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Abstract

With advances in the design and fabrication of nanofluidic devices during the last decade, there
have been a few reports on nucleic acid analysis using nanoscale electrophoresis. The attractive
nature of nanofluidics is the unique phenomena associated with this length scale that are not
observed using microchip electrophoresis. Many of these effects are surface-related and include
electrostatics, surface roughness, van de Waals interactions, hydrogen bonding, and the electric
double layer. The majority of reports related to nanoscale electrophoresis have utilized glass-based
devices, which are not suitable for broad dissemination into the separation community because of
the sophisticated, time consuming, and high-cost fabrication methods required to produce the
relevant devices. In this study, we report the use of thermoplastic nanochannels (110 nm x 110 nm,
depth x width) for the free solution electrokinetic analysis of ribonucleotide monophosphates
(rNMPs). Thermoplastic devices with micro- and nanofluidic networks were fabricated using
nanoimprint lithography (NIL) with the structures enclosed via thermal fusion bonding of a cover

" Author to whom correspondence should be addressed.

These authors contributed equally to this work.
Credit author contribution statement
Charuni A. Amarasekara: Investigation, Writing — original draft, Methodology, Conceptualization. Chathurika Rathnayaka:
Investigation, Writing — original draft, Methodology, Conceptualization. Uditha S. Athapattu: Investigation, Writing,
Conceptualization, Methodology. Lulu Zhang: Methodology, Investigation. Junseo Choi: Methodology, Investigation, Writing —
review and editing. Sunggook Park: Supervision, Writing — review and editing. Aaron Nagel: Supervision, Writing — review and
editing, Funding acquisition. Steven A. Soper: Conceptualization, Methodology, Resources, Data curation, Supervision, Writing -
review & editing, Project administration, Funding acquisition.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Amarasekara et al. Page 2

plate to the fluidic substrate. Unique to this report is that we fabricated devices in cyclic olefin
copolymer (COC) that was thermally fusion bonded to a COC cover plate. Results using
COC/COC devices were compared to poly(methyl methacrylate), PMMA, devices with a COC
cover plate. Our results indicated that at pH = 7.9, the electrophoresis in free solution resulted in
an average resolution of the rNMPs >4 (COC/COC device range = 1.94 — 8.88; PMMA/COC
device range = 1.4 — 7.8) with some of the rNMPs showing field-dependent electrophoretic
mobilities. Baseline separation of the rNMPs was not possible using PMMA- or COC-based
microchip electrophoresis. We also found that COC/COC devices could be assembled and UV/O3
activated after device assembly with the dose of the UV/Og affecting the magnitude of the
electroosmotic flow, EOF. In addition, the bond strength between the substrate and cover plate of
unmodified COC/COC devices was higher compared to PMMA/COC devices. The large
differences in the electrophoretic mobilities of the rNMPs afforded by nanoscale electrophoresis
will enable a new single-molecule sequencing platform we envision, which uses molecular-
dependent electrophoretic mobilities to identify the constituent rNMPs generated from an intact
RNA molecule using a processive exonuclease. With optimized nanoscale electrophoresis, the
rNMPs could be identified via mobility matching at an accuracy >99% in both COC/COC and
PMMA/COC devices.
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Introduction

Analysis of the transcriptome has garnered significant attention recently as it offers
information not readily obtainable from the genome. Whole-genome sequencing provides a
static view of an organism’s genetic and regulatory information, but transcriptomic analyses
allows for assessment of dynamic changes in gene expression in response to various stimuli
[1, 2]. In addition, identification of unique transcripts can enhance the understanding of
underlying mechanisms governing pathophysiological conditions. Moreover, with the
development of precision medicine, RNA analysis will increasingly be relied upon to serve
as molecular signatures that define various disease subtypes that allow for predicting
pharmacological responses to certain therapies (7.e., precision medicine) [3-5].

The advent of next generation sequencing (NGS) has revolutionized the understanding of the
complex and dynamic nature of the transcriptome by allowing RNA analysis through
complementary DNA (cDNA) sequencing known as RNA sequencing (RNA-seq) [6]. RNA-
seq provides a detailed and quantitative view of gene expression and alternative splicing
patterns [7]. With recent advances in the RNA-seq workflow, it has provided deep profiling
of the transcriptome [8].

Even though the accomplishments are impressive for RNA-seq, there are still numerous

challenges with this platform, including: (i) The propensity of various reverse transcriptases
(RT) to generate spurious secondary cDNA strands due to their DNA-dependent polymerase
activities; (ii) artifactual cDNA generation due to template switching or contaminating DNA
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and primer independent cDNA synthesis; (iii) low amounts of cDNA due to the inefficient
nature of RT; and (iv) biases introduced during amplification steps [9]. Therefore, it is
apparent that new sequencing platforms that can address the aforementioned limitations are
necessary, especially those that are capable of sequencing full length transcripts without
amplification.

