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Frequent on-line and automated monitoring of multiple protein biomarkers level secreted in the culture media
during tissue growth is essential for the successful development of Tissue Engineering and Regenerative Medicine
(TERM) products. Here, we present a low-cost, rapid, reliable, and integrable anion-exchange membrane-(AEM)
based multiplexed sensing platform for this application. Unlike the gold-standard manual ELISA test, incubation/
wash steps are optimized for each target and precisely metered in microfluidic chips to enhance selectivity.
Unlike optical detection and unreliable visual detection for the ELISA test, which require standardization for
every usage, the AEM ion current signal also offers robustness, endowed by the pH and ionic strength control
capability of the ion-selective membrane, such that a universal standard curve can be used to calibrate all runs.
The electrical signal is enhanced by highly charged silica nanoparticle reporters, which also act as hydrodynamic
shear amplifiers to enhance selectivity during wash. This AEM-based sensing platform is tested with vascular
protein biomarkers, Endothelin-1 (ET-1), Angiogenin (ANG) and Placental Growth Factor (PIGF). The limit of
detection and three-decade dynamic range are comparable to ELISA assay but with a significantly reduced assay
time of 1 h vs 7 h, due to the elimination of calibration and blocking steps. Optimized protocol for each target
renders the detection highly reliable with more than 98% confidence. The multiplexed detection capability of the
platform is also demonstrated by simultaneous detection of ET-1, ANG and PIGF in 40 pl of the vascular
endothelial cell culture supernatants using three-membrane AEM sensor and the performance is validated against
ELISA.

1. Introduction In particular, endothelial colony-forming cells (ECFC) express the

characteristics of putative endothelial progenitor cells (EPC) and exhibit

With the increase prevalence of diabetes and obesity among older
adults, the cardiovascular diseases remain a major cause of death
worldwide [1]. Many cardiovascular events, such as stroke and coronary
heart disease, as well as ischemia and peripheral artery disease, strongly
correlate with loss of blood supply, leading to loss of cell function, organ
failure, and eventually death [2,3]. Consequently, vascular regeneration
using stem and progenitor cells to promote the growth of new blood
vessels and restore normal vascular function has been proposed as a
promising approach for the treatment of cardiovascular diseases [4-6].
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tremendous therapeutic potential [7,8]. In addition, ECFC can generate
vascular networks to support the maturation of Tissue Engineering and
Regenerative Medicine (TERM) products and their successful trans-
plantation in vivo [9,10]. TERM products rely on the ability to grow
human stem cells in biomaterial scaffolds and expand them in bio-
reactors with the precise mechanical and chemical cues that recapitulate
the in vivo microenvironment [11-13]. During this complex process,
several regulatory factors interact at multiple levels that facilitate tissue
development and remodeling [14,15]. We have previously reported that
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ECFCs secrete angiogenic factors, such as Angiogenin (ANG),
Endothelin-1 (ET-1), and Placental Growth Factor (PIGF) to facilitate
vessel morphogenesis and maturation [16,17]. Therefore, monitoring of
such growth factors would allow feedback control of TERM maturation
by growth factor/nutrient injection or rapid discarding of failed cul-
tures. With the large number of bioreactors in a tissue foundry, auto-
mated and on-line monitoring the level of multiple proteins in individual
bioreactors can hence allow massive and efficient production of TERM
tissues.

Currently, bioreactors can monitor pH, oxygen, and carbon dioxide
levels, but there is no commercial automated technology that can
monitor protein biomarkers on-line. The most advanced optical protein
detection platforms based on luminescence or fluorescence, like the
commercially available Luminex® and Ella™, can quantify multiple
targets in a single test [18]. However, their optical instrument is
expensive and bulky, thus not suitable for on-line monitoring of indi-
vidual bioreactor [18]. They also require extensive sample prep, which
is difficult to automate. The current gold standard for tissue cultures is
still the enzyme linked immuno-sorbent assay (ELISA) test [19-21] and
other conventional manual methods such as immunostaining, Western
blot and colorimetric assay [22-24] for protein concentration mea-
surements show excellent sensitivity and selectivity. However, they are
too slow and too personnel-intensive for on-line monitoring. Their long
assay time is due to the multiple hours-long incubation, wash and
blocking steps, whose durations are controlled by transport and reaction
time limitations of the various bioconjugation and dissociation re-
actions. The protein diffusion time to the bottom of each well of an
ELISA plate is typically hours long and the adsorption time scale for
blocking agents can be even longer. Most importantly, optical or visual
signals of ELISA need to be recalibrated for every user and for every
sample due to unavoidable variations in the optical signals because of
noise from interfering agents and sensitivity to sample volume and re-
agent concentration, both which can vary because of differences in
pipetting techniques. This calibration step for every sample immediately
eliminates ELISA as a candidate for automated TERM monitoring.

Lateral flow assay (LFA) is a relatively new immunoassay that uses
capillary wetting flow to convect the analytes and reporters to the
probes, thus reducing the diffusive transport time to minutes. However,
the sensitivity of LFA is limited by visual colorimetric detection. The
recent advancement in LFAs development included several signal
amplification strategies to enhance detection sensitivity [25]. Some of
the recent strategies include the use of colloidal gold nanoparticles
(GNPs) with silver enhancement technology [26,27] or the use of a
combination of GNPs with signal amplified enzymes (such as horse-
radish peroxidase [28]. However, the assay remains semi quantitative
and not very selective as no washing step is involved during assay. A
recent comparative study by Bastos et. all. on COVID-19 serological
samples show a significant number of false positives with LFA compared
to ELISA [29] Hence such assays require high affinity antibodies.
Further, the performance is dependent on sample complexity and vis-
cosity, thus making them unsuitable for automated and long-term TERM
monitoring [30].

