several hours can help diagnose a heart
attack **%°. BNP-32 is used to recognize heart failure, and its increased level in patients with ACS
indicates an increased risk of recurrent events “¢. D-Dimer is the marker with high sensitivity and
relatively high specificity for differentiating MI from unstable angina (UA) in patients with
suspected ACS #'. The proposed integrated origami E-pPAD includes three electrochemical
biosensors (for multiplexed cardiac marker detection), a plasma separation membrane (for whole
blood processing into plasma), and an absorption pad (for electrode washing and absorption).
Based on label-free electrochemical impedance spectroscopy (EIS) detection that monitors the
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impedance (ratio between current and voltage) or capacitance changes at the electrode interface,
this device is capable of rapidly testing a whole blood sample within 46 min through a few
operation steps starting from a finger prick. The WE of each electrochemical biosensor is coated
with semiconductor ZnO NWs to increase the surface-area-to-volume ratio of the WE and thus
achieve a high sensitivity of the EIS detection. The analytical performance of the E-PAD is
characterized using both artificial plasma samples and whole blood samples spiked with the three

cardiac markers, and the picogram/mL-level limits of detection (LODSs) are achieved.

EXPERIMENTAL SECTION

Design of the all-in-one origami E-PAD. The all-in-one origami E-pPAD (Fig. 1) consists
of four functional paper areas (connected by laser-cut folding hinges), including: (i) a central
sensing area with three ZnO-NW-coated carbon WEs, (ii) a left plasma separation flap, (iii) a right
buffer absorption flap, and (iv) a top signal readout flap. The three paper flaps can be readily folded
onto the central sensing area, thus allowing easy fluid manipulation and a signal readout on the
three WEs. The top signal readout flap includes three wax-patterned paper test zones (diameter: 6
mm), and each of the test zones has a carbon counter electrode (CE) and a silver/silver chloride
(Ag/AgCI) reference electrode (RE) patterned on its back surface (Figs. 1a and 1b). Once folded
onto the central biosensing area, these test zones on the signal readout flap will have intimate
contact with the three WEs, thus forming three electrochemical cells for EIS-based protein
detection. The detailed fabrication process and materials involved for the E-uPAD are described
in the following section.

The WE was fabricated from a piece of laser-cut cellulose paper (Fig. 1b), which was first
screen-printed with carbon ink (as the sensing area) and Ag/AgCl ink (as an electrical connection)

and then decorated with ZnO NWs (in its circular sensing area). The detailed fabrication process
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of the WE is described in Supplementary Note 1. The prepared WE was then assembled onto the
paper chip central sensing area with a piece of double-sided tape. A piece of cookie paper, laser-
cut into complementary shapes of the three WESs, was used to cover the remaining area of the
double-sided tape to avoid undesired adhesion during device operation (Fig. 1a). The left plasma
separation flap was patterned into three hydrophilic paper zones (with the same diameter as the
WES) well aligned with the positions of the three WEs in the central sensing area. A commercial
circular plasma separation membrane was attached to the back surface of the left flap through
plastic lamination, which serves as the sample inlet of the E-pPAD. The integrated membrane
filters the added whole blood sample to allow only the plasma passing through the three circular
paper zones and reach the individual WEs. The right absorption flap was attached with a piece of
16 mm <16 mm chromatography cellulose paper as a thick absorption pad (Whatman CHR 3MM,
GE Healthcare), which can be folded onto the central area to absorb buffer solution off the WEs

during the washing step. Fig. 1c presents the photographs of the fabricated E-PAD.
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Figure 1. Schematic illustration of the origami all-in-one E-PAD. (a) The three-dimensional schematics
of the E-pPAD. (b) The schematic design of the electrodes in the three electrochemical cells of the E-pPAD
(WE: working electrode, RE: reference electrode, and CE: counter electrode). (c) Photographs of the

fabricated E-pPAD.