Recently, single-molecule sequencing (SMS), some of which are based on nanopore readout,
have become an attractive alternative to ensemble-based sequencing such as NGS as it can
eliminate the need for RT and polymerase amplification as well as providing longer reads
[10, 11]. Unlike NGS, nanopore sequencing does not require fluorescence labelling [12, 13].
Nanopore sequencing can be accomplished using two different approaches, strand
sequencing [14, 15] or exosequencing [11, 12, 16]. Ayub et a/. [11] showed that
polynucleotide phosphorylase (PNPase), which processively cleaves RNA in the 3" — 5’
direction releasing inorganic phosphate (Pi) and ribonucleotide diphosphates (rNDPs),
sequentially produces rNDPs that can pass through an aHL (HL = hemolysin) pore
containing cyclodextrin adapters non-covalently bound to the pore. However, diffusional
misordering is a limitation of the exosequencing approach [12, 17]. Moreover, single
nucleotide detection approaches are limited by high error rates as nucleotide bases are
identified using current blockage event amplitudes only [10].

To overcome these challenges, we are developing an innovative SMS strategy that is based
on the exosequencing approach and consists of enzymatically cleaving intact DNAs or
RNAS using a processive enzyme to generate individual nucleotide monophosphates [18—
20]. For RNA, this can be achieved via a processive enzyme such as exoribonuclease 1
(XRNZ1). We have recently shown that this enzyme can be tethered to a solid support and
processively clip an RNA strand in the 5° — 3’ direction and generate rNMPs when
activated by the cofactor, Mg?* [21]. The released rNMPs are electrokinetically transported
through a nanochannel with the travel time (7.e., Time-of-Flight, TOF) through the
nanochannel used to efficiently identify the constituent rNMPs based on their molecular-
dependent electrophoretic mobilities. Therefore, a thorough understanding of the
electrophoretic behavior of the rNMPs through nanochannels along with the electrophoretic
parameters, for example carrier electrolyte pH, field strength, and channel material, that
determine their molecular-dependent mobilities will allow for high identification accuracy
using our SMS approach.

Separation of rNMPs has been achieved using conventional electrophoresis, most commonly
using glass capillaries and alkaline solutions as the carrier electrolyte [22—-24]. Sodium
borate is the most commonly used alkaline buffer for rNMP electrophoresis [22, 25]. In
addition to sodium borate, others have used sodium and ammonium carbonate buffers [26].

Nanofluidics, which use channels with dimensions (width and/or depth) <100 nm, have
garnered attention recently due to the unique properties compared to microscale
electrophoresis arising from scaling effects. For example, electrophoresis in nanochannels
can depend on ion valence, C (zeta potential), ion mobility, and thickness of the electric
double layer (EDL) [27-30]. The increased surface area-to-volume ratio in nanofluidics can
also allow for a host of solute/wall interactions, which in turn provide hydrophobic,
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electrostatic, or van der Waals interactions [31]. However, the majority of the reported
nanoscale electrophoresis were performed in glass-type devices, which make these channels
not ideal for broad community-based applications as the fabrication of these devices is
associated with time-consuming and sophisticated methods, such as direct focused ion beam
milling [32, 33].

Thermoplastic nanofluidic devices are considered an attractive alternative to glass/silicon
devices due to their diverse physiochemical properties and the many fabrication techniques
available to generate the prerequisite structures [34, 35]. Thermoplastic nanofluidic devices
can be fabricated using nanoimprint lithography (NIL), which takes advantage of the
deformability of the plastic at temperatures above their glass transition temperatures (Tg) to
produce multi-scale structures in a relatively high production mode at moderate cost [1, 35].
The diversity in their surface chemistry, which is determined by the identity of the monomer
units comprising the polymer chains, is another advantage of thermoplastics for nanoscale
electrophoresis. In addition, a diverse range of simple activation techniques, such as O,
plasma or UV/QOj3 irradiation, can be employed to generate groups that alter the surface
chemistry of the plastic nanochannels as well as their wettability [36—-38].