Electrochemical immunoassays are label-free and suitable for mini-
aturization and integration. However, charge based electrochemical
sensors like FET is sensitive to ionic strength due to Debye layer
screening. For the common sample buffer, the Debye layer is only a few
nm thick. This results in high sensitivity to sample ionic strength, as
Debye screening determines what fraction of the charge on the target
molecules is detectable in FET capacitance sensing [31,32]. On the other
hand, amperometic electrochemical sensor uses redox reporters and
hence requires blocking agent on the electrode surface so to prevent
unwanted electron transfer reaction. However, even in the presence of
surface assembled monolayers many current carriers and inhibitors in
the buffer can still participate in the electrochemical process, making
them unstable and is difficult to calibrate [33]. As the blocking agents
are electrostatically adsorbed on the sensor surface, it is quite likely that
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the blocking agents can detach from the surface during the washing
steps. This can produce large noise or error and false positives. A
blocking agent can also influence the performance of porous sensors,
such as alumina membrane sensor, by blocking their pores and affecting
the target blockage current signal [34], while this effect can be mini-
mized by nano meter pore sized membrane. Therefore, electrochemical
sensors often suffer from robustness issues and require careful sample
prep, which cannot be easily automated, or individual sample calibra-
tion like ELISA.

We aimed to address these challenges by utilizing an anion-exchange
membrane (AEM) platform for absolute quantification of multiple pro-
tein biomarkers in the tissue samples. The AEM sensors do not require
any blocking agents (or sample prep). The entire membrane surface is a
sensor that measures the ion current through the membrane, thus
eliminating non-specific electrode redox reactions that plague electro-
chemical sensing. The charged and hydrophilic membrane surface also
minimizes non-specific adsorption of proteins. AEM sensors are insen-
sitive to buffer ionic strength, sample pH and chemical composition of
the biosamples because of a unique ion depletion action described below
[35]. They can be integrated into small-volume biochips to significantly
reduce the analyte diffusion time. Flow in the microfluidic chip and
on-chip concentration technologies can be used to reduce the transport
time further [36]. We have achieved assay time as low as 30 min for
nucleic acids that typically require several hours to incubate in a static
microarray [37]. All the wash and incubation steps can both be auto-
mated and precisely metered for the biochip. The washing step, in
particular, can be tuned for each target, to further enhance specificity.
This selectivity-enhancing protocol is absent in all other sensor assays. It
allows the establishment of a universal protocol that can be used for
every target.

Importantly, the AEM sensor relies on electrical measurements,
rather than optical ones, thus reducing the instrument cost and robust-
ness considerably and yet retaining the same detection sensitivity.
Tedious calibration for every new sample and user is avoided. Probes are
attached to the membrane surface to capture the molecular targets.
When an electric field is applied across an AEM during sensing, ion
depletion occurs within one radius of the circular membrane due to its
inherent ion-selectivity characteristics [35] to remove all ions and mo-
bile charged molecules within that neighborhood. The ion depletion is
responsible for a limiting-current region within certain voltage interval
(typically 1-10 V), where the differential resistance is much higher
(>10x) than at lower voltages and, in some cases, infinite. At higher
voltages, an overlimiting current region develops on the depleted side
when an electro convective instability sets in Ref. [35]. The limiting and
overlimiting ion currents through the membrane are both sensitively
gated by large negatively charged molecules like nucleic acids bound to
the AEM [38]. The ion depletion action increases the Debye length on
the membrane (to about 100 nm of DI water) and intensifies the field
between negatively charged surface molecules and the positively
charged AEM membrane [39,40]. These high-intensity surface electric
fields significantly reduce both the field and ion flux into the membrane,
thus sensitively shifting the limiting and overlimiting currents. We
hence use membrane functionalized oligos to capture nucleic acid tar-
gets to produce large voltage signals (100 mV-1 V) for nucleic acid
detection and quantification in the pM to nM range [41]. These signals
are much larger than those in electrochemical sensor and yet, because
there is no redox reaction, it is not contaminated by spurious reactions at
high voltages and do not require blocking agents. The size of nucleic acid
also allows us to shear non-specifically bound molecules with the high
shear rate of microfluidic flow in our chips. We find that our universal
calibration curve can be used repeatedly [37,39,40].

However, the protein growth factors are too weakly charged and too
small to provide gating of the ionic limiting and overlimiting currents
through the membrane and allow specificity enhancement with the high
shear of microfluidic flow. Instead, a negatively charged silica nano-
particle reporter with functionalized reporter antibody is used in a
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sandwich scheme (Fig. 1a). The local fields between these negatively
charged nanoparticles and the positively charged membrane produce
large reduction in the overlimiting current comparable to nucleic acids.
Additionally, the nanoparticle size and hydrophobicity due to detection
antibodies also contribute towards suppression of the electroconvective
instability. The same hydrodynamic amplification increases the effect of
hydrodynamic shear to remove non-specifically bound nanoparticles on
the AEM surface to enhance detection selectivity. With our automated
wash protocol, the wash step with a wash buffered is optimized and
precisely metered. It is hence expected to render the platform more
specific than manual washing.

These advantages of robust pH, ionic strength and signal control of
the AEM platform and the universal wash protocol with the nanoparticle
reporter allow us to develop a calibration-free automated TERM
biomarker monitoring system. Other than calibration free, its other
advantages include short incubation time not limited by diffusion or
blocking agent adsorption, high selectivity due to automated wash/in-
cubation protocol for each target, low-cost equipment (micropump/
potentiostat), insensitivity towards contaminants (no sample prep),
multiplex feasibility and comparable sensitivity performance to ELISA.
Here, we demonstrate the simultaneous detection of three important
angiogenic proteins secreted by ECFCs, PIGF, ANG and ET-1, in less than
an hour, compared to 7 h for the corresponding ELISA tests, all based on
the same target-specific wash protocol and a universal calibration curve.
We have selected these three biomarkers as they are critical for the
culture of endothelial colony-forming cells (ECFCs) isolated from the
cord blood [8,17]. Previously, using a proteomic analysis we have
screened ECFC-conditioned medium and identified several soluble pro-
teins, which are abundant in ECFC-conditioned medium [16,42]. In
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order to minimize any background noise, ET-1, ANG, and PIGF were
specifically chosen because they were not present in culture medium
while being abundant and important for vascular maturation and
functionality. The role of these three biomarkers in maintaining ECFC
culture, as well as promoting vascular maturation and functionality are
highlighted in Table 1. Although we will only demonstrate its potential
with three targets, scaling up to more targets should be straight forward.
While we have focused on tissue culture applications, the advantages of
this platform also apply to other point-of-care applications, including
infectious disease control.

