1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Electroanalysis. Author manuscript; available in PMC 2023 August 03.

-, HHS Public Access
«

Published in final edited form as:
Electroanalysis. 2022 December ; 34(12): 1961-1975. doi:10.1002/elan.202200091.

In-plane Extended Nano-coulter Counter (XnCC) for the Label-
free Electrical Detection of Biological Particles

Zheng Zhao®P, Swarnagowri Vaidyanathan®P, Payel Bhanja®4, Sachindra GamageP€,
Subhrajit Saha®d, Collin McKinney?f, Junseo ChoiPf, Sunggook Park?f, Thilanga
Pahattuge®€, Harshani WijerathneP®, Joshua M. JacksonP®, Mateusz L. Huppert9,
Matgorzata A. Witek?€, Steven A. Soperab.d.ehi

aBioengineering Program, The University of Kansas, Lawrence, KS 66045

bCenter of BioModular Multiscale Systems for Precision Medicine, The University of Kansas,
Lawrence, KS 66045

¢Department of Radiation Oncology, University of Kansas Medical Center, Kansas City, KS 66160

dUniversity of Kansas Cancer Center, University of Kansas Medical Center, Kansas City, KS
66160

eDepartment of Chemistry, The University of Kansas, Lawrence, KS 66045
fCRITCL, The University of North Carolina, Chapel Hill, NC

9Department of Industrial and Mechanical Engineering, Louisiana State University, Baton Rouge,
LA 70803

hBioFluidica, Inc., San Diego, CA

iDepartment of Mechanical Engineering, The University of Kansas, Lawrence, KS 66045

Abstract

We report an in-plane extended nanopore Coulter counter (XnCC) chip fabricated in a
thermoplastic via imprinting. The fabrication of the sensor utilized both photolithography and
focused ion beam milling to make the microfluidic network and the in-plane pore sensor,
respectively, in Si from which UV resin stamps were generated followed by thermal imprinting to
produce the final device in the appropriate plastic (cyclic olefin polymer, COP). As an example of
the utility of this in-plane extended nanopore sensor, we enumerated SARS-CoV-2 viral particles
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(\VPs) affinity-selected from saliva and extracellular vesicles (EVs) affinity-selected from plasma
samples secured from mouse models exposed to different ionizing radiation doses.

Keywords
Coulter counter; nanoparticles; COVID-19; exosomes

1 Introduction

Coulter counters can provide label-free detection of particles based on resistive-pulse
sensing (RPS) to determine the size, concentration, surface charge, and permeability of
the relevant particles [1-5]. RPS requires the use of a narrow constriction in series with a
larger fluidic network that flank each side of the constriction with a voltage applied across
the fluidic network. RPS measures either a change in current or potential when a particle
is resident within the pore due to a portion of the carrier electrolyte being displaced by the
relevant particle creating a change in the resistivity across the electrically biased pore [6].
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The change in voltage arising from resistance changes when a particle occupies the pore
can be described using equation 1, where AE is the voltage change between the occupied
and unoccupied pore, E is the applied potential, ps is the pore surface resistivity, a is the
pore-to-load resistance, L is the effective length of the nanopore, d is the particle diameter,
D is the pore diameter, and p is the fluid resistivity [5,7]. For most RPS cases, the majority
of the parameters shown in equation 1 remain constant during a measurement when a rigid
pore and homogeneous electrolyte are used and the only variable that changes is the particle
diameter; the size profile of the particles in the sample can be deduced by analyzing the
amplitude of RPS events. In addition, with a known flow rate the concentration of the
particles in the sample can be obtained. An important note with respect to equation 1 is

that the measured signal, AE, will depend on the ratio @3/ D? and as such for measurable
signals, the pore diameter needs to be close to the particle diameter (for this work, particles
measured were <200 nm in size).

Equation 1 is applicable to non-conductive particles because additional parameters must
be considered for conductive particles, including surface charge, particle charge density,
and permeability.[1,5] For permeable particles, the particle resistivity may be lower than
the carrier electrolyte due to the internal composition of the particle. As a result, different
particles can produce different signal polarities when measured in a similar electrolyte
[1,8,9].
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RPS detectors can be configured in one of two formats: (i) Out-of-plane sensors in which
the pore is situated within a high resistance membrane that separates two electrolyte
reservoirs filled with a conducting medium; and (ii) in-plane sensors in which the pore

is placed in the same plane as the accompanying fluidic network. Using either format,
RPS has been demonstrated for the analysis of viruses [10-13], bacteria [14, 15], Au
nanoparticles [16, 17], cells [18-20], proteins [21, 22], and DNA [23, 24]. RPS has also
been combined with microfluidic technology [12]. For example, Sohn and team have
developed a PDMS-based in-plane RPS to measure single DNA molecules [25], and
multiple stage photolithography and electron beam lithography with dry etching for pattern
transfer into a quartz substrate [26]. In the PDMS example, the SU-8 master was made
using a combination of photolithography (microstructures) and electron-beam lithography
(nanostructures) from which replicas could be generated using soft lithography. A similar
PDMS device was reported by Fraikin e/ a/. [12] for nanoparticle counting at high speeds,
which has been commercialized by Spectradyne (https://nanoparticleanalyzer.com/). As
another example of the use of in-plane pores, Jacobson and team have used these sensing
devices for characterizing hepatitis B virus capsids and monitoring virus capsid assembly
[27, 28]. In these sensors, the devices were made by direct focused ion beam milling into
inorganic substrates, such as glass, Si, or quartz.