Unfortunately, there have been a limited number of studies on nanoscale electrophoresis
using thermoplastic nanofluidic devices [20, 39, 40]. Recently, we showed the identification
of deoxynucleotide monophosphates (ANMPs) through thermoplastic nanochannels made
with PMMA as the substrate and COC as the cover plate [20]. We observed field-dependent
mobilities of ANMPs at low electric field strengths due to intermittent motion arising from
nanometer surface roughness. Moreover, increasing the pH of the carrier electrolyte
increased differences in the electrophoretic mobilities while low ionic strength conditions,
where the EDL is thicker, led to poorer differences. However, we observed the delamination
of the PMMA-COC nanofluidic device at higher pHs (pH >10.3), which limited the pH that
could be used to improve the differences in the electrophoretic mobilities to enhance
identification efficiency using mobility matching.

In this work, we report the electrokinetic identification of rNMPs using thermoplastic
nanochannels. The major goal of this work was to under the electrophoretic conditions, such
as carrier electrolyte composition (7.e., pH), electric field strength, and material effects, on
the performance of nanoscale electrophoresis of the rINMPs. While our previous work on
nanoscale electrophoresis used exclusively PMMA/COC hybrid devices [40, 41], herein we
fabricated COC/COC thermoplastic nanochannel devices with the ability to control the EOF
through post-assembly UV/O3 surface activation. Furthermore, these COC/COC devices
showed higher bond strengths compared to PMMA/COC devices, which will improve the
use of different electrophoresis operating conditions to optimize the identification accuracy
of the rINMPs without device failure. We were able to efficiently identify all of the rNMPs
using free solution nanoelectrophoresis via their molecular-dependent mobilities with
efficiencies >99% in COC/COC and PMMA/COC nanofluidic devices.
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2. Materials and Methods

2.1 Reagents and Materials

Silicon (Si) {100y wafers were purchased from University Wafers (Boston, MA). Non-
impact modified PMMA was received from ePlastics (San Diego, CA). Cyclic olefin
copolymer (COC 8007 and COC 5010) were purchased from TOPAS Advanced Polymers
(Florence, KY). COC 6015 was obtained from Knightsbridge Plastics Inc. (Fremont, CA).
UV curable polyurethane resin was purchased from Chansang Co. ATTO-532 was secured
from Atto-Tec (Siegen, Germany). Uridine 5’-monophophate disodium salt, cytidine 5’-
monophosphate disodium salt, adenosine 5’-monophosphate disodium salt, and guanosine
5’-monophosphate disodium salt were all obtained from Sigma-Aldrich (St. Louis, MO).
Molecular biology grade water was secured from Thermo Fisher (Waltham, MA).

2.2 Conjugation of ATTO-532 to the ribonucleotide monophosphates (rNMPs)

The fluorescence labeling of INMPs with the ATTO-532 reporter was conducted following a
similar procedure reported by our group, but with slight modifications; see Figure S1 [20].
Details can be found in the SI material.

2.3 Fabrication of microchannel thermoplastic devices

Fabrication of microchannel devices were carried out following a method similar to what we
previously published [42-47]. Briefly, T-shaped (50 um depth x 100 pm width and 5 cm
long) microfluidic devices were hot embossed into PMMA using a brass master mold, which
was fabricated utilizing high precision micromilling. Embossed devices were diced with a
bandsaw, reservoirs were drilled using a mechanical drill, and were cleaned with 10%
Micro-90, IPA, and nanopure water. The substrate containing the fluidic network and cover
plate (150 pm thick PMMA sheet) were UV/O3 modified at 22 mW/cm? for 16 min prior to
thermal fusion bonding. Microchannel dimensions were measured before and after bonding
by rapid laser-scanning optical profilometry (VK-X250, Keyence, IL, USA).

2.4 Microscale electrophoresis of the rNMPs

Free solution electrophoresis was carried out following a method reported by our group [40].
Briefly, the T-shaped microfluidic device was primed with 50% methanol/water, filled with
1X NEB buffer at pH 7.9 before carrying out the electrophoresis. A positive voltage was
applied to the sample reservoir to initiate injection while grounding the sample waste
reservoir until the cross channel was completely filled. The remaining reservoirs were
allowed to float during injection. After injection, a positive voltage was applied to the
electrophoresis buffer reservoir and the electrophoresis waste reservoir was grounded for the
separation. The detector consisted of a laser-induced fluorescence system equipped with a
single-photon counting module as we have reported previously [20]. For a schematic of the
laser-induced fluorescence detector for microchip electrophoresis and a picture of the
microchip see Figure S2 in the SI.
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2.5 Fabrication of nanochannel devices