Table 1
Protein biomarkers and maintaining ECFC culture, vascular maturation, and
functionality.

Target Protein Capture Detection Antibody Protein Antigen
Biomarker Antibody (Reporter) (Standard)
(Probe)
Endothelin-1 ab117757 H00001906-M01 aa 1-212
abcam Novus Biologicals abcam
Angiogenin Human Angiogenin Antibody Pair, 265-AN-050/CF
ab241874 abcam R&D
PIGF Human Angiogenin Antibody Pair, 264-PGB-010/CF
ab267683 R&D
Abcam

Fig. 1. a) A schematic of AEM-based sandwich assay
for protein detection. The AEM functionalized cap-
ture antibodies first bind with target proteins present
in the sample. Reporter silica particles containing
detection antibodies are then allowed to bind with
the Ab-Ag adduct that enhance the I-V signal in the
overlimiting region of the CVC of AEM. b) A picture
of the in-house built fluidic pump, which is used to
introduce different assay fluids to biochip. A blow out
of the fabricated biochip illustrating the position of
four electrodes used for recording of I-V signal.
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2. Material and methods
2.1. Fabrication of biochip

The 25 mm x 54 mm (w x 1) biochip contains a microfluidic channel
that acts as a reservoir for tissue sample and several circular openings to
access the microchannel made from three layers of polycarbonate sheet
of 0.3 mm thickness using thermal binding (Fig. S1a-c). The details can
be found in Supplementary Information under section 1.

The biochip has a sensor chamber to mount a one or multiple
membrane sensor module, separate reservoirs to place source and
reference electrodes for current-voltage measurement and inlet and
outlet for sample and buffer injection.

2.2. Fabrication of nanomembrane sensor

The sensor was made of an anion-exchange membrane (AEM). An
AEM is composed of polystyrene-divinylbenzene fine particles with
strong basic quaternary ammonium groups supported by polyethylene
as a binder and polyamide/polyester textile fiber with a pore size of less
than 10 nm (Mega a.s., Czech Republic). The details can be found in
Supplementary Information under section 2 “Fabrication of nano-
membrane sensor” and Fig. S2. For protein detection, the fabricated AEM
sensor was first functionalized with target specific primary antibodies
using EDC coupling chemistry as described in previous work [37].

2.3. Preparation of fluorescently labeled carboxylated photoinitiator and
protein probes

For efficient and reliable detection of protein biomarkers, an opti-
mized functionalization protocol was developed so that sensors always
contain a similar number of protein probes on their surface. As the
surface of the membrane is composed of polyethylene materials and
does not contain any reactive group, the protein probes were attached in
two steps. First, -COOH functional groups were created on the mem-
brane surface by UV irradiation of carboxylated benzophenone. As a
result, a free radial generates that undergoes hydrogen abstraction re-
action and selectively converts -C-H bond on membrane surface to
—COOH. More details on preparing a carboxylation fluorescent mixture,
containg the fluorescently labeled ssDNA conjugated 4-Benzoylbenzoic
acid in DMSO the can be found in Supplementary Information under
section 3. “Fabrication and on-chip purification of fluorescently labeled
ssDNA conjugated 4-Benzoylbenzoic acid”.

For optimization of the functionalization process, antibody protein
probes were fluorescently labled using Alexa Fluor™ 488 Antibody La-
beling Kit. More detailed information can be found in Supplementary
Information under section 3. “Fabrication and on-chip purification of flu-
orescently labeled ssDNA conjugated 4-Benzoylbenzoic acid”. The fluo-
rescently labled antibody proteins were then linked to the membrane
surface by coupling the generated -COOH groups, prepared using the
optimized UV treatment carboxylation method, and -NH, groups pre-
sent on the protein molecules using EDC chemistry. The functionaliza-
tion protocol was optimized by measuring the fluorescence intensity of
the attached molecules. More detailed results can be found in Supple-
mentary Information under section 7 “Optimization of primary antibody
functionalization protocol on the AEM sensor”.

2.4. Fabrication and on-chip purification of fluorescently labeled ssDNA
conjugated 4-benzoylbenzoic acid

In order to purify the fluorescently labeled molecules, a purification
chip was constructed. First, a 3 mm thick PMMA block was cut using a
micro milling machine (iModela 01). The chip contained a main
microfluidic channel (5 mm x 60 mm x 3 mm (w x [ x h)), a cross
channel for collection of isolated samples (2 mm x 19 mm x 3 mm (w x
[ x h)), a small window to access the cross channel from backside and six
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openings for applying voltage across the main channel, loading sample
and placing a cation-exchange membrane (CEM) based molecular
concentrator (0.9 x 0.3 x 0.3 mm?> (w x [ x h)) as shown in Fig. S3a.

In order to purify the fluorescent mixture and separate the conju-
gated DNA-benzoylbenzoic acid adduct from the free-floating unconju-
gated DNA and 4-benzoylbenzoic acid succinimide ester, the main
channel was filled with 1 ml of 1% agarose gel (Cat. No. 95057-708,
VWR) while the sample loading reservoir and cross channel were kept
free of gel. 8 pl of reaction mixture (4-Benzoylbenzoic acid N-succini-
midyl ester + FAM labeled ssDNAs) was placed into the sample loading
reservoir and 100 V DC voltage (KEITHELEY 2400) at around 2 mA was
applied at the end of main channel so that the fast-moving molecules
reach the cross channel first and get separated from the florescent
mixture (Fig. S3b).