Fabrication of the E-uPAD and ZnO NWs integrated WEs. To describe the E-uPAD
fabrication process in detail, a piece of chromatography cellulose paper (cat. #Whatman CHR #1,
GE Healthcare) was firstly patterned by wax printing using a commercial wax printer (cat.
#ColorQube 8570, Xerox) to define the hydrophilic paper zones on the signal readout flank and
the plasma separation flank (Fig. 1a). The printed paper was then baked on a hot plate at 130 C

for 2 minutes to allow the printed wax to melt and penetrate the cellulose paper matrix, thus
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forming the hydrophobic wax barriers and the confined hydrophilic paper zones (Fig. 1a). The wax
patterned paper was then laser-cut into pre-designed shapes with a CO> laser cutter (VLS 2.30,
Universal Laser Systems), and the fold lines between flanks were laser-cut with dashed line
settings for easy folding. Carbon ink (cat. #£3456, Ercon) was screen-printed on the three test
zones on the top signal readout flap and then baked on one hotplate at 65 <C for 20 minutes to dry
and form three carbon CEs. Similarly, Ag/AgCl ink was screen-printed on the same flap as three
REs, meanwhile it was also printed on the carbon CEs as the electrical contact strips. The printing

of Ag/AgCl ink also followed the drying at 65 °C for 20 minutes.

To fabricate the WEs, a piece of chromatography cellulose paper (cat. #Whatman CHR #1, GE
Healthcare) was laser-cut into arrays of four pristine paper WEs with their non-circular ends
connected by a paper strip. One side of the paper WE array was then screen-printed with carbon
ink and dried on 65 <C for 20 minutes. To further confine the solution within the circular WE
region for a stable assay performance, polydimethylsiloxane (PDMS) mixing with a base: curing
agent ratio of 10:1 was brushed onto the neck region of a WE strip to form hydrophobic barriers
(Fig. 1b). An extra layer of Ag/AgCl was also printed on the tail of the carbon WE to enhance the
electrical conductivity. The circular area of the carbon WE was coated with ZnO NWs through the
low-temperature hydrothermal growth method (described in Supplementary Note 1) and
afterwards functionalized with the CVD capture antibodies. The WEs were fabricated in batches
through the process, thus enabling mass-scale production. The prepared WE with ZnO NWs was
attached to the central area of the origami paper chip with a piece of double-sided adhesive tape

(cat. #Cont. 1 Roll, 3M) (Fig. 1b).

Following the construction of the three electrochemical cells, other device components were
assembled, such as a circular plasma separation membrane on the left flap and a paper absorption
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pad on the right flap. The commercial plasma separation membrane (Vivid Plasma Separation
Membrane, Pall Life Sciences) was laser-cut into a circular disk with a diameter of 6.5 mm and
then attached to the backside of the left plasma separation flap using a single-sided plastic tape
(L&B cold laminating film, Quaff) through lamination (TL902-C laminator machine, Scotch). One
piece of thick chromatography cellulose paper (cat. #Whatman CHR 3MM, GE Healthcare) with
a dimension of 16 mm >16 mm was used as the absorption pad and attached to the right flap with

a piece of double-sided adhesive tape (Fig. 1c).

Biofunctionalization of the ZnO NWs integrated WEs. Following the growth of ZnO NWs
on the carbon WE, the saline-based surface chemical modification process was performed on the
NWs to increase the active site number for the covalent binding of capture antibodies 3. An air
plasma gun (Corana SB, BlackHole Lab) was used to treat oxygen plasma on the ZnO-NW surface
to generate hydroxyl (-OH) groups. Afterwards two arrays of plasma treated WESs were immersed
into a glass vial with 25 mL of 10 mM (3-aminopropyl)trimethoxysilane in ethanol (APTMS; cat.
#281778, Sigma-Aldrich). The glass vial was then sealed and heated in an oven at 80 °C for 2
hours. The WEs were then washed with ethanol and dried on one hotplate at 80 °C for 10 minutes
to remove excessive APTMS on the ZnO NWs. Next 3 pL of 2.5% v/v in glutaraldehyde (GA, cat.
#G7776 from Sigma-Aldrich) in DI water was added to the WEs for a 30-minute incubation at
room temperature, which was repeated twice. Finally, extra GA on the WEs was washed away

with DI water, followed by drying on the hotplate of 80 <C for 10 minutes.