Nanofluidic devices were fabricated in thermoplastics using a method described by our
group [20]. Briefly, microchannels were fabricated in a Si wafer (master) via optical
lithography followed by wet Si etching. Then, nanochannels were fabricated into the same
Si master using focused-ion beam milling. Next, resin stamps were produced from the Si
master using a UV curable polyurethane (PUA) resin that covered the Si master and
exposing to UV light. COC 6015, which was used as the back plate for the resin stamp, was
coated with a NOA72 adhesive. Nanochannels were imprinted into a plastic substrate using a
Nanonex 2500 nanoimprint lithography (NIL) machine. The details on the use of the
Nanonex 2500 instrument for device fabrication can be found in the SI material (see Figure
S3). Preliminary tests were conducted to optimize the imprinting pressure, temperature, and
time. The imprinting temperature was kept higher than the T of the thermoplastic substrate.
For PMMA devices, we used the same imprinting conditions reported previously by our
group (140°C, 300 psi, and 5 min) [40]. Imprinting of nanofluidic structures into COC 5010
substrates was done by keeping the imprinting pressure (300 psi) and time (5 min) constant
while optimizing the imprinting temperature. The optimized conditions for the imprinting
are given in Table S1 for both COC 5010 and PMMA substrates. Imprinted nanofluidic
devices were then characterized using SEM and atomic force microscopy, AFM (see Figure
1).

It is necessary to seal the nanofluidic device after thermal imprinting using a cover plate.
Thermal fusion bonding was used for sealing nanochannel devices. Bonding of
PMMAJ/COC devices were done according to a method described by Uba et a/. [48] with 1
min O, plasma treatment for both the substrate and cover plate at 50 W. We attempted a
similar protocol to assemble COC/COC devices by modifying both the substrate and cover
plate by oxygen plasma, but we were unsuccessful in obtaining a well-sealed device.
Therefore, we tried bonding COC 5010 and 8007 without plasma treatment. Successful
bonding was achieved at 110 psi bonding pressure, 70°C for 15 min using the NIL machine
(see Table S2). The assembled COC/COC devices could then be UV/O3 treated to increase
the wettability of the nanochannels, which created surface confined ~-COOH groups.

2.6 Cover plate/substrate bond strength measurements of nanochannel devices

The crack opening method was used to evaluate the bond strength between the cover plate
and substrate [49, 50]. Here, a razor blade of known thickness, ty, is inserted between the
bonded substrate and cover plate to generate an interfacial fracture with a length (L) from
the edge of the razor blade. The bond strength is represented by equation (1) where ts and t,
are the thickness and E, and Eg are the elastic moduli of cover plate and the substrate,
respectively.

_ 3GERE.
16LY(Eyt + Et)

()]

The elastic moduli of COC 5010 and COC 8007 were 3.0 GPa and 2.6 GPa, respectively, as
provided by the manufacturer. In this work, all tests were performed using a stainless-steel
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single edge razor blade with a thickness of 0.009” and the crack lengths were measured
using a calibrated upright microscope with a 10X objective lens. All measurements were
replicated five times and the average bond strength was determined along with the standard
deviation.

2.7 Evaluation of pH stability and structural integrity of fabricated nanochannel devices

To make sure there was no channel deformation after bonding, COC/COC and PMMA/COC
nanochannel devices were filled with a Rhodamine B solution in ultrapure water at pH 7.0
and fluorescence images were captured. Afterwards, to evaluate the pH stability of the
nanochannel devices, Rhodamine B solution in ultrapure water was replaced with a
Rhodamine B dye solution in pH 10.3 TBE buffer and the fluorescence images were
captured att =0, 0.5 h, and 3 h to observe any channel deformation or leaking by
delamination of the cover plate.

2.8 Electroosmotic flow (EOF) measurements

The EOF in the nanochannel devices was measured using the current monitoring method
[51]. A device possessing a single nanochannel (107 um long, 110 nm deep, and 110 nm
wide) connecting two access microchannels was fabricated as described earlier. The entire
chip was primed with 50% (v/v water/methanol), drained, and flushed with nuclease free
water. After that, the device was filled with 1X NEB (New England Biolabs) buffer 3
(composition of NEB buffer 3 is given in Table S3) and allowed to equilibrate for 4 min
under a 500 mV DC bias. After confirming equilibrium by a constant current trace, one
reservoir was replaced by 0.94X NEB buffer 3. Pt electrodes were placed into the reservoirs
across the channels under a 500 mV DC bias. pClamp10 software and Digidata 1440B low
noise digitizer were used for data acquisition.

2.9 Contact Angle measurements

The contact angles of COC surface before and after UV/O3 treatment were measured using
VCA optima instrument. Nanopure water was used for all of these measurements.

2.10 Detection system for nanoscale electrokinetics

The translocation of rNMPs through the thermoplastic nanochannels was monitored using a
fluorescence imaging system we have reported previously [20, 40].