Fig. S3c shows the presence of two separate bands in main micro-
fluidic channel, 3 min after applying 100 V DC. The first band is due to
the presence of free-floating unconjugated fluorescently labeled DNA in
the reaction mixture as its electrophoretic mobility is higher than the
conjugated DNA-benzoic acid [35]). After 5 min of applying 100 V DC
across the main channel, the free-floating unconjugated labeled DNA
(first band in Fig. S3c) crossed the cross channel, so the positive po-
tential probe was switched to the CEM reservoir to concentrate all the
conjugated molecules (second band in Fig. S3c) in the cross-channel
reservoir as CEM does not allow large co-ions to pass through it due to
size constrain. After 7 min, the entire purified fluorescently labeled
mixture was concentrated in the cross channel, thus collected from the
cross channel was kept at 4 °C and later used for the carboxylation
protocol optimization study.

2.5. Optimized functionalization protocol

A droplet of fluorescently labeled 4-Benzoylbenzoic acid purified
sample was placed on top of the membrane sensor to cover the AEM
sensor surface and soaked for 20 min prior to UV treatment at 365 nm
for 80 s with a steady flow of nitrogen gas. The sensor was then vigor-
ously washed with DI water to remove all the unconjugated benzoic
acids. This step was repeated 3 times and the sensor was then kept at 0.1
x PBS pH 2 buffer for 4 h before soaking it in 0.1 x PBS at pH 7 and used
for the protein probe functionalization. After successful optimization of
carboxylation step, the fluorescently labeled protein probes were
attached to the sensor surface using EDC coupling chemistry. Briefly, the
—COOH modified membrane sensor was first incubated with 0.4 M EDC
solution in 1 M MES buffer at pH 5.5 for 40 min. Then a drop of desired
protein probe at a concentration of 0.1 mg/ml was then placed on top of
the membrane and incubated overnight. The sensor was then washed
with 4xPBS to remove any non-specifically adsorbed unconjugated
proteins from the sensor surface. The fluorescence intensity was recor-
ded using a CCD camera (Retiga EXi, QImaging) and an inverted fluo-
rescence microscope (Olympus IX71).

2.6. Recording unit and fluidic pump

The fabricated AEM sensor functionalized with the target protein
probe was mounted in the biochip so that the sensor surface was in direct
contact with samples inside the microchannel. Two platinum electrodes
were utilized as source electrodes for current application from 0 pA to
final load (two times of limiting current) and two reference electrodes
(Ag-AgCl) were used to measure the potential across the membrane
sensor at a step rate of 1 pA/s as shown in Fig. 1b. The current voltage
characteristics (CVC) of the membrane sensor was established using a
Gamry 500 potentiostat (Gamry Instruments, Warminster, PA, USA)
connected to a PC for data acquisition and further analysis using Gamry
Framework software.

An in-house fluidic pump was designed and built for washing steps
using PBS solutions prior to measurements (Fig. 1b). A peristaltic pump
which can be run in either direction utilizing a 6in/1 out valve, driven



Z. Ramshani et al.

by a stepper motor was assembled inside an aluminum framework. This
fluidic pump was designed to withdraw samples from the reaction
chamber, pass it to the biochip and then push reporters and buffers at an
optimized flow rate and time. The sterility of the media was protected by
the interior six-way valve which prevented any back flow of the fluid
from the biochip to the media chamber and no contamination was
observed in sterile culture media after the sample withdrawal with this
pump. Fluidic controller is accessible via a 7” touchscreen programming
interface to define a multi-step washing step including a selection of up
to 6 different washing buffers, direction and destination of the fluid in
addition to the time and rate of the pumping.

An exemplary I-V curve (CVC) of an AEM sensor is shown on Fig. 2a.
The limiting region is a function of the AEM size and considering the
manual fabrication of the sensor, different limiting current (I;i,) was
expected. Hence, the final load of current was decided to be calculated
equal to double the limiting current for each AEM individually to keep
the voltage shifts comparable between different AEMs. In each experi-
ment the final voltages (V fina1), before and after target hybridization was
compared for individual AEM. Each experiment was performed with a
single AEM sensor and no sensor was reused to rule out any detection
bias.

3. Results and discussion

3.1. Optimization of primary antibody functionalization protocol on the
AEM sensor

Fig. S5 shows the fluorescence images of UV treated membrane
surfaces after washing thrice with 4 x PBS buffer to remove any non-
specifically adsorbed unconjugated fluorescently labeled -COOH mole-
cules on AEM surface. Fig. S5 clearly indicates the successful carboxyl-
ation of the AEM surface, and the mean fluorescent intensity has
maximum error of + 1.5% which shows the similarity between the
carboxylized sensors is within ~98% of confidence rate.

After successfully optimizing the ~-COOH printing protocol on the
sensor surface, the fluorescently labeled antibody probes were func-
tionalized using EDC coupling chemistry. Fig. S6 clearly shows a very
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similar pattern of fluorescent intensities observed after the attachment
of fluorescently labeled antibody probes to carboxylized sensors. Similar
to previous results with fluorescent -COOH group, we saw the mean
fluorescent intensity is almost identical for all sensors with an error of +
2%. This indicates that the total number of antibody probes on the
sensor surface is almost the same for different sensors. Thus, it demon-
strates that the use of this optimized protocol would functionalize a
same number of capture antibodies that would allow the target detection
reliable and reproducible and the different sensors would detect a target
with small error bar.

