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1. Introduction

Improving design features and air bubble
manipulation techniques for a single-step
sandwich electrochemical ELISA incorporating
commercial electrodes into capillary-flow driven
immunoassay devicest

2 Melissa S. Schenkel,® Kira L. Rahn,”
©and Charles S. Henry (2 04

Phuritat Kaewarsa,
Wanida Laiwattanapaisal

Integrating electrochemistry into capillary-flow driven immunoassay devices provides unique opportu-
nities for quantitative point-of-care testing. Although custom electrodes can be inexpensive and are
tunable, they require skilled fabrication. Here, we report the incorporation of a commercial electrode into
a capillary-flow driven immunoassay (iceCaDl) device for a single end-user step sandwich electro-
chemical enzyme-linked immunosorbent assay (ELISA). The iceCaDl device is a pump-free portable
microfluidic device with an integrated commercial screen-printed electrode and flow driven by capillary
action. The iceCaDI device is composed of alternating polyester transparency film and double-sided
adhesive film layers that are patterned with a laser cutter. This platform was designed to address known
limitations of laminated device fabrication methods and operation. First, we developed a foldable lami-
nated device fabrication using hinges for easy assembly and precise alignment. Second, reagent disper-
sing was achieved by incorporating a 1 mm wide arrow-shaped notch in the middle of the channel that
trapped an air bubble and formed a baffle that facilitated reagent spreading to cover the detection area.
Third, small vent holes were added to the top layer of the channels to prevent air bubbles from blocking
flow. Finally, we fabricated a CRP immunosensor with a detection range of 0.625 to 10.0 ug mL™ as a
proof-of-concept to demonstrate an automatically driven sandwich electrochemical ELISA using the
iceCaDI device. Three concentrations of CRP were successfully measured under flow conditions within
8 min. Our proposed device is a promising approach and a step forward in the development of point-of-
care (POC) devices for techniques that traditionally require multiple user steps.

of outcomes such as early diagnosis,' therapeutic decisions,’
and monitoring of disease progression.>* Trends in POCT

Point-of-care testing (POCT) allows diagnostics to be per-
formed outside of a centralized laboratory setting and serves
as an important tool to facilitate healthcare access for a variety
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development aim to improve upon the REASSURED criteria,
which stands for real-time connectivity, ease of specimen col-
lection, affordable, sensitive, specific, user-friendly, rapid &
robust, equipment-free, and deliverable to end users.>®
Although a variety of tests for clinical markers are currently
available commercially, there is consistently a need to develop
innovative methods to provide faster, cheaper, and quantitative
results in POCT settings.

Lateral flow assays (LFAs) have been widely utilized as POC
tests, initially for at-home pregnancy tests and most recently
for SARS-CoV-2 antigen detection.””® LFAs rely on the capture
of the antigen by a selective capture probe, often an antibody,
which is coated on a nitrocellulose membrane, followed by
binding of a detector probe, such as an antibody conjugated
with a gold nanoparticle. These immunoassays generate

This journal is © The Royal Society of Chemistry 2024
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qualitative and semi-quantitative results. Unlike traditional
enzyme-linked immunosorbent assays (ELISAs), LFAs greatly
reduce complicated steps, eliminate the need for sophisticated
instruments, and are portable, disposable, and easy to use by
untrained personnel.’® The main disadvantages of LFAs are
the use of gold nanoparticle-labelled detector probes that do
not amplify the signal like enzyme-labelled detector probes,
and the lack of washing steps to decrease non-specific signals.
The sensitivity of enzymatic assays is 10-30 times higher than
single-reporter systems (like traditional LFAs) because each
enzyme generates several reporter molecules.’*™* In addition,
non-specific binding in nitrocellulose is a challenge that
requires lengthy optimization to overcome.'>™*® Furthermore,
sample evaporation can occur due to slow flow rates obtained
in nitrocellulose, and the changes caused by swelling after the
membrane is wetted can cause unexpected flow changes."® !
Therefore, alternative approaches have been sought to improve
POC tests.

Our group recently miniaturized ELISAs using a capillary-
flow driven microfluidic device that automates sequential
reagent delivery and washing steps.”*?* Laminated capillary-
driven microfluidic devices are attractive platforms for POC
tests because of their low cost and small size.>* This microflui-
dic system is composed of at least three layers, including top
and bottom layers that sandwich a double-sided adhesive
(DSA) middle layer that has a cut-out of the channel design.
The solution in the closed channel is transported to the outlet
by capillary force.”® These microfluidic devices are advan-
tageous because they do not require an external pump, the
solution flow is fast and uniform, and there is less non-specific
adsorption than in purely paper-based microfluidic devices.
However, several challenges persist in these devices, for
example, air bubbles can be trapped within the channel when
the solution flows from both directions, stopping fluid flow.
Additionally, reagent dispersing can be difficult to facilitate in
these devices and obtaining precise alignment of multiple
layers to fabricate the device is challenging.