The capture antibody solutions of 10 pg/mL anti-cTnl (cat. #ab47003, Abcam), 10 g/mL anti-
BNP-32 (cat. #sc-271185, Santa Cruz Biotechnology), and 40 pg/mL anti-D-Dimer (cat. #ab10050,
Abcam) were prepared from their stock solutions. Then, 3 L of each capture antibody solution

was pipetted onto the circular area of a ZnO-NW-coated WE. The antibody-coated WEs were
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incubated in a refrigerator at 4 °C for 2 hours. 8 uL of washing buffer [1x phosphate buffered
saline (PBS) with 0.05% (v/v) Tween 20; cat. #P4417 and P1379 from Sigma-Aldrich, respectively]
was added to each WE and then blotted by the absorption paper to wash away the unbound capture
antibodies. Next, 3 L of a commercial blocking reagent (cat. #11152500, Roche) was pipetted to
each WE and dried at room temperature for 30 minutes. Finally, each WE was washed with 8 puL

of washing buffer and dried at room temperature to be ready for device assembly.

Operation of the origami E-JPAD. The developed E-PAD can detect the three cardiac
protein markers simultaneously on a single device. The simple operation steps are illustrated in
Fig. 2. Firstly, the left plasma separation flap was folded onto the central sensing area with its edge
inserted into the laser-cut slot at the folding hinge of the right buffer absorption flap to ensure an
intimate contact of the three paper zones of the left flap with the WEs. Then, 20 uL of whole blood
sample from a finger prick was added to the sample inlet of the plasma separation membrane (Fig.
2a). It generally took 20 minutes for the blood sample to pass the membrane and reach the three
WEs (Fig. 2b). Approximately 3 pL of human plasma reached each WE, which fit the
experimentally confirmed wicking capacity of the circular WE area and the typical 45% v/v ratio
of plasma in the whole blood. After the plasma separation step, the left flap was torn off at its
folding hinge. 8 pL of washing buffer was then pipetted onto each WE to wash off unbound
proteins, and the right absorption flap was folded onto the central sensing area to blot the excessive
washing buffer from the three WEs (Fig. 2c). The washing step reduced the non-specific binding
on the WE and thus decreased the background noise of the EIS measurement. The right flap was
followingly removed and the cookie paper that covers the beneath double-sided tape was revealed
(Fig. 2d). The top signal readout flap was folded onto the central area for EIS measurement (Fig.
2e). 4 uL of electron mediator solution [5 mM Ks[Fe(CN)g]/Ks[Fe(CN)e] (cat. #244023/P3289,
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Sigma-Aldrich) in 100 mM KCl solution (cat. #44675, Sigma-Aldrich)] was added to the test zone,
and the three WEs of the biosensor were connected to a precise potentiostat (Autolab
PGSTAT302N, Metrohm) for performing EIS measurement (Fig. 2f). The software NOVA
Autolab (version 2.1.4, Metrohm) was used for the electrochemical circle fit to find the
corresponding electron transfer resistance Re: values of the WE-solution interface. The fitting of
the model to the experimental data was performed using complex nonlinear least-squares
procedures available in the EIS data fitting function in the software. The entire assay on the E-

PPAD for the simultaneous detection of the three CVD biomarkers typically takes around 46
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Figure 2. The operation procedure of the E-pPAD for multiplexed detection of the three cardiac protein
markers in whole blood from a finger prick, including (a) the addition of 20 uL of human blood sample, (b)
incubation for 20 min to allow the plasma separation, (c) washing of the WEs with washing buffer and

blotting the excessive reagents by folding the right buffer absorption flap (10 min), (d) peeling off the flaps
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and cookie paper (10 s), (e) folding the signal readout flap (10 s) and (f) application of 4 uL of electron

mediator to conduct EIS measurement (15 min).