3.2. Assay protocol

The schematic representation of the biochip and assay steps are
shown in Fig. 1a and b As ELISA kit comes with immobilized antibody,
we could not use the kit supplied antibodies for our assay. Instead, we
screened a list of antibody pairs for PIGF, ANG and ET-1 targets from
different vendors with AEM sensor and selected a pair of capture and
detection antibodies based on their superior performance. Table 2 shows

Table 2
List of the matching capture antibody, detection antibody and protein antigen.

Protein Size Conc. (pg/  Role in TERM Products

Biomarker (kDa) mL)

ELISA Kit

Endothelin- 2.49 30-90 A vasoconstrictor R&D Systems

1 secreted by endothelial DET100

cells, which contributes
to vascular tone and
regulates cell
proliferation.

Angiogenin 14 30-80 A potent stimulator for ThermoFisher
blood vessel formation. EHANG

PIGF 48 800-1600 A homodimer PromoCellPK-
glycoprotein that EL-66021

regulates cell
proliferation, migration,
and blood vessel
formation.

Fig. 2. a) An exemplary I-V curve of an AEM sensor.
The transition voltages Vi, and V,) that de-marcate
the under-limiting region, limiting region and over-
limiting region are indicated. The CVC terminates at
2 x Ijjm where the voltage shift is measured, as the
curves only change in the over-limiting region. b)
Functionalized AEM (green line) was exposed to
target protein and reporter and voltage shift was
observed (black line). CVC was measured after 20 s
(blue), 70 s (magneta) and 90 s (black). Convergence
is observed after 70 s of washing. CVC measurements
for ¢) 10 pg/ml of protein ET-1 in 1xPBS and d) 1 ng/
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2

ml of protein ET-1 in 1xPBS after convergence uti-

lizing functionalized AEM sensor with ET-1 antibody.

(For interpretation of the references to color in this

figure legend, the reader is referred to the Web
0.66V version of this article.)

b
2x iy
—— Baseline
——20 s wash
——70 s wash
404 —-—90s wash
g . <
b Viim -
8 H
£ E
3 3
= © 20
Vim Vor V fial : 0 1
voltage (V)
C d
0.25V 409
— — Probe R — — Probe
Protein 10pg/ml 4 Protein 1ng/ml
401 —— Reporter / s —— Reporter
g g
= =
b -
s c
£ £
= 3
° o
0 2 0

q
voltage (V)

1
voltage (V)



Z. Ramshani et al.

the selected antigen and antibody pairs for PIGF, ANG and ET-1.

The use of monoclonal antibody as detection antibody on silica re-
porters along with large hydrodynamic shear drag due to particles
would remove any low-affinity non-targets from the sensor surface and
hence would enhance the detection selectivity. Additionally, the use of
higher reporter concentration can favor rapid binding of monoclonal
antibody and can help to reduce the assay time further. However, there
is a challenge to find well studied and fully mapped pure capture and
detection antibodies for any targets as most of the well validated high
binding affinity antibodies are used in ELISA Kkits.

We hence needed to screen a large number of antibodies that are
commercially available and selected the best possible pair that showed
promising results with our AEM sensor. Although we used uncharac-
terized poorly validated antibodies, we were still able to demonstrate a
similar detection sensitivity and selectivity, if not better, as ELISA with a
comparable error bar.

In a typical experiment, AEM sensor was functionalized with capture
antibodies and mounted in the biochip. The CVC measurement was
performed with 0.1 x PBS in the microchannel and used as the baseline.
40 pl of known concentration of pure antigen sample or tissue sample
was then introduced to the microchannel and incubated for 20 min. The
sensor was then washed with 2 x PBSand 0.1 x PBS solutions at the flow
rate of 2 ml/min to remove the non-specific bounded proteins from AEM
surface, 40 pl of the detection antibody conjugated silica reporters were
injected into the microchannel and incubated for another 20 min.
Finally, CVC measurement was conducted after 2 x PBS and 0.1 x PBS
solutions at the flow rate of 2 ml/min and the resultant voltage shift was
compared with the baseline signal. Fig. 2b shows the convergence of the
CVC curve during the 90 s of washing. It is clear that a stable steady-state
CVC curve is obtained after 70 s. Non-specifically bound molecules have
been sheared off with the metered washing step that can be automated
with feedback control of the differential voltage shift in time. This
automated wash enabled by electrical signals is a key advantage of the
current platform. The concentration of the target protein in sample was
then calculated using the relevant calibration formula as discussed in the
next section. The total assay time is less than an hour with a limit of
detection of 10 pg/ml for ANG and 1 pg/ml for ET-1 targets, shown in
calibration curve graphs. The different LOD for ANG and ET-1 targets
could be due to the different binding affinity of the selected antibody
pairs. Table 3 shows a comparison of our platform with other reported
continuous immunoassay-based monitoring system [43-47]. As evident,
the LOD of our technology outperforms other reported detection tech-
nologies by at least a factor of 2.

Table 3
Comparison of continues immunoassay-based monitoring systems.
Sensing technology Target Detected LOD Ref
Surface acoustic wave Carcinoembryonic antigen 1.25 [43]
in exhaled breath ng/ml
condensate
Flow Injection Atrazine, a pesticide in 1ng/ [44]
Immunoanalysis drinking water ml
Immuno affinity- IgG from the culture of 5ug/ [45]
chromatography hybridoma cells ml
method
Spectrophotometric Zearalenone, a mycotoxin 0.4 [46]
Immunoassay in food product. ng/ml
Electrophoretic Human insulin-like growth 0.68 [47]
immunoassay factor-I (IGF-I) in serum ng/ml
sample.
AEM Platform Endothelin-1, Angiogenin, 1pg/ Current
PIGF targets of Vascular ml Technology

tissue
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3.3. Universal calibration curve for vascular endothelial cell culture
supernatants