We report an in-plane extended nano-Coulter counter (XnCC) device for analyzing
biological particles, including virus particles (VPs) and extracellular vesicles (EVS), for
measuring the size and concentration of the particles using a device fabricated in a
thermoplastic with the target particles affinity-selected from complex biological samples.
When a particle travels through the in-plane pore sensor, a transient signal is recorded
(Figures 1la—b). The in-plane pore used herein was designed with a size of 200x200x100
nm (WxHxL; extended nanofluidics [29]) and fabricated by imprinting into a thermoplastic;
in this manuscript cyclic olefin polymer, COP, was used as the plastic for the XnCC. The
XnCC chip showed the capability to sense EVs or VPs<200 nm in size with an amplifier

to record the current signal trace to determine peak amplitude and width. A potential was
clamped across the in-plane pore, and the resistance of the electrolyte in the device was
considered as a series connection in the circuit (Figure 1c). Whenever a VP/EV traveled
through the in-plane pore sensor, the intra-particle content formed a parallel circuit with

the pore. Figure 1c shows the equivalent sensing circuit for the XnCC chip, where Ryc

is the resistance of the microchannel, Ry is the resistance of the nanochannel, Ry, is the
resistance of the in-plane nanopore sensor, and Ry, is the resistance of the particle. In Figure
1d, expressions for the current flow in the circuit are given for the open pore and occupied
conditions, with the net signal measured (Al) given as the difference between the open

and occupied in-plane pore sensor currents. Using equation (1), we show in Figure 1e the
particle blockage current (Al) as a function of particle size with respect to the in-plane pore
size. As can be seen from Figure 1e, for a 20 pA threshold, which is determined by the noise
in the open pore current measurements, we should be able to detect a particle size of 60 nm
(diameter); the data presented in this manuscript will demonstrate our ability to measure 46
nm particles with the aforementioned in-plane pore sensor.

Compared to other technologies, our XnCC chip has several advantages: (1) The pre-
selection of target particles in a small volume (~ 30 pL) using a microfluidic chip prior
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to counting; (2) high-resolution electronic signal recordings to provide reliable and accurate
information in terms of particle size (peak amplitude) and particle travel time (peak width)
as well as particle concentration; (3) dynamic range of 10° to 109 particles/mL with a
100,000 Hz sampling frequency and 10 KHz bandwidth; and (4) the device made in a
thermoplastic to allow for high-scale production at low cost using, for example, injection
molding [30]. The production rate and cost per unit for a thermoplastic injection molded is
lower than PDMS-based devices (> 1,000 units per machine per day at ~ $2 per unit).

Because RPS can detect any particle with a size commensurate with the pore size (d°/D?
dependence as shown in equation (1)), it becomes necessary when analyzing complex
samples containing a heterogeneous mixture of particles to pre-select the target(s) with
high specificity. In this case, affinity selection can be used to target the required particle
population for analysis to add specificity to the assay. By targeting specific proteins on the
surface of particles, such as VPs and EVs using affinity agents (aptamer or antibodies), a
specific type of particle can be collected and then enumerated using RPS. Affinity agents
can be immobilized onto a substrate, such as the surface of a microplate, beads, or even
microfluidic devices, to allow for the solid phase selection of targets that can subsequently
be released for analysis (/. e., catch and release) [31]. Using affinity selection, the isolation
can result in high specificity and purity [32-34]. For example, we reported a microfluidic
device made from a plastic via micro-injection molding that could affinity select EV's from
plasma samples and release them [35]. This report used anti-CD8 antibodies to select EVs
using a microfluidic with their mMRNA cargo used to diagnose acute ischemic stroke.

2 Experimental

2.1 XnCC Chip Fabrication

An XnCC master mold was made from a Cr coated silicon (Si) wafer with the XnCC chip
containing both micro- and extended nano-dimensional features (Figure 2a, b). The micro-
scale features were fabricated using positive photolithography followed by wet etching of
the Si master to enable pattern transfer. For positive photolithography, AZ1518 resist was
spin-coated onto the Si wafer at a thickness of 5 pm and exposed to UV light (365 nm) for 4
s. The non-polymerized resist was developed using MIF 300 and wet etching was done using
40% KOH to the desired depth with the chromium layer as the mask for the wet etching.
The chromium layer was removed using a chromium etchant (Sigma-Aldrich). Finally, the
extended nano-dimensional features of the XnCC were fabricated by focused ion beam (FIB;
Quanta 3D Dual Beam System, FEI) milling using Ga ions [36—-39]. Structures were milled
with a beam current of 48 pA and a time of 1 ps. The final depths of the master mold were
validated using metrology and a rapid scanning confocal microscope (Keyence) along with
SEM; SEMs are shown in Figures 2c—d of the XnCC chip.

Poly-urethane acrylate (PUA resin; Minuta Technology) was used to replicate the structures
from the Si master mold into the desired plastic, which in this case was cyclic olefin polymer
(COP). The PUA resin was applied to the surface of the Si master mold and treated under a
UV lamp with a power of 22 mW/cm? for 2.5 min. After UV curing, the stamp patterns were
transferred to COP using thermal imprinting via nanoimprint lithography (NIL; Nanonex
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2500) at 135 °C, 2.07 MPa for 5 min. The COP chip was then covered with a thin COC
cover plate with both treated using an O, plasma for 2 min and thermal fusion bonded at

72 °C, 0.83 MPa for 15 min. We found that we could thermal imprint > 30 devices from a
single resin stamp, and > 100 resin stamps could be made from a single Si master. Therefore,
> 3,000 devices could be made from a single Si master negating the need for going back to
the optical lithography and FIB milling to make additional Si masters.

2.2 COMOSOL Simulation

2.3

A 2D model of the XnCC was built-in AutoCAD and imported into COMSOL (V. 5.5) to
evaluate the potential drop and electric field strength across the extended nanochannel and
in-plane extended nanopore sensor. The electrolyte used was 1 x PBS, which is the same
as that used in the experimental data. The Physics used was Electrostatics under AC/DC
flow. A DC bias of -1 V was applied at one end of the microchannel, and the other end of
the XnCC was grounded. A no-slip boundary condition was given to all boundaries, and a
stationary study was adopted.