2.11 Electrokinetic identification of rNMPs in nanochannels

Nanochannel devices were primed with 50% methanol/water mixture for 5 min. Using a
vacuum pump, the methanol/water solution was removed from the nanofluidic device. After
that, it was filled with 1X NEB buffer 3 (pH 7.9) and allowed to equilibrate for 10 min.
ATTO-532 labeled rNMPs (200 nM) were prepared in 1X NEB buffer 3. Next, the rNMP
solution was added to one of the reservoirs connecting microchannels by replacing the
carrier electrolyte. Afterwards, the microchannel was filled with rNMP solution by applying
a vacuum through the opposite side reservoir of the same microchannel. Thereafter, the same
volume of carrier electrolyte was added to all other reservoirs. Finally, the dye-labeled
rNMPs were injected continuously into the nanochannels by applying a square wave voltage
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(2 =20 Vpp) for a period of 20 s (50 x 1073 Hz frequency) using an ATTEN ATF200B
function waveform generator allowing multiple injections. Events were recorded for 6,000
frames.

2.12 Data analysis

The nanochannel electrophoresis data were analyzed using a previously reported method by
our group [20, 40]. Briefly, the collected videos from the imaging microscope’s EMCCD
camera were imported into Image J software and two detection windows of 1 pm? were
placed at the nanochannel entrance and exit. The fluorescence intensity over time recorded
from these detection windows were exported into Origin 8.5. Then, the first derivative of
each data set was taken to produce two peaks indicating the time the fluorescently labeled
rNMPs reached the entrance and exit of the nanochannel. The time difference was taken as
the migration time of the rNMPs to travel a fixed distance and the apparent velocity was
calculated. The apparent mobility of each INMP was generated by normalizing the apparent
velocity with respect to the electric field strength.

3. Results and Discussion

3.1 Bond strength and pH stability of COC/COC and PMMA/COC devices

In a typical nanofluidic device production pipeline, the final step is enclosure of the
nanochannels with a cover plate with the preferred assembly step that does not alter the
underlying nanostructures. There are several methods to obtain enclosed fluidic
nanochannels such as thermal fusion bonding, ultrasonic bonding, or solvent-assisted
bonding [52]. Solvent-assisted bonding can result in bond strengths between the substrate
and cover plate that cannot withstand high pressures and voltages for extended periods of
time [34]. Also, solvent-assisted bonding can cause dimensional instability of the
thermoplastic device due to softening of the plastic substrate leading to changes in channel
dimensions and/or collapse of the nanochannel resulting in device failure [52]. Our group
previously reported a thermal fusion bonding technique with a high process yield rate
(>90%), which consists of bonding a low Tg cover plate to a higher T substrate using a
bonding temperature close to the Ty of the cover plate [48]. Because the substrate’s Ty is
much higher than the bonding temperature used, minimal changes in the dimensions of the
nanochannels result. In addition, thermal fusion bonding of the low Ty cover plate to the
higher T substrate is less time consuming compared to the aforementioned methods, and
does not require additional reagents or pre-cleaning in RCA solutions or organic solvents.
Thus, we used thermal fusion bonding to assemble all devices herein.

We studied the bond strength of thermally fusion bonded COC/COC devices using the crack
opening method. Preliminary tests were conducted to optimize the bonding pressure and
time at a bonding temperature of 70°C, which is close to the Tg of the cover plate. The
optimized bonding parameters (see Table S2) were utilized to prepare sealed nanofluidic
devices. The bond strength of COC/COC devices was 8.5 1.1 mJ/cm2. The bond strength
of COC/COC devices were significantly higher than that of PMMA/COC devices, which
had a bond strength of 0.086 +0.014 mJ/cm?2. This suggests that interfacial adhesion of
similar materials is greater than that of dissimilar materials. Therefore, COC devices can be
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operated at higher pressures and tolerate higher electric field strengths compared to
PMMAJ/COC hybrid devices.

pH stability is another important parameter to evaluate in these devices because high pH
may result in improved identification of the rNMPs [22, 24]. However, under high pH
conditions, thermoplastics may swell and/or delaminate according to their base resistance.
Thus, the base resistance of PMMA/COC nanochannels and COC/COC nanochannels were
evaluated prior to nanoscale electrophoresis. The nanofluidic device was flooded with
different pH solutions containing Rhodamine B as the reporter and fluorescence imaging
was carried out to determine if leaking of the dye solution occurred due to swelling and/or
delamination of the cover plate/substrate assembly. A fluorescence image of a dye-filled
chip was first taken at pH = 7.0 to make sure that the thermal fusion bonded device had no
leakage prior to adding the higher pH (pH = 10.0) buffer. After 30 min, the PMMA/COC
devices leaked as fluorescence appeared near the inlets of the nanochannels indicating
delamination of the cover plate from the substrate. However, the COC/COC devices even
after 3 h did not show signs of leaking or delamination (see Figures 2A and B). Therefore,
PMMA/COC devices showed lower base resistance compared to COC/COC devices [53, 54]
meaning that COC/COC devices can be used in higher pH carrier electrolytes that may
produce better electrophoresis results.