The black dashed line in Fig. 2¢ represents the baseline of the func-
tionalized sensor. We observed no voltage shift after the introduction of
the antigen samples. This suggests that Ab-Ag docked adduct is not
charged enough and did not bring enough counter ions to induce sig-
nificant change in the ion conductance of the AEM sensor and produce a
shift. This indicates that there is a need for a reporter that can bring
significant change in the ion conductance of the sensor upon binding
with the ab-ag adduct and produces a large shift in the CVC character-
istics in the overlimiting region. We hence selected a 50 nm carboxyl-
ated silica particle as a reporter due to its small size and large negative
surface charge and attached to a detection antibody. Our selection of
silica particles over other negatively charged molecules such as nucleic
acid makes the functionalization easy and straight forward as a simple
centrifugation step can be used during conjugation of antibodies.
Further, the high density of silica particles enhances the detection
selectivity as the large shear drag force exerted by the particles during
washing can remove the low affinity or non-specifically bounded non-
targets [48]. The details of conjugating silica particles and reporter
preparations can be found in Supplementary Information under section
4. After incubation with the silica reporters, the CVC measurement
showed a shift of ~0.25 V for 10 pg/ml and ~0.66 V for 1 ng/ml, thus
clearly indicating the successful capture of the targets (Fig. 2¢ and d).

After successful optimization of the assay protocol, a calibration plot
was developed for ET-1 and ANG. As expected, a gradual increase in
voltage is observed with the increase in protein concentration. Triplicate
study also shows a linear increase in voltage with a small error bar of
0.01 V with a 95% confidence rate. The calibration plots thus developed
was used to determine the protein concentration present in vascular
endothelial cell culture supernatants.

Fig. 3a indicates the logarithmic relation between the ET-1 protein
concentration and measured voltage shift by this formula:

AV, = (175 107%) + (0.095) x In(C +5) ¢))

Where C is the concentration of ET-1 in pg/ml and AV is the recorded
voltage shift in volt.

To assess the detection efficacy of this sensing chip, a series of ex-
periments were conducted using vascular endothelial cell culture su-
pernatants. The details of the cell isolation preparations and ELISA assay
are explained in detail in Supplementary Information under section 5
and 6, respectively. The triplicate measurements with different AEM
sensors showed a comparable ET-1 concentration with ELISA in vascular
endothelial cell culture supernatants. AEM sensor indicated the presence
of 50.00 + 1.60 pg/ml ET-1 concentration versus 38.00 + 0.26 pg/ml as
observed with ELISA (Fig. 3b). This study clearly indicates that the
performance of our AEM sensor is as good as ELISA with a significantly
lower assay time, 1 h as compared to 7 h for ELISA. It is pertinent to
mention that although the antibody pair used in the AEM sensor may
have a low binding affinity for the target antigen, but still the detection
sensitivity at par with ELISA.

Similarly, we tested the selected antibody pair for another vascular
protein biomarker, ANG, and developed a calibration plot. As shown in
Fig. 3c, the limit of detection of ANG protein was 1 pg/ml and the
sensing platform exhibited log-linear behavior over 3 decades of con-
centration. The Ang protein concentration (C in pg/ml) and voltage shift
(AVin V) are logarithmically related by:

AV,=0.25+0.1 x In (c_, T 0.84) @

The performance of AEM sensor was benchmarked with ELISA by
measuring the concentration of the ANG protein in the vascular endo-
thelial cell culture supernatants sample. Fig. 3d shows the ANG con-
centration in tissue samples as measured by ELISA. The concentration of
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Fig. 3. a) A calibration plot for ET-1 protein pro-
duced by AEM platform after measuring voltage shift
at different ET-1 protein concentration. Each point
indicates the average of three replicates of the same
concentration, using three functionalized AEM
sensor. b) Implementing the ET-1 calibration plot, the
concentration of the ET-1 protein in vascular endo-
thelial cell culture supernatants were measured using
AEM platform and benchmarked against ELISA (n =
3). ¢) A calibration plot for ANG protein produced
after recording voltage shift at different ANG protein
concentration. Each point indicates the average of

0.01

Biochip three replicates of the same concentration using three
functionalized AEM sensor. d) Benchmarking AEM
platform against ELISA in detecting the concentration
of ANG protein in vascular endothelial cell culture
supernatants (n = 3). e) A calibration plot for PIGF
protein using produced voltage shift at different PIGF
protein concentration. Each point indicates the
average of three replicates of the same concentration
using three functionalized AEM sensor. f) Bench-
marking AEM platform against ELISA in detecting the
concentration of PIGF protein in vascular endothelial
cell culture supernatants (n = 3).
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ANG was found to be 45.0 + 4.5 pg/ml, which is comparable to the
concentration of 50.0 + 1.9 pg/ml obtained using AEM sensor.

In the last attempt, the calibration plot for the third vascular protein
biomarker, PIGF was established. Fig. 3e, indicates the limit of detection
1 ng/ml for PIGF protein. According to the calibration plot, the PIGF
protein concentration (C in pg/ml) and voltage shift (AV in V) are
logarithmically related by:

AV, =022+ 0.08 x In (c, +0,5) 3

The performance of AEM sensor was benchmarked with ELISA by
measuring the concentration of the PIGF protein in the vascular endo-
thelial cell culture supernatants sample. Fig. 3f shows the PIGF con-
centration in vascular endothelial cell culture supernatants samples as
measured by ELISA. The concentration of PIGF was found to be 1.46 +
0.17 ng/ml, which is comparable to the concentration of 1.71 + 0.04 ng/
ml obtained using AEM sensor.

While the benchmarking results are comparable with ELISA, the
slight difference in biomarkers concentration can be due to different
binding affinity of the used antibody pairs for these two biomarkers. The
biochip data show much smaller standard deviation, which should be a
result of our standardized wash protocol. Importantly, quantification of
the biochip data for all the samples in Fig. 3b, d and f are based on the
universal calibration curve of Fig. 3a, c and e, whereas the ELISA tests
require a separate calibration for each data point.