While multiple forms of detection are available for capil-
lary-flow microfluidic devices, electrochemical detection is par-
ticularly attractive because sensitive and quantitative results
can be obtained using low-cost and portable
instrumentation.”*° In our previous publications with
electrochemical capillary-flow microfluidic devices, we have
fabricated screen-printed electrodes in-house because they are
low cost, have tunable designs, and can be printed directly on
the top layer of the microfluidic device.?>*' However, in-house
electrodes require specialized materials, added time, and
specialized skills and tools for fabrication.*** In contrast,
commercial electrodes are more reliable, reproducible, and
precise.*>” Here, we demonstrate a single user-step electro-
chemical ELISA (eELISA) for C-reactive protein (CRP) by incor-
porating commercial electrodes into a laminated capillary-
driven microfluidic device.

CRP, which is correlated with systemic inflammation, has
been identified as a sensitive biomarker for monitoring tissue
inflammation, infection progression, tumor stage, and treat-
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ment outcomes in humans for conditions such as sepsis, rheu-
matoid arthritis, systemic lupus erythematosus (SLE), cardio-
vascular disease, diabetes, malaria, cancer, burns, and post-
surgery recovery.’® *® Thus, monitoring CRP levels is impor-
tant and a fast, inexpensive, and accessible test would be
useful. Immunoassays are typically used for CRP measure-
ments. Advancements in immunosensing techniques for CRP
measurement have included label-free detection using electro-
chemical impedance spectroscopy (EIS),"' and LFAs using
quantum dots*> and nanopatrticles,** among others. Although
several quantitative CRP tests have been developed, none of
them were successfully implemented as POCT due to the need
for the complex user-steps or expensive instrumentation.

In this work, we describe the incorporation of commercial
electrodes into a capillary-driven immunoassay (iceCaDI)
device for single-user step CRP quantification. We create a
chamber in the microfluidic device to integrate a commercial
electrode. As a proof-of-concept of the new device, CRP levels
are quantified in one step by sandwich eELISA, where the
enzyme label, horseradish peroxidase, catalyzes the oxidation
of TMB (3,3',5,5"-tetramethylbenzidine), which is subsequently
quantified using a reduction potential and chronoamperome-
try. Furthermore, we describe an easier fabrication technique
for multi-layer devices by adding a hinge to guide folding of
the layers for precise alignment. We are also the first to report
air bubble manipulation in laminated devices, both by trap-
ping an air bubble in a controlled location to facilitate spread-
ing flow over electrodes and by eliminating trapped air
bubbles that lead to undesirable stopped flow in the microflui-
dic device by incorporating vent holes. Therefore, our
improved device design has a major impact on the prospects
for capillary-driven microfluidic device development.

2. Experimental

2.1 Chemicals and materials

The CRP Protein (>95%, 30-ACO5AF), and detector CRP anti-
bodies (10c-CR2015M) were purchased from Fitzgerald (MA,
USA). The detector CRP antibody was modified using a horse-
radish peroxidase (HRP) Conjugation Kit - Lightning-Link®
manufacturer (ab102890, Abcam, UK). A biotinylated CRP
capture antibody (MAB5101) was ordered from Abnova
(Taiwan). Biotinylated HRP was purchased from Invitrogen™
(MA, USA). MES, potassium chloride (KCl), 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC), 3-pyridinepropionic
acid (PPA), TMB (T0440), potassium hexacyanoferrate(u) trihy-
drate, potassium ferricyanide(i) trihydrate, Tris-HCI, thimero-
sal, sodium hydroxide (NaOH), phosphate buffered saline
(PBS) tablets, sodium tetraborate, and streptavidin were pur-
chased from Sigma-Aldrich (MO, USA). Boric acid, bovine
serum albumin (BSA), casein, N-hydroxysuccinimide (NHS),
sucrose, tween 20, and tween 80 were purchased from Thermo
Fisher Scientific (MA, USA). All solutions were prepared by
ultrapure water (18.2 MQ cm) purified at 25 °C using a Milli-Q
system (MilliporeSigma, MA, USA).
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Transparency film (9984: Polyethylene terephthalate (PET)
sheet) and double-sided adhesive film (DSA: 467MP and
468MP) were purchased from 3M (MN, USA). Unmodified glass
fibers with PVA binder were purchased from MilliporeSigma
(Burlington, MA). Whatman No. 4 filter paper was purchased
from GE Healthcare Sciences (England). Carbon (DRP-110-
U75) and other screen-printed electrodes were purchased from
Metrohm (FL, USA).