3.2 Water contact angle and EOF of COC/COC devices

For PMMA/COC devices, O, plasma treatment was carried out before thermal fusion
bonding to increase the bond strength between the PMMA substrate and COC cover plate
and increase the wettability of the surfaces to minimize issues with bubble formation in the
device. However, for COC/COC devices O, plasma treatment prior to thermal fusion
bonding produced poor adhesion of the cover plate to the substrate. Therefore, we evaluated
the ability to assemble COC/COC devices in their native states followed by UV/O3
activation to increase the wettability of the nanochannel by increasing the surface charge
density.

Water contact angle measurements can serve as a measure of the hydrophilicity/
hydrophobicity of a surface, although it does not provide insight into the functional groups
comprising that surface. Figure 3A shows the water contact angle measured at different post-
assembly UV/O3 exposure times for a COC 5010 substrate that was covered with COC
8007. In these experiments, the cover plate was removed following UV/O3 exposure to allow
performing the contact angle measurements, which was possible by eliminating the thermal
fusion bonding step. Reductions in the water contact angle indicated that the COC surface
became more hydrophilic due to polar functional groups generated from UV/O3 activation.
The water contact angle did not change for UV/O3 exposure times >15 min as shown in
Figure 3A (p = 0.3474, n = 5, contact angle data for 15 min UV vs. 20 min UV exposure).

Another parameter we investigated was the EOF in COC/COC nanochannel devices. We
measured the EOF with UV/O3 exposure time in COC/COC nanochannel devices exposed to
UV/O3 through the COC 8007 cover plate following thermal fusion bonding. According to
the data presented in Figure 3B, the EOF was 1.40 x 107> cm?/Vs after 10 min exposure
time. However, upon increasing the exposure time to 15 min, the EOF increased by ~10-
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fold. Further increasing the exposure time to 20 min did not change the EOF significantly (p
= 0.87 for 15 min vs 20 min exposure time). We should note that for PMMA/COC devices,
post-assembly activation of the device with UV/O3 did not affect the EOF as was seen for
COC/COC devices (data not shown). This result is not surprising, because in a previous
publication we noted that PMMA is not as UV transparent as COC and the channel side
walls for PMMA can reduce penetration of the UV light into the channel [55]. For the
PMMA/COC devices, three of the four walls are PMMA while in COC/COC devices all of
the surfaces are COC and thus, more transparent to UV light (PMMA has ~1.5% UV
transparency and COC is ~53%).

At low EDL thicknesses (~0.8 nm for buffer used), fgorcan be represented in terms of the
bulk solvent viscosity, 7, and C by the Helmholtz-Smoluchowski equation where g €, are
the permittivity of air and the relative permittivity of the buffer, respectively, through the use
of equation (2).

[Tt

€0 €r
Mo

Heof = (2

Furthermore, G can be represented in terms of o (surface charge) and the Debye length (Ap)
for different electrolyte solutions using equation (3) [38].

_2kgT
T e

(e Ap/er ey kBT)2
4

n 2;(?15(;,]; + \/ 1+ ®)
In equation (3), €g and €, are constants for a given carrier electrolyte and if the ionic strength
remains constant, Ap will not change. In our experiments, only oy is changing as a function
of UV/O3 dose and therefore, EOF changes arise from changes in the number of -COOH
groups on the plastic surface. Similar to the contact angle data, the EOF remained constant
for exposure times longer than 15 min. O’Neil ef a/., whom mapped the distribution and
number density of ~-COOH groups in COC by super-resolution microscopy, observed a
reduction of —-COOH groups at 20 min UV/O3 exposure times compared to 15 min exposure
[37]. This would indicate that the EOF may be reduced with UV/O3z doses >15 min (see
equation (3)). While we noticed a slight reduction in the EOF at 20 min exposure compared
to 15 min, it was not significantly different.