In-plane XnCC Device Setup and Data Analysis

XnCC chip priming and preparation steps are shown in Figure 3. The “low-pressure” side
of the XnCC chip was filled with running buffer first, and then the “high-pressure” side was
filled with the appropriate sample. A syringe pump was then connected to “Outlet 11,” and
“Outlet I” was sealed.

The withdrawal of sample originated from “Outlet I1” to create hydrodynamic flow, and

the sample streamed from the high-pressure side to the low-pressure side. Once fluidic
connections were made, the chip was transferred to a Faraday cage and both electrodes were
connected across the XnCC using two Ag/AgCl electrodes placed into reservoirs (Figure

3). The current amplifier circuitry (AxoPatch Clampex V10.1) was turned on for signal

trace recordings. The voltage across the XnCC was set to —1 V, and based on simulations,
the majority of the voltage drop occurred across the extended nanochannels and in-plane
extended nanopore. From the 2D simulations, the in-plane nanopore had a steeper potential
drop than within the nanochannels with about 10% of the potential drop occurring across the
nanopore (Figure 4). The sampling frequency of the electronics was 100,000 Hz, and a 10
kHz lowpass filter was applied. The signal trace was recorded for 10 min and current traces
were analyzed by Clampfit software. The trace background was zeroed and a post 400 Hz
highpass filter was applied to reduce the noise level resulting from external electrical sources
and the intrinsic noise of the electronics. The standard deviation in the background current
trace was calculated based on an open-pore current, and a threshold condition was set at 5

x the standard deviation in the signal. The signals with higher amplitude than the threshold
and longer duration than 0.02 ms were scored as events.

2.4 Fluorescent Beads for XnCC Characterization

A fluorescent bead mixture was used to evaluate the operational performance of the XnCC,;
46 and 100 nm diameter polystyrene beads bearing a fluorescent label (AF 565; excitation
maximum = 565; emission maximum = 580; Thermo Scientific; catalog numbers F8792 and
F8800 for 0.04 and 0.1 um particles, respectively) were mixed and diluted to a concentration
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of ~ 4.7 x 101 particles/mL, which was verified using nanoparticle tracking analysis (NTA).
The bead mixture was passed through a 0.22 um filter to remove aggregates and placed in
the XnCC chip. The XnCC chip was imaged using a single-molecule tracking fluorescence
microscope configured in an epi-illumination format that possessed a 532 nm green laser
(Diode-pumped solid-state — Coherent; Aex = 532 nm; P = 2000 mW; 2 mm beam diameter;
see Figure S1 in the Sl for a schematic of this microscope), a 63 x objective, and Cy3 color
channel used to visualize bead movement [26, 40, 41]; Figure 5 shows still images of bead
movement through the in-plane nanopore sensor. The beads were analyzed optically using
ImageJ. The events were collected from the electrical signal trace and analyzed for their size
distribution as well using the in-plane extended nanopore sensor.

2.5 Calibration Curve for VP Counting

Pre-heated (to inactivate) SARS-CoV-2 VVPs (ATCC) from cell culture media served as the
stock solution and consisted of 3 x 108 particles/mL. The stock solution was diluted serially
in 1 x PBS to establish a calibration curve. A total of ~ 30 uL of sample was filled into

the XnCC chip. The sample was withdrawn at the receiving side of the in-plane extended
nanopore sensor using a syringe pump with the electrodes connected across the in-plane
extended nanopore sensor. The entire setup was placed in a Faraday cage and —1 V potential
was applied. The electrical signals were recorded using an Axoptach 200B and analyzed
using Clampfit 10.1 software. Each point of the standard curve was collected in duplicate
and a different device was used for each measurement.

2.6 VP Recognition Using an Affinity Selection Chip

Four samples (saliva) were used to evaluate the performance of the XnCC chip for SARS-
CoV-2 enumeration following affinity selection. Two saliva samples from donors whom
tested negative for SARS-CoV-2 by RT-gPCR were spiked with heat-inactivated SARS-
CoV-2 VPs (ATCC) to simulate positive COVID-19 samples. The other two saliva samples
were not spiked with SARS-CoV-2 particles and served as blanks. The saliva samples were
processed through a selection chip for SARS-CoV-2 VVPs with the affinity agent consisting
of a DNA aptamer targeting the spike protein (S protein) of SARS-CoV-2.[42] The aptamer
was linked to the surface of the plastic chip using a coumarin-based photocleavable linker;
the linker attachment to the plastic surface was enabled by UV/Oj3 activating the plastic
surface and using EDC/NHS coupling chemistry to allow for the covalent attachment (see
Scheme S1 in the SI showing this chemistry).[42,43] The selection chip, which was made
from a plastic using injection molding (see Figure S2 in the Sl), consisted of ~1.5 M pillars
that were 10 um in diameter with a 10 um edge-to-edge spacing.

Briefly, the aptamer attachment chemistry is explained here. After VP selection chip surface
activation using UV/O3 exposure, 2 mg/mL NHS and 20 mg/mL EDC in acetonitrile was
infused into the chip and left at room temperature for 25 min. This was followed by
introduction of a photocleavable linker into the chip, which was allowed to react at room
temperature for 2 h [34]. This was followed by another EDC/NHS reaction in which the 5
amino modified aptamer was added to the selection chip for attachment of the aptamer (see
Scheme S1 in the SI).
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For VP analysis, a wash buffer (1% PVP in 1x PBS) was pumped through the chip at a flow
rate of 20 uL/min to eliminate non-specifically bound material to the chip’s surfaces. Then,
a 100 pL saliva sample was flowed through the chip at a rate of 10 uL/min, followed by a
wash with 1 x PBS flowed through the chip at 15 yL/min. Following release of the selected
VPs from the capture surface by a blue light LED, the released particles were analyzed by
the XnCC chip.