Biochip

3.4. Negative control experiments and wash protocol optimization

To ensure that the I-V shift observed in Figs. 2 and 3 are in fact due to
the presence of ET-1 and ANG targets in vascular endothelial cell culture
supernatants, a series of negative control experiments were conducted.
First, the effect of silica reporters on the detection antibody was tested
by exposing the reporter to a sensor functionalized with capture anti-
bodies for 30 min. Fig. 4a, shows a small shift of 0.18 V after washing
with 2 x PBS at a flow rate of 2 ml/min. This suggests that 2xPBS wash
buffer is not sufficiently strong enough to detach all non-specifically
adsorbed silica reporters on the AEM surface. Although we can
remove the silica reporter completely and bring the I-V to baseline with
higher flow rate or more than 2xPBS conducting wash buffer but we
observed that both approaches can detach Ab-Ag-Ab adduct from the
AEM surface and we do not see any I-V shift. We hence considered this
small shift as a background noise of the sensor and any shift more than
0.2 V are considered due to the presence of target.

As a second strategy, the sensor was exposed to a mixture of proteins
and miRNAs spiked-in media sample to check whether our sensor is
selective enough as tissue bioreactor samples would contain several free-
floating non-target proteins and nucleic acids. Hence, the media sample
was spiked with 1 ng/ml of non-target protein (PIGF) and 1 nM of non-
target miRNA (miR-208) and exposed to ET-1 captured antibody func-
tionalized AEM sensor. The related reporter was then incubated inside
the microchannel for 30 min. CVC measurements were then performed
after washing with 2xPBS at 2 ml/min flow rate. A voltage shift of 0.19 V
(Fig. 4b) was recorded which is very similar to the 0.18 V shift that
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Fig. 4. A series of negative control experi-
ments were conducted to validate the AEM
platform. a) The ANG reporter was incu-
bated with AEM sensor functionalized with
angiogenin probe and a 0.18v voltage shift
was recorded. b) Tissue media sample spiked
with 1 nM of miRNA (mir-208) and 1 ng/ml
of non-target protein PLGF was incubated
with a sensor functionalized with ET-1
antibody probe. A voltage shift of 0.19v
was measured after incubating with ET-1
reporter. CVC measurements of functional-
ized AEMs exposed to vascular endothelial
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observed when we only used silica reporters in Fig. 4a.

As a third strategy, we also tested whether the selected antibody
pairs are selective and do not cross react with other proteins. In other
word, the selected antibody pairs for each target protein does not bind
with any other non-target proteins. In order the check it, we spiked-in 1
ng/ml of PIGF to vascular endothelial cell culture supernatants sample
and exposed to AEM functionalized with ET-1 probe. Similarly, we
spiked-in 1 ng/ml of non-target protein (Osteonectin, SPARC) and
exposed to AEM functionalized with ANG probe and related reporters
prior to the CVC measurements. As shown in Fig. 4c—d, a shift of 0.401 V
and 0.687 V were observed for ET-1 and ANG functionalized AEMs
respectively, which is within the 95% confidence range of our previous
results in Fig. 3b and d. Additionally, it detects the amount of ANG and
ET-1 targets that are expected to be present in conditioned medium from
vascular tissue samples as observed previously in Fig. 3.

Finally, the capability of a functionalized sensor in distinguishing
between the target protein in a complex sample after exposing to non-
target protein was verified. ET-1 probe was printed on the AEM sensor
and exposed to bone tissue samples. Our ELISA study shows that bone

tissue samples does not contain ET-1 target and hence this sample is a
realistic negative control sample since it will contain all relevant bio-
molecules released by bone tissue during its proliferation. As seen in
Fig. 4e, no significant voltage shift (AV = 0.05 V) was observed, thus
suggesting high detection selectivity of the sensor. Just to make sure that
the sensor indeed contains the ET-1 probe, we then introduced vascular
endothelial cell culture supernatants sample (used in Fig. 3) and related
reporter. As expected, a voltage shift of 0.379 V was recorded (Fig. 4e),
which is within 95% confidence range of our previous study (Fig. 3b).
This clearly demonstrates that AEM sensor highly sensitive and selective
towards the target despite the presence of non-target proteins and other
biomolecules in tissue samples.

3.5. Simultaneous detection of ANG and ET-1 targets in vascular
endothelial cell culture supernatants

After successfully validating the performance of individual target
with AEM sensor, a two-membrane sensor was fabricated for simulta-
neous detection of both ANG and ET-1 targets from vascular tissue
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samples in a single test. In brief, two-membrane sensor was fabricated by
placing two pieces of membranes on a single disk separated by two
isolated chambers so that each sensor functions independent of each
other and avoids any cross talk in I-V measurement (Fig. 5a and b). First,
ANG and ET-1 probes was attached on each carboxylized membrane
sensor. The functionalized two-membrane sensor was then placed in the
biochip and exposed to vascular tissue samples for 30 min. We then
exposed the sensor to ET-1 silica reporters and measured I-V signal after
washing with the optimized protocol developed with single target. A
shift of 0379 V was observed for ET-1 sensor while no shift was observed
for ANG sensor (Fig. 5¢). The sensor was then get exposed to ANG re-
porter and I-V signal was recorded. A shift of 0.66 V was observed for
ANG sensor while no additional shift was observed for ET-1 sensor
(Fig. 5c). This clearly demonstrates the successful detection of both
targets present in the tissue sample. Additionally, the extent of voltage
shift observed for both the targets were very similar to the shift that
observed for individual targets (Fig. 3b for ET-1 and Fig. 3d for ANG).