RESULTS AND DISCUSSION

EIS characterization of the E-pPAD. The surface morphologies of the ZnO NWs integrated
WESs were observed and investigated with scanning electron microscopy (SEM) imaging (model:
JEOL JSM6610-Lv) in comparison with the pristine cellulose paper chip and the carbon-printed
WEs (Figs. Sla-c). Uniform porous structures with an estimated pore size of around 11 um were
observed on the pristine cellulose paper (Fig. S1a). A less porous surface was observed after carbon
printing and the carbon layer was measured to be 30 um (Fig. S1b). The ZnO NWs grew on the
carbon surface successfully and presented a highly uniform distribution (Fig. S1c). Based on image
analysis in ImageJ software, the average width and length of the synthesized ZnO NWs were
measured to be ~291.5 + 58.3 nm and 4.4 + 0.88 um respectively (n=5). The ZnO NW density was

estimated to be ~4.6 nanowires/um?.

The developed origami E-pPAD employs the EIS sensing mechanism, which features label-
free protein marker detection and an ultrasensitive performance 4. EIS measures the interface
impedance of the WE and the solution as a function of the amount of target protein captured on
the WE surface. Kz[Fe(CN)s]/Ka[Fe(CN)s] was selected as the electron mediator to provide the
Fe(CN)6*"** pair for the formation of a Faradic current ‘¢4, The widely adopted equivalent circuit
model *° was used to describe the electron-transferring process during EIS measurement and
extract the impedance of the WE-solution interface (Fig. 3a). The involved variables Rs, Zw, Ret
and Ca represent the resistance of the solution, the Warburg impedance of diffusion in the
proximity of the WE surface, the electron transfer resistance of the WE-solution interface, and the

double layer capacitance on the WE surface respectively. Ret represents the insulation level of the
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WE surface, and is inversely proportional to the standard rate constant of the electrochemical
reaction, and the concentration of the redox probe components. The Warburg impedance Zw
quantifies the effect of diffusion on the total impedance, and depends on the diffusion coefficients
of the redox couple. As diffusion and electron transfer are successive process, Ret and Zw are
coupled in series to form the faradaic impedance Zr. Zy is typically negligible at high frequencies,
thus the “dome” regions in the Nyquist plots are generated by Ret and Cqi in parallel. When the
target protein binds on the WE surface, the electron transfer efficiency at the electrode-solution
interface decreased and the corresponding Ret value as the label-free EIS readout increases (Fig.
3a). It equals the diameter of the “dome” shape of the Nyquist plot, extracted from the model fitting
with the potentiostat software 34, The Ret was used to establish the response curve with the target
concentration #. Fig. 3b presented two schematic Nyquist plots before and after the antigen was
recognized by the capture probe on the ZnO NWs. The semicircular dome region expands after
the recognition of the target protein on the WE surface, corresponding to an increase in the Ret

value in the equivalent circuit model with the Rs remaining constant.

To characterize the electrochemical performance of the all-in-one origami E-pPAD, cyclic
voltammetry (CV) was used to confirm the equilibrium potential of the redox pair,
[Fe(CN)6]* /[Fe(CN)s]*, in the electron mediator solution. 3 puL of rabbit immunoglobulin G (IgG)
(at 1 ng/mL; cat. #15006, Sigma-Aldrich) and 3 uL of rabbit IgG antibody (at 25 pg/mL; cat.
#R5506, Sigma-Aldrich) was used as the model target antigen and capture probe. The CV testing
applied a linear sweeping voltage from —0.5V to 0.5V. Fig. 3c shows the measured cyclic
voltammograms of the ZnO-NW-coated WEs before and after the target protein conjugation in
comparison with the carbon-printed WEs. The CV current measured from the ZnO-NW-coated
WE decreased after the capture probe immobilization. With the rabbit IgG captured on the WE
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surface, the electron transfer rate on the WE became lower, and thus the CV current response was
further reduced. The CV peak potential of the ZnO-NW-coated WE was found to be 5.5 times
higher than that of the pristine carbon WE, which is attributed to the superior electron-transfer
property and the enhanced surface-area-to-volume ratio %:. The CV curves shared the same
equilibrium potential at 245 mV under the different WE surface conditions. The value matched
well with the one in the previous study, representing good repeatability for ZnO-NW decoration

on E-PAD *, It was applied as the direct current (DC) offset in the following EIS measurements.