2.7 EV Isolation from Mouse Plasma Samples

The EV selection chip fabrication and surface treatment have been described in previous
publications [35, 44, 45]. After chip surface treatment using UV/Os activation, 2 mg/mL
NHS and 20 mg/mL EDC in MES buffer (pH 5.0) was infused into the chip and left

at room temperature for 25 min. Then, an antibody solution was infused into the chip

and allowed to react at room temperature for 2 h. To minimize non-specific adsorption,
mAb-modified selection chip surfaces were blocked with 1% PVP and 0.5% BSA in PBS
(200 pL, 10 pL/min), then washed with 1% Tween20 in TBS after enrichment to remove
non-specifically bound material [35]. As shown in ref. [35], verification of the isolation of
CD8-bearing EVs using our selection chip was done by labeling the surface-captured EVs
with a fluorescently-labeled anti-CD8 antibody with the proper controls. In this case, the
antibodies were attached directly to the selection chip’s surface and no photocleavable linker
was used. Then, a 100 pL plasma sample was flowed through the chip at a flow rate of

10 pL/min, followed by a wash with 0.1% Tween-20 in 1 x TBS flowed through the chip

at 15 pL/min. In one set of experiments, mouse plasma samples were analyzed using an
anti-CD81 antibody (431301, R&D Systems) selection chip (see Figure S2), and the EVs
were released by injecting 1 mg/mL proteinase K (Thermo Scientific) into the chip. The chip
was incubated at 37 °C for 30 min and then rinsed using a washing buffer (0.1% Tween-20
in 1 x TBS) at a flow rate of 10 uL/min for 20 min. The effluent was stored at —80 °C and/or
sent for enumeration. In the second set of experiments, EVs were selected using anti-CD8
antibodies.

2.8 EV Quantification Using BCA Assay

For some mouse plasma samples, the total protein content was analyzed by the BCA total
protein assay to verify EV numbers. The BCA total protein assay was carried out using the
Micro BCA Protein Assay Kit (Thermo Fisher Scientific). For this assay, ~30 L of the
effluent from the EV chip was used for the BCA assay, and the “Microplate Procedure”

was used to determine the total protein from each sample, which could be correlated to the
relative amount of EVs. A BSA (bovine serum albumin) protein standard was prepared with
serial dilution to establish a calibration curve. The samples and standards were separately
mixed with the working reagent at a 1:1 volume ratio and placed into a heating chamber at
37 °C for 2 h. The plate was then cooled to room temperature and set into a plate reader with
562 nm absorbance readout.
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3 Results and Discussion

3.1 Evaluation of XnCC Chip Analytical Performance Using Fluorescent Beads

We set out to determine the analytical figures-of-merit of the XnCC chip using fluorescent
beads so that we could correlate the electrical signals with observable fluorescent signals.
For RPS current transients of fluorescent beads that were 46 and 100 nm in diameter, the
event signal amplitudes ranged from 57 to 1203 pA, and the signal durations (formal width
at half maximum, FWHM) ranged from 0.15 to 0.95 ms (Figures 6a, b, and d). For this
data, the sampling rate was 100,000 Hz and the electronic bandwidth was set to 10 KHz
on the Axopatch current amplifier. Therefore, even with a peak FWHM of 0.15 ms, we
would expect to collect ~ 15 data points, which would indicate little if any peak distortion
due to signal aliasing. However, the bandwidth of the electronics was set to 10 KHz, and
thus we may expect some perturbation in peak amplitude for peaks with a FWHM < 0.1
ms. As can be seen from the event current trace shown in Figure 6d, the events provided
positive polarity peaks with respect to the open pore current trace for this carrier electrolyte
(1 x PBS) indicating that the fluorescent particles were more conductive than the carrier
electrolyte.

The electrical signal amplitudes were histogrammed with a bin width of 100 pA. The
histogram was fit to a normal distribution with two maxima (Figure 6e). This data indicated
that we could detect both the 46 and 100 nm diameter nanoparticles and discriminate
between them based on size. The bead mixture was also imaged using a fluorescence
microscope (see Figure S1) to make sure the resultant electrical signals were indeed due to
transport of beads through the in-plane extended nanopore sensor. Fluorescence intensities
within the image were analyzed and the intensity was found to be proportional to the beads
sizes and were correlated to the electrical signals generated by the XnCC chip. The bead
mixture’s fluorescence amplitudes with respect to the electrical signal amplitudes from the
XnCC chip were fit to a non-linear function and showed high correlation (R = 0.9988, p

< 0.0001) confirming that our electrical signals originated from beads traveling through the
in-plane extended nanopore sensor (Figure 6c).

The average diameter and the size distribution for these particles, as per manufacturer
certificate of analysis, was 46 + 6.4 nm (RSD = 13.9%) and 100 + 12 nm (RSD = 12.0%).
The electrical signals as generated in the RPS data for these particles were found to be 454.2
+94.3 pA (RSD = 20.8%) and 779.4+52.1 pA (RSD = 6.7%) for the 46 nm and 100 nm
particles, respectively. The size distribution of these beads from the manufacturer’s data was
slightly smaller than the RSD for the RPS signal generated for 46 nm particles. This likely
represents a consequence of “off-axis” effects in our XnCC device. This effect depends on
the ratio of the particle volume to the volume of the extended nanopore, and will be more
pronounced for smaller particles because a shift in position with respect to the boundary
conditions imposed by the XnCC [46].

For the volume flow rate, the range of particle’s FWHM was from 0.15 to 0.95 ms for

an effective pore length of ~225 nm (see Figure 4f), a volume flow rate of 3.13x10711
mL/s was determined (for particle FWHM of 0.15 ms). Therefore, we could estimate the
particle’s size from the amplitude of the current transients and the transient width allowed
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us to determine the volume flow rate and with the event frequency, the bead concentration
could be deduced (Figure 6d, e).