Fig. 5d shows the detection consistency of the measured voltage
shifts in two-membrane sensor, where we witnessed less than 2% vari-
ations in voltage measurements for both AEMs. The triplicate experi-
ment results of the two-membrane sensing system were then
benchmarked against ELISA as shown in figure (Fig. 5e). The first two-
column in Fig. 5e, indicating the biochip results, are produced using
40 pl of sample in 1 h while the second two columns representing the
ELISA results are obtained using two separate ELISA kits, each requires
around 8 h, since there is no commercially available ELISA kit which is
capable of simultaneous detection of both ET-1 and ANG. This clearly
indicates the multiplexed capability of our AEM sensor.
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3.6. Demonstration of performance of three-membrane sensor

To further check the capability of our AEM sensor in identifying three
or more targets simultaneously in a single test, a 3-membrane sensor was
fabricated. Due to difficulty in identifying the antibody pairs for third
vascular target, a single target was picked to demonstrate the detection
capability of three-membrane sensor. Hence the same probe was
attached on all three membrane sensors and exposed to vascular endo-
thelial cell culture supernatants to check whether all three sensors show
the similar I-V shift. This experiment was necessary to prove whether
the optimized functionalization protocol is reliable for multi target
detection and whether we can detect the same number of targets with a
similar error bar. Similar to two-membrane sensor, a well separated
three-membrane sensor isolated by three separate chambers was fabri-
cated as shown in Fig. 6 a. ET-1 probes was then functionalized to each
sensor and exposed to vascular endothelial cell culture supernatants in
biochip (Fig. 6b). Fig. 6¢ exhibits the CVC measurements of the three-
membrane sensor. A similar voltage shifts were observed in all three
sensors. The shift is comparable to the result obtained with single sensor
(Fig. 3) with less than 1% error and within the 95% confidence. The
different under-limiting and limiting region of CVC characteristics in
each sensor is due to heterogeneity of the membrane and that could have
different conductance of the sensor membrane. However, despite this,
the shift in voltage in all three sensors are identical. This clearly suggests
that the accuracy of detection with AEM sensor is mostly dependent on
the number of probes printed on the sensor surface and less on surface
characteristics. The fact that the results of the study showing less than
1% error between different sensors further confirms the reliability of the
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Fig. 5. Simultaneous detection of two protein biomarkers, ET-1 and ANG, in vascular endothelial cell culture supernatants using two-membrane sensor a) Fabri-
cation of the sensor with two separated AEMs and chambers b) Mounting the functionalized two-membrane sensor in biochip. ¢) CVC measurements of the fabricated
two-membrane sensor functionalized with ET-1 and ANG probes after exposing the sensor with vascular endothelial cell culture supernatants. d) Average recorded
voltage shifts for both AEMs with less than 2% variations (n = 3). e) Simultaneous detection of ET-1 and ANG in vascular endothelial cell culture supernatants using

40 pl of sample in 1 h benchmarked against ELISA results using two ELISA Kits.
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Fig. 6. Three-membrane sensor a) Fabrication of the sensor with three separated AEMs and chambers b) Mounting the functionalized three-membrane sensor in
biochip. ¢) CVC measurements for vascular endothelial cell culture supernatants using all three AEMs of a three-membrane sensor functionalized with ET-1 probe.
The shift is comparable to the result obtained with single sensor with less than 1% error and within the 95% confidence. d) Simultaneous detection of ET-1, ANG and
PIGF in vascular endothelial cell culture supernatants using 40 pl of sample in 1 h benchmarked against ELISA results using three ELISA Kkits.

multiplex sensor. Hence, the integration of the platform with a biore-
actor can be used for routine monitoring of multiple targets in vascular
tissue samples. To assess the capability of our biochip protein assay
towards multiplex detection, three membrane sensors were functional-
ized using three vascular protein biomarker, ET-1, ANG and PIGF, each
printed on an AEM surface. Same washing protocol, sample volume and
incubation time was followed as was explained earlier for single mem-
brane protein detection assay. The first three-column in Fig. 6d, indi-
cating the biochip results, are produced using 40 pl of vascular
endothelial cell culture supernatants sample in 1 h while the second two
columns representing the ELISA results are obtained using three ELISA
kits, to measure the concentration of three protein biomarkers individ-
ually, each requires around 8 h, since there is no commercially available
ELISA kit which is capable of simultaneous detection of ET-1, ANG and
PIGF.

4. Conclusions

We have successfully developed a rapid, low-cost, sensitive, and se-
lective multiplexed sensing platform suitable for automated online
monitoring of multiple protein targets in vascular endothelial cell cul-
ture supernatants from a single test. Its amenability to on-line automa-
tion mainly lies in its target-specific wash protocol and its intrinsic
robustness that eliminates individual sample calibration, which result in
significant reduction in assay time and processing steps. To validate this
technique, a culture of human ECFCs was chosen due to its relevance for
various tissue engineering applications, as well as its widespread
adoption into various TERM products [2,17]. A sandwich assay strategy
is used where detection antibodies conjugated with silica nanoparticles
act as a reporter to gate the ionic current through a membrane sensor
and also as a hydrodynamic shear amplifier to remove non-specifically
bound reporters with an automated and precisely metered wash step.
The limit of detection of the sensor is comparable to that of ELISA with

10

significantly less assay time and sample volume. It can detect as low as
pg/ml in 1 h in 40 pl of tissue samples. Further, the use of optimized
protocol to functionalize similar number of capture antibodies on the
sensor surface makes the sensing highly reliable and reproducible with a
small detection error bar within 95% confidence limit. Further, its
simple peripheral instrumentation makes the integration with a biore-
actor straight forward and can be used for reliable and efficient detec-
tion of multiple targets in tissue samples for routine monitoring of the
potential biomarkers released during the maturation of various TERM
products. We previously demonstrated that the AEM sensor can be used
to detect four dengue serotypes simultaneously from a single test [40]
and hence it can be easily scaled up to identify more than four targets by
placing multiple four-membrane sensor modules in a series in a single
microfluidic channel or one sensor module in four channels that
emanate from the sample reservoir [49].
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