3.3 Microchip electrophoresis of the rNMPs

We carried out microchip electrophoretic separations of the rNMPs using a T-shaped
microchip fabricated in PMMA (depth = 50 um; width = 100 um; total column length =5
cm) to understand the effects of scaling on the rNMP identification. The free solution
electrophoretic separation of the rNMPs was performed in 1X NEB buffer 3 at pH 7.9 (see
Table S3 for composition of this buffer). During the microchip electrophoresis, INMPs
migrated from anode to cathode in spite of their anionic nature. As shown in Figure 4A, at
pH 7.9 we could separate all four rNMPs. The apparent mobilities of the rNMPs were
calculated using equation (4) and are presented in Figure 4B. In this case, /is the distance
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from the injection point to the detector (4.0 cm), £, is the migration time of each rNMP, and
E is the electric field strength (1,000 V/ cm). The apparent mobility order of the rNMPs was
rAMP < rCMP < rGMP < rUMP.

l
Happ = T E (4)

m
Uhrova et al. [22] has shown the separation of rNMPs in a fused silica capillary without
suppressing the EOF by free solution electrophoresis using a borate buffer at pH 8 and
observed a similar migration order except for rUMP, which showed a higher migration time
in their data. Baseline separation (resolution >1.5) was obtained for the rGMP/rUMP pair,
but for the rAMP/rCMP pair, no baseline separation was observed (see Figure 4C). We
should note that the shoulder for the rGMP peak could be due to 8-oxo-G, because guanine
is highly susceptible to oxidation [56]. Moreover, INMPs were separated in a COC/COC
microfluidic chip and in this device, we obtained a similar migration order, but lower
separation resolution (see Figure S4).

3.4 Effect of material type on the nanoscale electrophoresis of ATTO-532 labeled rNMPs

In Sections 3.1 and 3.2, we compared the mechanical and chemical properties of
nanochannel devices made from COC/COC and PMMA/COC, where the first material listed
is the substrate containing the nanochannel and the second material is the cover plate. In this
section we will present results for the identification of INMPs in PMMA/COC and
COC/COC nanochannel devices to understand material effects on nanoscale electrophoresis.
The EOF for PMMA/COC devices was reported in [40], which was found to be 4.2 x 1074
cm?/Vs, approximately 4 times higher than that of COC/COC devices.

Figure 5A shows the apparent mobility versus electric field strength for the four rNMPs
using a 110 nm x 110 nm channel fabricated in PMMA/COC with a carrier electrolyte
consisting of 1x NEB buffer 3 (ionic strength of 145 mM) at pH 7.9. At pH 7.9, all
ATTO-532 labeled rNMPs have a net charge of —3; the ATTO-532 dye contributes a -2
charge and the phosphate group contributes —1 (see Figure 5B) with all nucleobases not
carrying a charge at this pH. Because the same dye reporter was covalently attached to each
rNMP using the same linker, differences in the apparent mobilities of the rNMPs were
assumed to arise from the nucleobase.

The apparent mobility is a sum of the EOF (Ueof) and the electrophoretic mobility of the
'NMP (Ugp). In this case, the electrophoretic mobility of the dye/rNMP conjugate is opposite
in direction to the EOF and thus, a larger Lep value results in a lower apparent mobility.
Because all rNMPs have the same charge at this pH, differences in the apparent mobility are
due to differences in the size of the nucleobase if the identification mechanism is solely
electrophoretic. We could only monitor the mobilities of the rNMPs at electric field
strengths <460 V/cm in the PMMA/COC devices due to the high mobilities of the rNMPs at
electric field strengths >460 V/cm that generated significant slurring of the images that
resulted from the limited framerate we could operate the EMCCD camera to provide
sufficient signal-to-noise ratio to track the rNMP motion. As seen in Figure 5A, the apparent
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mobility for rCMP and rAMP showed electric field dependency, which was not observed in
the case of rUMP and rGMP. In our previous report for the nanoscale electrophoresis of the
dNMPs in PMMA/COC devices, all of the nucleotides showed a field dependent apparent
mobility [20]. For the dNMPs, we surmised that wall interactions occurred at low electric
field strengths but were absent at higher electric field strengths. Here, we surmised potential
wall interactions for rCMP and rAMP due to their field-dependent mobilities. Inspection of
Figure 5A indicated that for these two nucleotides, the apparent mobility decreased at higher
electric field strengths indicating an increase in the electrophoretic mobility of rCMP and
rAMP, which would indicate less wall interactions at higher electric field strengths.