3.2 SARS-CoV-2 Particle Counting by nCC Chip

As a demonstration of the XnCC for label-free counting of affinity-selected particles, we
used the analysis of SARS-CoV-2 VPs associated with COVID-19. Corona-viruses (CoVs)
are a family of enveloped viruses with a size ~ 125 nm in diameter and contain a single-
stranded RNA genome.[47-51] We used a microfluidic chip with its surfaces containing an
aptamer that targeted the receptor binding domain of the spike protein to affinity select these
VPs from biological samples, in this case saliva [42]. The SARS-CoV-2 VPs were released
from the capture surface and collected in the output reservoir of this chip (volume = 30
pL), which was pipetted out of this reservoir and loaded into the XnCC chip for label-free
enumeration. The XnCC chip was used to perform SARS-CoV-2 VP counting, which has
an average particle size of ~121 nm (range = 50-200 nm) as determined by nanoparticle
tracking analysis (NTA) of a stock solution of SARS-CoV-2.

For these investigational studies, we seeded SARS-CoV-2 VPs (heat inactivated from ATCC;
L strain from Wuhan, China) into saliva samples at known concentrations. Because the
XnCC is a universal detector and counts any particle with the appropriate size range (40
nm-200 nm, set by the smallest particle we can detect based on SNR considerations as

seen in Figure 6, and the size of the in-plane pore, respectively) for the analysis of saliva, a
pre-selection process must be undertaken to remove endogenous particles from the sample
that may interfere with the measurement, for example EVs that can be found in saliva

[52]. The selection chip used here consisted of a plastic chip with a high density array

of micropillars (~ 1.5 M pillars) that served as the solid support for selecting the VVPs
specifically from the saliva sample through the use of an affinity agent, in this case an
aptamer. Following selection of the target VVPs, they could be released from the capture
surface using blue light that photocleaves the coumarin linker (see Figure S2 in Sl as well as
Scheme S1).

Before counting the VPs from saliva samples, a standard curve was established to evaluate
the XnCC chip’s analytical figures-of-merit for the SARS-CoV-2 VPs by serial dilution of

a stock solution (Figure 7a — b). An expanded view of a single RPS event and the PBS
background are shown in Figures 7c—d. Each dilution was run in duplicate, and the standard
curve was fit to a linear function and a correlation coefficient of 0.9714 was found (Figure
7e). For this XnCC chip, the limit-of-detection was determined to be 5.8x106 particles mL™1
(signal-to-noise ratio = 5). From the input load and the number of detected signals, we
estimated the sampling efficiency (/. e., percentage of particles that actually travel through
the single pore with respect to those that flow through the XnCC chip) to be ~1.5x1074%.
This low sampling efficiency results from the use of a single pore with an effective diameter
of 200 nm and a relatively large adjoining microchannel. In addition, the small pressure drop
across the pore created by the pulling action of the syringe on the receiving side of the pore
reduced the sampling efficiency as well. We should note that the detection efficiency is ~
100% (this was deduced from the effective sampling length of the pore [225 nm, see Figure
4], the average transit time of particles through the pore [~0.5 ms], the sampling time [300s],
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the particle number per unit volume [5.5%108 particles per mL], and the number of events
detected [371]).

We tested the nCC to enumerate VVPs spiked into saliva samples (Figure 7f). In these
samples, the SARS-CoV-2 concentration for samples 1 and 2 were 5.5x108 and 2.1 x 108
particles/mL, respectively, while samples 3 and 4 had no particles added into the saliva (/.e.,
all four saliva samples were found to be negative for COVID-19 as determined by RT-gPCR
while the positive controls gave discernible RT-gPCR signals, see Figure S3 in the SlI). As
can be seen from Figure 7f, events were clearly detected in the positive controls (samples

1, 2) with no particles detected in the negative controls (samples 3, 4). The results showed
that the XnCC chip is capable of enumerating SARS-CoV-2 VPs specifically when coupled
to a chip for affinity selection of the desired target. However, in this case the viral loads for
the positive controls were high (~108 particles per mL) and thus, further optimization of the
XnCC is necessary to quantify the VPs for COVID-19 when the viral load is low; the viral
load for COVID-19 patients using saliva testing can range from 103-108 particles per mL
[53].

3.3 CD81 and CD8 EVs for Determining Radiation Exposure

In the second application example of the XnCC, our goal was to establish an assay that
coupled EV isolation and enumeration to detect and monitor the status of radiation exposure
levels in patients. Accidental radiation exposure has been recognized as a disaster caused

by humans with > 90 nuclear and radiation accidents occurring over the past 60 years [54,
55]. Governments have spent > $20 billion for recovery from accidental radiation exposure
[56-58]. In addition, there have been numerous deaths directly or indirectly resulting from
ionizing radiation [59-61]. During triage to understand patient exposure levels, the attending
physician can only estimate radiation injury level by questioning the patient as to exposure
details [62].

In these proof-of-concept studies, a mouse model was used for these studies and consisted
of non-exposed, low dose (2 Gy), and high dose (12 Gy) exposed mice. A microfluidic

chip was used for EV affinity isolation of CD8 expressing EVs from mouse plasma samples
[35]. Previous work has shown that the cellular activity of CD8+ T cells can be induced by
radiation [63—-65], and thus, CD8-expressing EVs can potentially be used as a biomarker of
radiation exposure.