2.2 Device design and fabrication

The capillary-driven immunoassay device that automatically
delivers reagents for the sandwich ELISA was composed of 5
layers designed in Core]DRAW Graphics suite 2017 as shown
in Fig. S1A.1+ The design layout was cut into PET film, DSA
467MP, and DSA 468MP using a CO, laser cutter (Zing 10000,
Epilog Laser). These 5 layers were divided into 3 parts as illus-
trated in Fig. 1A. Part one was attached to parts two and three
by foldable hinges. The hinges were created by cutting dashed
lines into the PET to make a guideline for folding (Fig. S17).
The detailed composition was as follows: part one was PET
film as layer 1, the uppermost layer. This part was used to
cover the channels and consisted of a single sample inlet and
vent holes. The second part made up the middle part of the
device and included layers 2, 3, and 4 which were DSA 468MP,
PET film, and DSA 467MP, respectively. The height of the
channel is dictated by the height of this middle part. In this
part, the channels were cut into 3 pathways that allowed pure
sample, detector antibody, or TMB delivery. The path length of
each channel was designed to allow sequential delivery of
sandwich ELISA reagents. Two channel heights were used
throughout the device. The taller channels took longer to fill
and contributed to the timing of reagent delivery (cut into
layers 2-4 = 0.290 mm of thickness). The shorter channels (cut
into layer 2 = 0.130 mm of thickness) took less time to fill and
ensured that solution flowed toward the waste pad where the
short and tall channels met at the conjugate release pads. All
three channels merge into the main channel that is cut in

. partz:Ls =

Fig. 1
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layer 2, which had an arrowhead notch etched in layers 3 and
4 in front of the chamber (the commercial electrode area), fol-
lowed by an outlet that is connected to a waste pad. This part
was fully assembled in the CO, laser cutter as previously
described.®' Part three was PET film as layer 5, the bottom
layer.

To quantify CRP using the microfluidic device, glass fiber
pads were modified to become conjugate-release detector anti-
body and TMB pads. Following previous studies, the glass
fiber was pretreated with 3% w/v sucrose, 0.01% w/v thimero-
sal, and 0.5% v/v tween 20 in 0.01 M PBS for 15 min at room
temperature, then dried overnight at 37 °C.*>** The pretreated
pads were cut to 3 x 5 mm?® to fit into the channel. Then,
detector antibody pads were dried with 7.5 pL of 1 pg mL ™"
HRP-labeled anti-CRP antibody in 100 mM Tris-HCI buffer
with 0.5% w/v BSA and 0.001% v/v tween 80. The substrate
pads were dried with 7.5 pL (x3 times) of commercial TMB
solution. To assemble the device, the 3 parts of the capillary-
driven immunoassay device were folded as shown in Fig. 1B.
The conjugate release detector antibody and TMB pads were
installed in the channels prior to sealing the fifth layer. To
make the waste pad, Whatman No. 4 filter paper was cut into a
fan shape using the laser cutter, where the circular portion
had a diameter of 5 cm and was attached to a rectangular
channel that inserted into the outlet after assembly (Fig. 1B).
Finally, a modified SPCE (screen-printed carbon electrodes)
was attached in the slot in layer 1 above the chamber and
sealed to the device using the DSA in layer 2 (shown in
Fig. S27) to create an iceCaDI device for CRP measurement.
The final iceCaDi device is 5 x 12.6 x 0.5 cm (width x length x
height).

2.3 Electrode modification for CRP immunosensor

The commercial SPCEs were electropolymerized to create car-
boxyl groups on the working electrode (WE) using 20 pL of
7.5 mM PPA in 0.5 M KCI (0-0.85 V, scan rate 0.1 V s™%, 10
cycles).*” The electrodes were then activated by incubating

(1
Parth

Conjugate
release pad

; (3 )
R 27

Part 2

Part 3
| |
Folding L1: PET film
L2: 468 DSA
e L3: PET film
Commercial
electrode S & L4: 467 DSA
S - ) L5: PET film

Waste pad

(A) A photograph of the iceCaDI device before folding. (B) The assembly procedure showing each layer (L).
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20 pL of fresh 0.1 M EDC/NHS in 25 mM MES buffer for
30 min. In this work, a streptavidin-biotin system was utilized
to immobilize the capture anti-CRP antibody in a more favor-
able orientation. Therefore, streptavidin was deposited on an
activated carboxyl electrode before the biotinylated capture
anti-CRP antibody immobilization. The optimal conditions for
streptavidin-biotin binding were studied using a biotinylated
HRP. As shown in Fig. S3-S5,f the optimal concentrations of
substances and incubation times were used as follows: 25 pg
mL ™" streptavidin incubated for 1 h and 25 pg mL ™" biotiny-
lated capture anti-CRP antibody incubated for 15 min. The
volume used for each step was 20 pL to cover WE and 200 pL
for washing with 25 mM MES buffer (x3 times) after each step.
Lastly, a blocking step with 20 pL of 0.5% w/v BSA in 0.01 M
PBS was incubated for 30 min to avoid non-specific binding on
the electrode surface, followed by washing with 200 pL of 0.01
M PBS (x3 times). All incubation steps were performed in
humidity chambers at room temperature (25 °C).