The EIS output change with the binding of the rabbit IgG and the anti-rabbit IgG immobilized
on the E-pPAD WEs were also compared at different surface conditions. A 5-mV alternating
current (AC) voltage with a frequency varying from 20 kHz to 20 Hz was applied for the EIS
measurement. Fig. 3d shows the measured Nyquist plots. In the high frequency (semi-circular
dome region), Zy was negligible and Cq and Ret were thus in parallel connection. The Rs values
under two conditions (the WE with and without target antigen) were confirmed to be almost the
same, and the diameter of the dome shape indicates the Ret value. The EIS measurement confirmed
that the Ret value increased after the recognition of the target antigen by the capture probe on the
WE surface. The frequency range of 20 kHz-20 Hz was applied in the following EIS measurement

as well.
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Figure 3. The sensing mechanism of label-free EIS-based immunoassay on the E-pPAD. (a) Schematic
diagrams (top) and the equivalent circuit model (bottom) of the charge transport process at the WE-solution
interface. (b) Schematic illustration of two typical Nyquist plots reflecting the different surface coating
conditions on the ZnO NWs before and after target antigen was recognized. (c) Experimental data of cyclic
voltammograms measured under four different WE surface conditions. (d) Experimental data of two
Nyquist plots measured from two WEs, one only coated with anti-rabbit-igG capture probes (3 uL, 25

ug/mL) and the other coated with the capture probes and then recognized rabbit IgG antigen (3 ulL, 1 ng/mlL)

(EIS frequency range: 20 Hz - 20 kHz).
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Integration and testing of the plasma separation membrane. The integration of a
plasma separation membrane on the E-PAD was studied to achieve an improved efficiency of
plasma filtration and minimized leakage of the non-plasma compositions from the whole blood
sample. The Vivid™ Plasma Separation Membrane (GX grade, Pall Life Sciences) that is effective
for plasma separation on UPADs was applied >4, Five circular plasma separation membranes with
different diameters (10 mm, 11 mm, 12 mm, 13 mm, and 14 mm) were integrated onto the wax-
printed left flap of the E-pPAD through lamination for testing the separation performance. Mimic
E-PADs with only the membrane integrated left flap and dummy WES on the central sensing flap
were fabricated (Fig. 4a). 3 uL of bromocresol green (BCG) solution (concentration: 0.04 wt% in
DI water; cat. #114359, Millipore Sigma) was added to each dummy WE as the indicator to
visualize the filtered plasma onto the dummy WEs *, which showed light yellow color on paper
initially as the baseline. 20 pL of commercial human blood (BioreclamationlVT, LLC, cat.
#HUMANWBK?2-0000409) was added to the inlet of the membrane for filtration of 20 minutes
before visual inspection of the colour change. The change from the yellow to teal colour on the
BCG zone indicated a successful plasma separation. Figs. 4b-4d illustrate the colorimetric readouts
with different diameters of the plasma separation membranes. With a small blood separation
membrane, the 20 L of blood sample exceeded the membrane retention capacity for the non-
plasma components, and the blood leaked onto the dummy WEs underneath, forming a brown
mixture on the BCG zone (Fig. 4b). In contrast, an oversized blood separation membrane caused
insufficient osmotic pressure for plasma penetration and delivery onto the dummy WEs (Fig. 4d).
The plasma separation is regarded as successful only when a dummy WE turned into a teal colour

(Fig. 4c). The counted success rates for different blood separation membranes were summarized
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in Table 1 (n=21 dummy WEs for each membrane diameter). The one with a 13 mm diameter
showed the highest success rate of 95.2% and was selected for the E-PAD.
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Figure 4. Testing of different sizes of membranes for plasma separation. (a) Schematics of the testing mimic
E-PAD and mechanism. (b-d) Typical colorimetric readouts of the dummy WEs with separation
membranes with (b) too small, (c) proper, and (d) too large sizes.

Table 1. The E-PAD plasma separation performance with different sizes of filtration membranes (n = 21

for each membrane diameter).