The risk of radiation exposure from detonation of nuclear weapons, terrorist attacks on
nuclear reactors, or the use of conventional explosives to disperse radioactive substances
has increased in recent years. To ensure efficient use of medical resources following a
radiological incident, there is an urgent need for simple assays to determine the degree

of exposure. These assays should determine after exposure to ionizing radiation changes

in biological endpoints via informative biomarkers that are easily accessible. In the case

of large-scale radiological accidents, these biomarkers could be used to identify individual
exposure cases. In some situations, triage decisions have to be undertaken as soon as
possible to parse exposed subjects into different categories depending on their exposure dose
and radio-sensitivity; this type of information is typically not secured from a simple Geiger
counter measurement.
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An immune system-related marker, CD8, and an EV marker, CD81 (/.e., tetraspanin), were
used as capture elements of EVs from plasma samples. The goal of these proof-of-concept
studies was to determine if we could use the selection chip described above (see Figure S2)
to affinity select EVs from samples, release the selected EVs, and enumerate them to serve
as an analysis strategy to determine the extent of radiation exposure of subjects. As a note,
we have shown that our XnCC can detect particles with an average size of 46 nm (see Figure
6e), but the size distribution of EVs isolated using our selection chip has been shown to
range from ~35 nm to 400 nm [35]. Therefore, we can possibly not detect EVs < 40 nm in
diameter and those with diameters > 200 nm can block the pore. However, in no case did we
notice device failure due to EV blockage.

Our first step was to identify which affinity marker was best suited to distinguish between
non-exposure, high, and low dose conditions could be distinguished and thus, we evaluated
two different ones herein: (i) CD81, which collects the entire population of exosomes
irrespective of their cell-of-origin because CD8L1 is a tetraspanin ubiquitously found in most
exosomes. (ii) Literature precedence has also shown that radiation exposure will induce
cellular activity of CD8 expressing T cells [63, 65-69]. As a result, higher levels CD8+

T cell-related circulating EVs may be expected for radiation exposed subjects because of
increased T-cell activity. Model studies were performed in mice exposed to sub-lethal and
lethal doses of radiation (no exposure, 2 Gy, and 12 Gy). Radiation was delivered to 8-

10 week-old male C57BL6 mice using a small animal radiation research platform (Xenx;
XStrahl, Surrey, UK). Following exposure, the mice were sacrificed and the plasma analyzed
for levels of CD8 EVs or CD81 expressing exosomes. In these experiments, 30 plasma
samples were analyzed including 10 non-exposed mice, 10 low dose exposed mice (2 Gy),
and 10 high dose exposed mice (10 Gy). At 24 h post irradiation, mice were euthanized and
blood was collected from which plasma was isolated.

Mouse plasma samples were first analyzed using the anti-CD81 antibody selection chip.

For this analysis, neither exosome quantity nor size showed significant differences between
non-exposed and radiation exposed mice (Figure 8a, b). However, based on the literature the
prodromal stage of ionizing radiation is 4 to 24 h, and the level of circulating EV production
may peak after 6 h [70-73]. Therefore, we performed a second set of experiments that
included analysis of plasma samples in mice 6 h and 24 h post-radiation exposure. However,
there were no differences in EV quantity or size for exposed and non-exposed mice (see
Figure S4 in SI) when using anti-CD81 antibodies for exosome selection from plasma. For
the EVs isolated using anti-CD81 antibodies, the entire exosome population was selected by
the chip [74-76]. The total exosome population in plasma might be at similar levels due to
the higher uptake rate with post-radiation exposure [77].

We next performed experiments directed toward evaluating CD8 expressing EVs with
respect to radiation exposure. As shown in Figure 8c and d, the CD8-related EVs for the low
dose and high dose groups exhibited significantly higher EV levels compared to the control
group that received no radiation exposure (p=0.0076 and p=0.0001, respectively). These
results indicated that CD8-related EVs were upregulated in both of the low-dose and high-
dose groups and both were higher than the non-exposed mice, which was not the case for
the CD81-expressing exosomes. We should note that the CD8 expressing EVs could express
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CD81 as well and Western blotting could determine if there were co-expression. However,
the fact that anti-CD81 antibodies can select all exosomes, even those not originating from
T-cells may mask the subtle EV changes induced by radiation exposure.

3.4 RPS Signal Polarity and Analysis

The XnCC chip generated both positive (EVs and polystyrene beads) and negative (VPs)
polarity pulses compared to 1 x PBS buffer in our electrical signals but not just negative
polarity pulses as most RPS data show [1-4, 78]. For RPS with a constant potential applied
across the pore, non-conductive particles will increase the resistance when resident within
the pore, producing negative polarity peaks. However, in the case of conductive particles,
they can carry more ions than the surrounding electrolyte increasing the conductivity when
a particle is resident within the pore and thus, result in a positive polarity signals [1]. In our
case, we are using 1 x PBS as the carrier electrolyte without 1 M KCI spiked into the carrier
electrolyte as is typically done in RPS experiments, which will produce a lower conductivity
open pore current.

For the bead experiments, polystyrene was the bead material and literature has shown

that polystyrene beads can provide positive polarity events in RPS because of the porous
nature of the beads [8, 79-82], which creates significantly higher surface area than a
non-porous bead. The porous beads will carry more ions due to the larger surface area,
generating an increased charge/volume ratio. As a result, the ionic concentration in the bead
can be higher than the ionic concentration in the surrounding carrier electrolyte and thus
results in positive-polarity events. The EVs when counted using the nCC chip with 1x PBS
also showed positive polarity events. Due to the small size of the extended nanopore, the
electrical field strength can be as high as 10 kV/cm, and particles translocated through

the pore in ~0.5 ms. With such a high electrical field strength and short translocation
duration, the pore can provide an electroporation condition for a phospholipid bilayer
comprising the EV membrane. Thus, the EV membrane can become permeable due to
possible electroporation, and the vesicles with a permeable membrane would result in a
higher conductivity when the surrounding buffer condition was 1 x PBS.[83,84] However,
inspection of the current transient data showed that the SARS-CoV-2 VPs generated negative
polarity peaks indicating that electroporation was probably not present under the nCC
operating conditions employed here.