5 mM Ferri/ferrocyanide ([Fe(CN)s]*”*7) in 0.01 M PBS was
used to check for successful electrode modification using
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS). The CV measurements were performed at a
scan rate of 0.1 V s™! and a potential range of —0.6 V to 0.9
V. For EIS measurements, the potential was applied to 0.16 V
with an amplitude of 10 mV in the frequency range 0.01-1 X
10° Hz using a PalmSens4 potentiostat (PalmSens BV,
Netherlands) at room temperature.

2.4 Procedure for CRP assay and device operation

The iceCaDI device was connected to the portable potentiostat
(PalmSens4) and secured in a flat horizontal position. Then,
120 pL of the diluted sample in running buffer (100 mM Tri-
HCI buffer) was loaded into the inlet of the device to initiate
flow and the sequential delivery of ELISA reagents to the elec-
trodes. Tris-HCI buffer was chosen because it is used commer-
cially for CRP assays. Chronoamperometry was performed with
an applied potential of 0.0 V for 480 s to monitor TMB
reduction using PSTrance 5.9. Under flow conditions, the
chronoamperogram shows an increase in current because the
TMB that has been oxidized with the help of the enzyme is
reduced at the electrode. The current then decreases, forming
a peak, because the plug of oxidized TMB is washed down-
stream from the electrode over time. For quantification, the
three values at the top of the peak were averaged and used to
calculate the CRP concentration. The iceCaDI device was dis-
carded after a single use.

3. Results and discussion

3.1 iceCaDI device design strategies

Since the previously designed microfluidic devices for auto-
matically driven sandwich ELISA from our group require skill
in aligning and stacking multiple layers,>**"*® here, we devel-
oped a foldable device that uses hinges for better alignment.
There are three parts in the iceCaDI device: the top layer (L1),
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the middle layers (L2-4), and the bottom layer (L5). The
middle and bottom layers are connected with hinges to the top
layer (Fig. S1AY). The hinge area of the device is 1 cm in width
and contains three cut dashed lines, where the middle line is
the hinge that is folded for alignment as shown in Fig. S1.}
The dashed line style design was chosen because it is foldable
but does not easily tear apart. After the iceCaDI device is
folded and stacked as demonstrated in Fig. 1B, the hinge can
be torn off using the outer two dashed lines (Fig. 2A). This
foldable device design allows for easy multi-layer fabrication
and precise alignment, similar to several reports of paper-
based devices.*” ™’

Previous eCaDI devices from our group relied on in-house
made electrodes.>>3"*® In this work, an electrode flow cell
chamber was incorporated which is the size of commercially
available screen-printed electrodes from Metrohm, and has a
diameter of 8 mm and a height of 0.13 mm. Fig. 2B demon-
strates tunability of the device for applications other than
immunosensing because many types of Metrohm SPCE can be
incorporated into the device: SPCE, screen printed gold elec-
trodes (SPGE), screen-printed Co(u)-phthalocyanine/carbon
electrode, and screen-printed ordered mesoporous carbon/
carbon electrode. Each electrode material is suitable for
various applications, for example: SPCE is used for immuno-
sensors,’® screen-printed Co(u)-phthalocyanine/carbon elec-
trode and screen-printed ordered mesoporous carbon/carbon
electrode are used for enzymatic sensors,”*> and SPGE is
used for genosensors.”?

The fluid in the pump-free laminated device is transported
by capillary action and continuous flow is maintained through
the absorbent waste pad. However, in complex designs where
the fluid comes from both directions in a channel, air bubbles
are often trapped in the channel where the fluids meet and
cause blockages that stop fluid flow. To address this issue,
vent holes (@ 0.5 mm) in the top layer were added at the junc-
tion area where each of the conjugate release pads are
installed. Trapped air bubbles were cleared within 27 + 7 s
(Fig. 2C), indicating that the vent holes effectively released the
trapped air.