Blood membrane diameter (mm)  Blood leakage (%)  Unsuccessful rate (%)  Success rate (%)

10 66.7 9.5 23.8
11 524 28.6 19.0
12 19.0 0 81.0
13 4.8 0 95.2
14 0 85.7 14.3

Calibration of the E-pPAD using artificial blood plasma samples. The E-pPAD was
calibrated using artificial blood plasma (ABP) samples spiked with the three cardiac protein
markers, cTnl, BNP-32, and D-Dimer. The left plasma separation flap was not involved in this
calibration experiments. The ABP sample served as a practical surrogate for the whole blood
testing *°, and its detailed preparation protocol is described in Supplementary Information Note 2
> The three markers were spiked in the ABP at 10-fold dilutions to cover the major measurement
ranges of the commercial cardiac POC tests 8. 3 uL of the spiked ABP sample was directly added
to each WE and incubated at room temperature for 20 minutes. We then washed each WE with 8
uL of washing buffer and used the right buffer absorption flap to blot the WE. Finally, the electron
mediator solution was added to each assembled electrochemical cell for EIS measurement. The
measured representative Nyquist plots for detection of the three markers are presented in Figs. 5a-
5c. The corresponding calibration curve for each cardiac protein marker was generated by fitting

the measured Ret value versus the marker concentration into an S-curve through the Hill equation
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359 “as shown in Figs. 5d-5f (n = 5 for each marker). The LODs were determined to be 4.6 pg/mL
(190 fM), 1.2 pg/mL (40 fM), and 146 pg/mL (730 fM) for cTnl, BNP-32, and D-Dimer,
respectively, following the LOD definition of the concentration corresponding to three times of
the signal standard deviation at zero concentration. The LOD values are below the clinical limits
of the specific biomarkers. For cTnl, the normal concentration is 0.04 ng/ml while the heart attack
becomes potential above 0.4 ng/ml 8. For BNP-32, the BNP level less than 100 pg/ml is considered
unlikely and alternative causes are considered. The BNP level between 100 and 500 pg/ml
indicates the clinical judgement should be used to diagnose heart failure. With BNP level above
500 pg/ml, heart failure or cardiac dysfunction is possible and rapid surgery is suggested . For
D-Dimer, the most frequent used medical decision limit is 500 ng/ml 2. Thus, the developed
origami E-pPAD and the EIS assay are able to differentiate between the healthy and non-healthy
CVD biomarker concentrations. The achieved LODs of the origami E-JPAD for the cardiac
biomarkers are comparable to those of the corresponding standard ELISA kits and the commercial
POC products (Supplementary Table S1) %8. The repeatability of the E-pPAD for the three cardiac
markers can be further improved through systematic optimization of the ZnO-NW synthesis

process and the EIS detection parameters.

The analytical specificity of the E-PAD was also examined to confirm the potential sensing
interference between the three cardiac protein markers in ABP samples. Three types of spiked
ABP samples were prepared: i) spiked with only the target marker, ii) with both the target marker
and another cardiac marker (as the sole interference protein), and iii) with both the target marker
and the other two cardiac markers (as inference proteins), and the EIS readout signals were
compared. To amplify the interference effect, concentrations of the interference markers were set

1,000 times higher than that of the target marker (1 pg/mL vs 1 ng/mL) in the ABP samples. Fig.
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S2 presents the specificity testing results for the three cardiac markers, where the notations “A”,
“B”, and “C” represent cTnl, BNP-32, and D-Dimer, respectively. Results showed that the
presence of the high-concentration interference markers did not significantly alter the EIS signal

output compared to the samples with only the target protein, confirming the good analytical

specificity of the E-pPAD.
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Figure 5. Calibration results of the E-JPAD using spiked artificial blood plasma (ABP) samples. (a-c) The
representative Nyquist plots and (d-f) the corresponding calibration curves (n = 5) measured from the E-

PADs using ABP samples spiked with cTnl, BNP-32, and D-Dimer, respectively.