4 Conclusions

In this manuscript, we demonstrated the use of an inplane extended nanopore sensor
fabricated in a thermoplastic for enumerating VPs and EVs affinity selected from a plastic
chip. Conventional methods for the analysis of EVs and VVPs uses NTA and/or electron
microscopy for enumeration, which has significant drawbacks such as large variability and
sample selection bias [85,86], complicated workflows that require specialized operators,
and highly sophisticated equipment. The XnCC chip discussed herein offers some unique
advantages for the analysis of biological particles including small sample consumption

(< 30 pL), label-free detection using simple instrumentation, large dynamic range (103

to 108 particles/mL), and the potential for mass production of the chip via injection
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molding because of the fact that it was made from a thermoplastic, in this case COP.
Thermoplastics not only offer the ability to be produced in a high production mode

and at low-cost using injection molding, but also have favorable surface chemistries for
microfluidic applications. For example, COP can be O, plasma activated in a similar fashion
as PDMS to reduce its water contact angle to make the surface more wettable to minimize
bubble formation, generate stable electroosmotic flow, and reduce non-specific adsorption
artifacts especially in high surface-area-to-volume ratio devices as that associated with our
XnCC. Unfortunately, PDMS shows rapid hydrophobic recovery to its pre-oxidized water
contact angle (112°) in < 2 days due to its low glass transition temperature (-120 °C)

[87] as compared to COP (glass transition temperature = 102 °C), which shows minimal
water contact angle changes (30°—38° over a 25 day period). While the rapid hydrophobic
recovery can be mitigated in PDMS using surface modification chemistries [87], it adds cost
and time to device production. In our case, the COP-based device is molded, O, plasma
oxidized and thermally bonded only.

The XnCC chip could analyze particles from 40 to 200 nm in diameter and do so using
simple instrumentation and in a label free fashion. Unique to our XnCC chip was the

use of an in-plane pore integrated to a fluidic network and the fact that the device was

made in a thermoplastic (COP) via imprinting. An excellent correlation was found between
the electrical signal generated by fluorescently-labeled polystyrene beads and the optical
signal secured using a fluorescence microscope verifying the electrical signals detected were
indeed due to the particles traveling through the pore. Also, the histogram of the beads’
electrical signal showed two peaks with each following a normal distribution confirming two
size distributions measured, which were 46 nm and 100 nm corresponding to the particles
seeded into the carrier electrolyte.

However, the universal detection nature of the XnCC chip when processing complex
biological samples required a selection process prior to enumeration and for this we used
a selection chip to affinity select targets prior to counting to afford high specificity in the
measurement. We successfully characterized both saliva samples for VPs and mouse plasma
samples for EVs. Applications were established using the selection and XnCC chips in
combination, including identifying radiation injury and the enumeration of SARS-CoV-2
VPs. The results and data from irradiated mice indicated that CD8-associated EVs showed
high EV numbers but this was not the case for the CD81-expressing EVs (see Figure 8). In
this condition, CD8+ T cells may increase in cellular activity in the presence of radiation
injury, which includes serving as a repair mechanism of damaged cells. The high level of
cellular activity increased the secretion of CD8 EVs [88, 89].

Our XnCC chip also has the capability to count particles <200 nm in size, and was adapted
for SARS-CoV-2 VP counting using an aptamer as the affinity agent attached to the surface
of a plastic chip containing ~ 1.5 M pillars. This pillared chip and the aptamer showed

high specificity as it did not capture other human corona viruses, for example HCoV-OC43
and HCoV-229E. In addition, the selection of SARS-CoV-2 from saliva was verified using
RT-gPCR (see Figure S3). In the four saliva samples tested, the XnCC chip was able

to determine the concentration of VVPs following upstream selection and release from the
capture surface. However, the current performance of the XnCC chip for SARS-CoV-2
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enumeration may still require further optimization to lower the concentration LOD due to
the low levels of VVPs found in saliva samples for some infected individuals; this limitation
resulted from issues associated with the sampling efficiency and not the detection efficiency.
We are in the process of improving the concentration LOD for this sensing platform by
improving the sampling efficiency.

We are also working on integrating the two chips into a single unit using a modular
microfluidic format [90-94] and miniaturizing the control electronics for realizing field

use of this platform technology for point-of-care testing in both application scenarios. For
example, at-home testing for infectious diseases and a bio-dosimeter for triaging radiation
exposed individuals. Bio-dosimeter information will allow focusing the medical staff and
facilities only on those individuals in need of urgent medical assistance. At present, there is
no bio-dosimeter approved by the FDA. Moreover, there are no devices available to perform
this rapid initial triage at the point-of-care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ogeration of the extended nano-Coulter counter (XnCC) chip. (a) Schematic showing the
in-plane pore of theX nCC along with the connecting nanochannel that flanks both sides of
the pore. Whenever a particle travels through the in-plane pore sensor, an electrical signal
is generated due to blockage (resistive pulse peak) of the pore by the particle. The particle
size and concentration can be measured by analyzing the current amplitude and frequency
of the resistive pulse peaks, respectively. (b) SEM of a plastic-based XnCC consisting of an
in-plane pore (Rpp), connecting extended nanochannels (Rpc), and the microchannels (Rpyc).
Each fluidic element is shown along with its respective fluidic resistance. (c) Equivalent
sensing circuit for the XnCC, where Ry is the resistance of the microchannel, Ry is the
resistance of extended nanochannel, Rpy, is the resistance of the in-plane pore, and Ry, is
the resistance of the particle. (d) Relevant equations for the measured signal (Al) measured
from the open pore current (I open) and the in-plane pore occupied by a particle (I occupied)-
(e) Contour plot showing the relative current blockage signal that is generated for different
particle sizes with respect to the pore size.
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Fig. 2.
Fabrication steps of the fluidic circuit for the XnCC chip including the in-plane pore sensor.