The trapped air bubbles inspired us to use air to our advan-
tage to disperse ELISA reagents coming from the main
channel into the wider electrode chamber. In PDMS micro-
chips, arrow-shaped baffles within the microfluidic channel
have been proposed to facilitate passive mixing.>* Due to the
generally limited efficacy of laser cutting technology to create a
1 mm-wide barrier in the middle of the stacked laminated
channel, we proposed that a purposefully trapped air bubble
could act as a baffle. To trap the air bubble, layers 3 and 4 in
the middle part of the microfluidic device were perforated in
the shape of an arrow with a width of 1 mm in the main
channel area just before the electrode chamber. Because of
surface tension, the fluid did not flow into the arrow-shaped
wedge, causing an air bubble to be trapped. A 3-dimensional
model illustrates this concept in Fig. 2D. Fig. 2E demonstrates
the dispersion of a 0.5% red dye solution into the running
buffer in the electrode chamber after flowing past the arrow-
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Fig. 2 The iceCaDl device strategy. (A) A photograph of the iceCaDI device after the final assembly. (B) Images of the microfluidic device with
various incorporated commercial electrodes: (I) SPCE, () screen printed gold electrode (SPGE), (Ill) screen-printed Co(i)-phthalocyanine/carbon
electrode and (IV) screen-printed ordered mesoporous carbon/carbon electrode. (C) Serpentine channel section containing the 9 vent-holes.
Images show an air bubble at t = 0 s and its displacement over time using the vent-holes. The direction of flow is denoted by the arrow at t = 0 s. (D)
The 3-dimensional model of the arrow-shaped baffle (I) a typical baffle, and (ll) the air-formed baffle used in the iceCaDl. (E) Time-lapse images of
the trapped air bubble baffle spreading the red-dyed reagent in the electrode chamber. The direction of flow is denoted by the arrow at t = 0 s.

shaped obstacle. In contrast, the absence of the arrow-shaped
obstacle results in non-dispersed flow (Fig. S61). These results
demonstrate the successful implementation of a purposefully
trapped air bubble that acts as a baffle to promote fluid dis-
persion in the laminated microfluidic device. It should be
noted that these studies were completed with aqueous solu-
tions only, and that solutions with higher viscosities will likely
not be dispersed as successfully.

The flow rate in the flow cell in this device design was 0.37
+ 0.04 pL s, driven by a waste pad (Whatman No. 4). The
optimal volume for this device was 120 puL of running buffer
containing the analyte. We found that sample volumes larger
than 140 pL caused leakage in the connection area between
the fluidic device and the commercial electrodes, because the
large volume exceeded the absorbency capacity rate of the
waste pad.

3.2 Capture antibody immobilization optimization and
modified SPCE characterization

The sandwich ELISA assay was constructed by modifying a
capture antibody on the WE and using a detector antibody to
form an immunocomplex in which CRP was sandwiched. The
SPCE modification is depicted in Fig. 3A. Biotinylated capture
antibodies were bound to streptavidin modified on the elec-
trode using PPA and EDC/NHS. For the first optimization
steps, the capture antibody was not included in the assay to
allow us to characterize device performance without the com-
plete immunoassay. Instead, biotinylated HRP was added to
the modified electrode followed by incubation of TMB.
Chronoamperometry was then performed, and the average

2038 | Analyst, 2024, 149, 2034-2044

current obtained from each condition was compared. First, the
streptavidin immobilization was optimized by comparing
different concentrations of streptavidin (Fig. S371). Although
30 pg mL™" of streptavidin provided the highest amperometric
response at 120 s, the current was unstable over time in the
chronoamperograms. Therefore, 25 pg mL™" was chosen as the
optimal concentration. Next, the blocker (BSA) concentration
range was optimized to diminish non-specific binding on the
electrodes. BSA was studied in a concentration range of 0.2%
to 2% w/v. While all BSA concentrations gave similar signals
when streptavidin was not modified on the electrode, the 0.5%
w/v of BSA gave the greatest signal change when streptavidin
was modified on the electrode, with the smallest standard
deviation between trials. Next, the length of time that BSA was
incubated on the electrode (blocking time) was studied, using
15 min and 30 min. There was no significant difference
between the signals with and without streptavidin for each
blocking time, but the 30 min blocking time was selected
because there was a lower standard deviation in signal
between trials (Fig. S41). Next, we studied biotin incubation
time, and found that the HRP (biotin) was bound to the strep-
tavidin within 10 min; however, we decided to use a 15 min
incubation time to reduce operator error (Fig. S5A%). These
optimized conditions from the biotinylated HRP were used to
identify the optimal capture anti-CRP (biotin) concentration
using 10 pg mL™" of CRP and 1 pg mL™" of anti-CRP-HRP in
100 mM Tris-HCI buffer with 0.5% w/v of BSA and 0.001% v/v
of tween 80. The current response increased with anti-CRP
(biotin) concentration in a dose-dependent manner and then
dropped after 25 ug mL™" (Fig. S5Bf). This drop in average
current can be explained by an excess of biomolecules covering