Testing of spiked human blood samples. To demonstrate the practical use of the E-PAD
for CVD diagnosis, human blood samples (BioreclamationlVT, LLC, cat: HUMANWBK?2-
0000409) spiked with the three cardiac protein markers were tested. The original concentrations
of the three markers in the commercial human blood sample were firstly quantified using the

commercial ELISA kits from Abcam (cat. #ab200016 for human cTnl, cat. #ab193694 for human
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BNP-32, and cat. #ab196269 for human D-Dimer). The ELISA testing results indicated that the
commercial human blood sample included 90 pg/mL cTnl, 6 pg/mL BNP-32, and 91 ng/mL D-
Dimer, as shown in Fig. S3. All values are within the healthy concentration levels. The measured
concentrations were the lowest ones of the markers for the spiked human blood samples. The
concentration ranges of the three markers in the spiked blood samples were 90 pg/mL—90 ng/mL
for cTnl, 6 pg/mL—6 ng/mL for BNP-32, and 91 ng/mL-91 pg/mL for D-Dimer, which covered
the typical clinical measurement ranges for the three cardiac markers in human blood: 10-100
ng/mL for cTnl, 8-20 pg/mL for BNP-32, and 350-500 ng/mL for D-Dimer 3758, In the experiments,
20 L of spiked human blood samples were added to the plasma separation inlet of an E-pPAD
for 20-minute incubation, and the assay was conducted following the steps illustrated in Fig. 2.
Fig. 6 shows the generated calibration curves of the E-PAD for spiked human blood samples, all
showing a linear relationship between the readout signal and the marker concentration. The 4-
concentration tests still presented a nearly linear behaviour under the log scale of the
concentrations. From Figs. 5d-5f, one can see that the calibration curves of the E-pPAD on ABP
samples reveal similar linear ranges: 10 pg/mL-100 ng/mL for cTnl, 1 pg/mL-1 ng/mL for BNP-
32, and 1 ng/mL-10 pg/mL for D-Dimer. These results confirm that the E-JPAD provides proper
linear measurement ranges covering the clinical ones for the three cardiac markers. Note that our
calibration curves for artificial plasma (Fig. 5d-f) and whole blood samples (Fig. 6) bear relatively
large error bars. The baseline drift issue is critical for EIS sensors and a conditioning step has been
reported to help stabilize the R¢t baseline prior to receptor functionalization and analyte attachment
63, However, it can be lengthy and different from one electrode to the other. Thus, the method is
hard to be transferred for POC applications. During the experiments, the device fabrication and

test protocol has been followed to minimize the manual operation errors. Prospective research can
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be done on investigating the baseline drift issue can help further improve the performance. To
make our E-pPAD practical for point-of-care diagnosis, we need to improve its biosensing
reproducibility by further optimizing the assay protocol and developing a custom-made electrical
clipboard for consistent electrical connection with the device. Based on the testing results on

spiked ABP and human blood samples, the proposed all-in-one origami E-pPAD holds great

potential for POC diagnosis of CVDs.
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Figure 6. The EIS calibration curves for detecting CVD biomarkers of (a) cTnl, (b) BNP-32, and (c) D-

Dimer in the spiked human whole blood samples with the developed all-in-one origami E-pPADs (n = 5).

CONCLUSION

To address the urgent need for rapid and reliable CVD protein biomarker diagnosis, we
developed an all-in-one origami E-PAD for multiplexed detection of three typical cardiac protein
markers (cTnl, BNP-32, and D-Dimer). The all-in-one origami design of the E-JPAD allowed for
on-chip integration of all required components for an EIS-based immunoassay and enabled a rapid
and easy assay procedure. The ZnO-NW-coated WE of the E-JPAD improved the device’s
electrochemical performance thanks to the WE’s high surface-area-to-volume ratio and efficient
electron-transferring capability. The E-PAD can detect the three cardiac protein markers in

parallel within 46 minutes and perform on-chip plasma separation from a whole blood sample.
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This novel paper-based diagnostic technology meets the requirement of a short turnaround time
(<60 minutes) for CVD diagnosis. Our calibration results of the E-pPAD on spiked ABP samples
showed low LODs of 4.6 pg/mL (190 fM), 1.2 pg/mL (40 fM), and 146 pg/mL (730 fM) for cTnl,
BNP-32, and D-Dimer, respectively. These values are comparable to those of the corresponding
commercial ELISA kits. The testing of spiked whole blood samples further confirmed the
feasibility of the E-PAD for practical use. It is believed that the reported E-pPAD can be further
developed into a practical POC diagnostic tool for rapid and sensitive CVD testing and will also
provide a useful diagnostic solution for many other diseases with effective protein markers in the

blood.
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