(a) Processing steps for creating the XnCC chip including: A) Photolithography followed
by wet etching of the silicon wafer for generating microstructures; B) focused ion beam
milling for producing the in-plane pore and connecting extended nanochannel; C) PUA
resin stamp fabricated by UV-NIL; D) 185 nm exposure for 2.5 min to cross-link the PUA
resin; E), F), and G) pattern transfer of the resin stamp pattern into COP using thermal NIL
(conditions for the thermal NIL included 135°C and 2.07 MPa); H) and I) thermal fusion
bonding between the imprinted COP substrate and COC cover plate (76°C and 0.83 MPa).
(b) Schematic diagram of the XnCC chip (the colored reservoirs represent where the voltage
was applied to the in-plane pore sensor. () SEMs of the XnCC master mold (scale bar =5
um). The cross-bridge channel (extended nanochannel) had a 500 nm width, 500 nm depth,
and 15 pm length. (d) SEM of the in-plane pore sensor (scale bar = 200 nm). The pore has a
200 nm width, 200 nm depth, and 100 nm length.
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Ogerational steps associated with the XnCC chip. The withdrawal syringe connector was
sealed to the assembled chip after fabrication (1). Buffer was then filled through one side of
the XnCC chip (2, 3), and the sample was filled through the other side of the chip (3, 5).
After solutions were successfully filled into the appropriate reservoirs of the XnCC chip, one
of the buffer side reservoirs was sealed with epoxy (6), and the syringe pump was connected
to the XnCC chip (7). The chip was then connected to the current amplifier for supplying the
bias voltage and signal measurement (8).
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Fig. 4.

(a?ZD schematic of the connecting nanochannel with a length of 15 pm, 500 nm width,
and 500 nm depth. The in-plane nanopore sensor had physical dimensions of 200 nm width,
200 nm depth, and 100 nm length. (b) 3D schematic of the connecting nanochannel with
the in-plane nanopore sensor and a NP traveling through it. (c) Simulated voltage drop
across the connecting nanochannel and inplane nanopore sensor. (d) Plot of potential drop
vs. distance across the nanochannel and in-plane nanopore. The potential drop across the
nanopore is 4% of the total field drop, but the length of the in-plane nanopore is only
0.7% of the total nanochannel length. (€) Simulated electric field strength profile in the
microchannels, nanochannel, and nanopore. (f) The FWHM level of the full electric field
strength was taken as the effective nanopore length, which was determined to be 224.7 nm
from the simulation, but was designed to be 100 nm in the CAD drawing of the XnCC.
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St?ll frames showing the movement of fluorescent polystyrene beads passing through the
connecting nanochannel and nanopore. A single-molecule fluorescence tracking microscope
was used herein (see Figure S1) that was equipped with a 63x objective and images were
collected using a 100 ms exposure time. Scale bar = 20 um. Red arrows are pointing to the
location of a single bead.
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Fig. 6.

(a? Electrical signal trace generated from the nCC chip of the fluorescently-labeled
polystyrene bead mixture (46 and 100 nm diameter). A threshold was set at 5x the standard
deviation of a blank trace. The trace was analyzed by the pPCLAMP software. (b) An
expanded view of a single bead traveling through the nCC in-plane nanopore sensor, which
gave a width of 0.9 ms and an amplitude of 308 pA. (c) Optical signals for a mixture of 46
and 100 nm beads and their correlation to nCC RPS signals, which was fit to a non-linear
function with a correlation coefficient of R2 = 0.9991 (p < 0.0001). (d) RPS amplitude plot
for a mixture of 46 nm and 100 nm beads. (€) Histogram of the amplitudes of the XnCC
peaks shown in (d). The histogram showed two normal distributions with two apparent
means of 454 pA and 779 pA, which corresponded to the 46 and 100 nm beads, respectively.
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(a—b) RPS current traces of heat-inactivated SARS-CoV-2 VPs suspended in 1x PBS and
traveling through the XnCC with a —1 V bias voltage. In (a), the concentration of VVPs used
here was ~5x108 V/Ps per mL, while in (b), the concentration in (a) was diluted 10-fold.
The traces show data collected over 35 s, but the actual measurement time was 300 s. (c)
Current trace data taken for a 1x PBS blank. (d) Expanded view of a single current transient
peak taken from the trace in (a). (¢) Standard curve of SARS-CoV-2 VP enumeration using
the XnCC chip. These are heat-inactive VPs that were suspended in 1x PBS buffer. (f) Bar
graphs for 4 saliva samples that were processed using the aptamer-selection chip, released
from the capture surface of the chip, and enumerated by the XnCC chip. Samples 1 and

2 were loaded with SARS-CoV-2 particles at a level of 50/50 volume/volume of the stock
solution and 1x PBS for Sample 1 and 25/50 volume/volume for Sample 2. Samples 3 and
4 were loaded with no SARS-CoV-2 particles. For the data shown in the calibration curve,

a single device was used for each measurement. Therefore, the standard deviation represents

the measurement and device variances.
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Fig. 8.

M?:)use model plasma used for EV analysis for radiation exposure including 12 non-exposed
mice (negative controls), 10 low dose radiation exposed mice (2 Gy), and 10 high dose
radiation exposed mice (12 Gy) — positive controls. (a) Exosomes were isolated by anti-
CD81 antibodies immobilized to the selection chip. (b) Among the three groups, there was
no significant difference between the high dose, low dose or non-exposed groups. (c) EVs
isolated using anti-CD8 antibodies immobilized to the selection chip. (d) Among the three
groups, the amount of CD8 expressing EVs was statistically higher for the high dose group
(p =0.0001) and low dose group (p = 0.0076) compared to the non-exposed group. For these
measurements, the BCA analysis was used. Each bar of the graph represents data from a
single mouse model (n = 10) for the high dose, low dose, and control for both CD8 and
CD81 selected EVs. The relative response for the y-axis represents particle concentrations
for each sample normalized with respect to the highest concentration value (see CD8 high
dose, sample #7).
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