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Overview of electrode preparation for the CRP assay using the iceCaDI device. (B) Cyclic voltammograms and (C) Nyquist plot, results

from the investigation of the step-wise electrode modification using 5 mM [Fe(CN)g]*>~/4~ in 0.01 M PBS: bare SPCE (purple), the SPCE modified with
PPA (blue), the SPCE modified with PPA and EDC/NHS chemistry (green), the SPCE modified with PPA and EDC/NHS chemistry and streptavidin
(orange), the SPCE modified with PPA and EDC/NHS chemistry, streptavidin, and the biotinylated capture antibody (red), and the SPCE modified with
PPA and EDC/NHS chemistry, streptavidin, the biotinylated capture antibody, and blocked with BSA (black), where the inset in (C) shows the Randles
circuit schematic: Rg: the electrolyte resistance, Cqy: the double-layer capacitance; R.: the interfacial charge transfer resistance; Z,,: the Warburg

impedance introduced by the diffusion of ions.

the electrodes, which adversely affects the three-dimensional
structure of antibodies and the binding of analytes and inter-
rupts charge transfer. Therefore, 25 pg mL™" was chosen as the
optimal anti-CRP (biotin) concentration.

The modification of the electrode was monitored after each
immobilization step using CV and EIS measurements with
5 mM [Fe(CN)s*~*~ in 0.01 M PBS. The cyclic voltammograms
had decreased anodic and cathodic peaks (ip) and increased
peak potentials (Ep) as each step of the immobilization pro-
cedure was performed (Fig. 3B), which indicates a decrease in
electrochemical activity of the electrode due to the additional
layers coating the electrode surface. Additionally, the Nyquist
plot exhibited an increase in semicircle radius from 270 + 30 Q
(the bare electrode) to 2.8 + 0.2 kQ after the BSA blocking step
using the standard Randles equivalent electrical circuit for
electrochemical cells (Fig. 3C). The charge transfer resistance
(Rey), calculated by the diameter of the semi-circle in the
Nyquist plot, increased as each layer of the immunoassay was
modified on the electrode surface because the molecules
coating the electrodes are insulating, hindering electron trans-
fer. These results confirmed the success of anti-CRP
immobilization.

This journal is © The Royal Society of Chemistry 2024

3.3 Flow studies and sequential delivery of reagents

In accordance with the sandwich ELISA assay, the iceCaDI
device was designed to consist of 3 channels, labeled in
Fig. 4A, where channel 1 first delivers the sample containing
the analyte, CRP, to the capture antibody modified WE. Next,
channel 2 delivers the detector antibody, followed by delivery
of TMB from channel 3. Sequential delivery of the reagents
was achieved by tailoring the channel length, width, and
height to manipulate the time that the reagents were delivered
to the WE.

Simple laminated devices with a single 4 cm-long channel
and a channel height of 0.29 mm were created to study fluid
flow. Two channel conditions were fabricated, with either a
2 mm or 3 mm wide channel. Flow studies were performed to
optimize reagent delivery using 150 pL of 0.5% food dye in
running buffer. Velocity was measured from video recordings
based on the time required for the fluid front to flow over each
1 cm distance. We found that both the 2- and 3 mm width
channels showed a decreasing velocity from a 1 cm distance
from the inlet to 4 cm, with velocities of 11 + 5 to 2.3 + 0.3 cm
s and 6.3 + 0.8 to 2.2 + 0.3 cm s, respectively. As the dis-
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release pad.

tance from the inlet increased, the velocity decreased due to
the pressure drop along the length of the channel (Fig. 4B).
The flow velocity changes once it is driven by the waste pad. To
measure the flow velocity driven by the waste pad, similar
experiments were performed as those described for Fig. 4B,
except instead of measuring the fluid front velocity, the trailing
air bubble velocity was measured. The flow velocity was driven
by the waste pad at 0.36 = 0.01 mm s (Fig. S7Af) after the
liquid was fully loaded. The flow rate of the waste pad was
measured by dividing the total sample volume added by the
amount of time required to wick the sample from the inlet
fully into the waste pad (Fig. S7BY). As expected, based on the
pore size of the paper, Whatman No. 4 filter paper had a
higher flow rate than Whatman No. 1 filter paper (0.160 +
0.003 pL s ). Therefore, we used Whatman No. 4 as the waste
pad (Fig. S7Bf). Although the 2 mm width channel had a
greater velocity than the 3 mm width channel, the volumetric
flow rate (measured the same as the experiments in Fig. S7Bf)
of the 2 mm width channel (0.32 + 0.03 puL s™') was lower than

2040 | Analyst, 2024, 149, 2034-2044

that of the 3 mm width channel (0.41 + 0.02 pL s™'), as shown
in Fig. 4B and C. The pressure drop and impact of the cross-
sectional area of the channel to flow behaviour agrees with
friction factor and Bernoulli’s principle, respectively.”> Since
the TMB from the substrate pad must be transported to the
WE last, a serpentine channel with a width of 2 mm was
added between the substrate pad and the WE to slow down the
volumetric flow rate and increase the path length. When a con-
jugate release pad was installed in the channel, the flow was
attenuated because of the time needed to rehydrate the pad.
The time required for the solution to reach 1 cm past the con-
jugate pad location went from 0.5 + 0.2 s to 1.6 + 0.2 s, as
shown in Fig. 4D. However, the velocity quickly recovered.
Additionally, we found that the flow in the laminated channels
was >10 times faster than the flow in nitrocellulose mem-
branes (Fig. S87).

Fig. 5A demonstrates the concept of CRP sandwich ELISA
detection by chronoamperometry. Here, food dye (0.5%) in
running buffer was used to demonstrate the sequential flow of

This journal is © The Royal Society of Chemistry 2024
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detector antibody (represented by red food dye) to the electrode (jii), and delivery of the TMB (represented by blue food dye) to the electrode. (C) A
chronoamperogram was collected using the iceCaDI where the two conjugated pads were treated with 7.5 pL or 15 pL of 5 mM [Fe(CN)gl>~/4~ for

the detector antibody and TMB pads, respectively.

the sandwich ELISA reagents, shown in Fig. 5B. Yellow food
dye solution (120 pL) represents a sample solution containing
CRP, the target of the assay. After loading into the sample
inlet, the yellow solution fills the channels (Fig. 5B part (i))
and immediately flows across the modified commercial SPCE
towards the waste pad. The WE of the SPCE is modified with
capture antibodies for CRP, so the target binds to the elec-
trode. Meanwhile, the yellow solution fills the channels on
both sides of the conjugate release pads (Fig. 5B part (ii)). The
path to the pad that has been treated with red dye, represent-
ing the detector antibody, is shortest, so it is delivered to SPCE
next. The red dye arrived at the SPCE chamber at 170 + 10 s
after sample delivery, which represents the detector antibodies
forming a sandwich complex on the WE (Fig. 5B part (iii)). As
the solution continues being pulled from the sample inlet
through the channels towards the waste pad, the channels fill
with air, which acts as a barrier that stops flow. Last, the blue
dye, which represents the substrate, TMB, arrived at the SPCE
chamber at 310 + 50 s. TMB oxidation is catalyzed by the HRP
on the immunocomplex and is subsequently reduced by per-
forming chronoamperometry to evaluate the concentration of
the target.

To confirm the flow time and reagent release from the con-
jugate release pads, an electroactive molecule was dried on the
conjugate release pads: 7.5 pL of 5 mM [Fe(CN)s]*~"*~ on the
detector antibody pad and 15 pL of 5 mM [Fe(CN)e]*~"*~ on the

This journal is © The Royal Society of Chemistry 2024

TMB pad. Subsequently, 120 pL of running buffer was added
to the sample inlet and chronoamperometry was performed to
observe the current, shown in Fig. 5C. The first and smaller
peak response (—23 pA) corresponds to the delivery of reagents
from the detector antibody pad, which occurred at 224 + 1 s.
The second and larger peak response corresponds to delivery
of reagents from the TMB pad at 300 + 1 s. The current
returned to baseline between the two peaks, demonstrating
that the two reagents are delivered sequentially, not simul-
taneously. This feature is important because it is undesirable
for the TMB to mix with HRP-labelled antibodies that are not
bound to the immunocomplex on the WE, so that the
measured current accurately reflects the target concentration.
The total time required to obtain the two peak current
measurements for this design was 410 + 70 s. Therefore, 480 s
was chosen as the length of time to perform chronoamperome-
try for assay measurements. Alternatively, the measurement
could be completed after the peak of the current response
appeared.

3.4 Application of the iceCaDI device for a CRP assay

The dose-response of the developed CRP immunosensor was
evaluated with seven concentrations of CRP standards (0 to
40 pg mL ') using three independent electrode measurements
under static conditions, shown in Fig. 6A. The concentrations
of CRP (ug mL™") and the current response (Acurrent; target

Analyst, 2024,149, 2034-2044 | 2041
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signal - blank signal) were plotted to construct a calibration
curve. The plot showed an increase in current with increasing
CRP concentration. A static linear range of 0.625 to 10.0 pg
mL™" for CRP was obtained with a correlation coefficient (%)
of 0.981 (inset, Fig. 6A). This calibration curve provided a
linear response of (Acurrent) = [-0.0649 x CRP concentration
(ug mL™")] — 0.0289 for the CRP assay. Moreover, the limit of
detection (LOD) and limit of quantitation (LOQ), which were
calculated using three times and 10 times the standard devi-
ation of the blank signal divided by the slope of the linear
portion of the calibration curve, were 0.751 and 2.277 pug mL ™",
respectively. The average normal serum level of CRP is 0.8 pg
mL™" in healthy humans;’® moreover, the American Heart
Association (AHA) and the United States Center for Disease
Control (CDC) divide the concentration of high-sensitivity CRP
(hs-CRP) into three levels: <1, 1-3, and 3-10 pug mL™", where
each range is associated with a low, moderate, or high risk of
cardiovascular disease (CVD) progression, respectively, where
all are within the linear range of this CRP immunosensor.>”>®
Thus, the proposed CRP immunosensor shows the potential to
detect CRP at clinically relevant levels. However, the CRP con-
centration can be significantly elevated up to 1000-fold over
the normal level in case of inflammation.?® This high CRP con-
centration is outside of the linear range of the proposed
immunosensor, so the sample would need to be diluted to
avoid the hook effect.”®

Finally, the CRP immunosensor was deployed in the
iceCaDI device to demonstrate its automated sequential sand-
wich ELISA reagent delivery. Since the clinical cut-off value for
CRP in human serum is >10 ug mL™" (~87 nM),*° three con-
centrations close to 10 pg mL™' CRP were evaluated in the
iceCaDI. In-flow electrochemical detection revealed peak
current responses of —0.15 + 0.03, —0.33 + 0.04, and —0.4 +
0.1 pA for 5.00, 10.0, and 15.0 ug mL™" of CRP, respectively
(Fig. 6B). Each concentration was tested with five different

2042 | Analyst, 2024, 149, 2034-2044

iceCaDI devices. The results demonstrated an increase in peak
current with an increase in CRP concentration, which illus-
trates the successful performance of the iceCaDI device for
single-step sandwich ELISA assays. For clinical implemen-
tation of CRP quantification, dilution of the sample may be
necessary to mitigate the hook effect and reduce sample
matrix interference, which may decrease the sensitivity of this
device.

4. Conclusions

In this work, we successfully developed a pump-free, portable,
capillary-driven immunoassay device for electrochemical
detection with a flow rate of 0.37 + 0.04 uL s* driven by a
waste pad (Whatman No. 4 filter paper). An integrated com-
mercial electrode chamber size was standardized to 8 mm dia-
meter and 0.13 mm height and was compatible with a wide
range of commercial electrodes. Our incorporated commercial
electrode into a capillary-driven immunoassay (iceCaDI) device
automatically performed sequential delivery of sandwich
ELISA reagents as a single-use test. The iceCaDI device con-
sisted of three layers of PET film, and two layers of DSA film
that were patterned using a laser cutter. We developed a fold-
able laminated device using dashed lines to guide the fold and
act as a hinge for precise alignment. The hinges were
employed to connect three layers of the PET film with the DSA
film inserted between them for easy assembly. Next, vent-holes
(@ 0.5 mm) were added to the device design to allow trapped
air bubbles to escape. Additionally, we introduced a 1 mm
arrow-shaped baffle in the middle of the laminated channel to
improve dispersal of reagents. An arrow-shaped notch was cut
in the bottom of the channel, which trapped an air bubble
that formed a baffle. The arrow-shaped baffle was added in the
main channel before the flow cell, allowing the reagents to dis-

This journal is © The Royal Society of Chemistry 2024
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perse and cover the entire detection area (working electrode).
All flow phenomena of the iceCaDI device were examined
including the effects of flow rate, velocity, and addition of a
conjugate release pads. Lastly, to demonstrate the applicability
of the iceCaDI, we created a CRP immunosensor with a static
linear range of 0.625 to 10.0 pg mL™" (limit of detection =
0.751 pg mL™"). Three clinical CRP concentrations were suc-
cessfully measured in the iceCaDI device to demonstrate the
single end-user step sandwich ELISA for CRP quantification
within 8 minutes. This platform and these design features
offer great potential for electrochemical applications which
can be extended to other biomarkers that have been commonly
utilized in a traditional sandwich ELISA to serve as a simple,
low-cost, disposable, and portable quantitative POC test for
decentralized laboratories in the future.
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