Figure 5C shows histograms of the apparent mobility for the ATTO-532 labeled rNMPs at
280 V/cm in PMMA/COC devices. This electric field was selected as it provided the optimal
resolution between the rNMPs with minimum standard deviations in the histograms (/.e., the
standard deviations in these histograms is directly related to peak dispersion). These
histograms were fit to a Gaussian function and the variance (o), resolution, and
identification accuracies were calculated (Figure 5D and E). The apparent mobility order at
this electric field strength was rUMP < rGMP < rCMP < rAMP. The observed apparent
mobility order here was different than the apparent mobility order we observed for
microchip electrophoresis of the rNMPs (see Figure 4A).

Differences in the apparent mobility order between microchip electrophoresis and nano-
electrophoresis could be due to scaling effects. When the channel dimensions are
significantly reduced, the surface area-to-volume ratio increases and thus, surface
interactions of solutes with channel walls can become more prominent. These wall
interactions can arise from surface roughness that is comparable to the channel dimensions
(width and depth) giving rise to intermittent motion and/or hydrophobic/hydrophilic,
electrostatic, or van der Waals interactions [20]. In addition, because of the amorphous
nature of thermoplastics resulting in a heterogeneous distribution of surface charges,
recirculation can occur at low electric fields giving rise to intermittent motion [37]. For
rAMP and rCMP, which showed electric-field dependent mobilities at lower electric fields
indicative of wall effects on the mobility, their peak variances were larger than those for
rUMP and rGMP, which did not show electric field dependent mobilities. In spite of these
considerations, the average resolution between Gaussian fits to the apparent mobility
histograms was 4.3 (ranged from 1.4-7.8). Another important metric for the potential
utilization of mobility matching for the identification of ribonucleotides is the identification
accuracy. We defined the identification accuracy as the amount of overlap between two
adjacent Gaussian fits to the histograms of the ATTO-532 rNMPs’ apparent mobilities. The
percent overlap of the Gaussian peaks was calculated using a previously described method
[57]. The average identification accuracy for the rNMPs in PMMA/COC devices was
>99.955% (see Figure 5F).

The EOF for COC/COC devices was 1.1 x 1074 cm2/Vs, which was ~4 times smaller than
that of PMMA/COC devices as noted above [40]. Therefore, the overall magnitude of Lapp
should be smaller in COC/COC devices compared to PMMA/COC devices (see Figure 6A),
which allowed us to investigate the nanoscale electrophoresis at higher electric field
strengths in the absence of image slurring compared to the PMMA/COC devices. Figure 6A
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shows the apparent mobility vs. electric field strength of the rNMPs in COC/COC
nanochannel devices. In contrast to the data shown in Figure 5A, we could only perform the
identification at high electric field strengths because at field strengths <450 V/cm, we
observed trapping at the surface resulting from dielectrophroesis generated from surface
roughness [38]; COC channels did show higher surface roughness compared to PMMA
channels (data not shown). In the COC/COC devices, we observed reductions in the
apparent mobility for rUMP above electric field strengths of 700 VV/cm while for rGMP, the
apparent mobility decreased going from 470 to 700 V/cm and then showed an increase at
930 V/cm. In addition, the other two rNMPs only showed a slight electric field dependent
mobility. These trends for the most part are different than those observed in the
PMMA/COC nanochannels most likely due to differences in surface chemistry between
these two devices as well as surface roughness, which generates intermittent motion and
recirculation that are significantly reduced at high electric field strengths [37].

Figure 6B shows histograms of the apparent mobilities for the ATTO-532 labeled rNMPs at
930 V/cm, which was selected because it provided optimal resolution between the rNMPs.
The resolution was determined from Gaussian fits to the histograms. The variance, o2, was
obtained from standard deviations associated with the Gaussian fits to the histogram data
(see Figure 6C). Figure 6D shows the resolution values between rNMP Gaussian fit pairs
using 1X NEB buffer 3 at pH 7.9. The apparent mobility order here was rCMP < rAMP <
rGMP < rUMP and is different than the apparent mobility order observed in PMMA/COC
nanochannel devices. At a carrier electrolyte pH of 7.9 and a field strength of 930 V/cm (A4
= 0.3 nm), the average identification resolution of the rNMPs was 4.2 (range = 1.94 — 8.88,
see Figure 6D). Figure 6E shows the calculated identification accuracies for the rNMPs. As
can be seen, the average identification accuracy for the rNMPs in COC/COC devices was
>99.997%, slightly higher than that seen for PMMA/COC devices. But, the average
identification accuracy was higher for the rNMPs in both materials compared to our previous
nanoscale electrophoresis analysis of the dNMPs (deoxynucleotide monophosphates), where
the average identification accuracy was >95% [58].

Judicious choice of nanochannel material is critical for optimizing identification accuracy.
For example, COC/COC have similar chemistries except for slight differences in the
norbornene content of the copolymer [59]. But hybrid devices, such as PMMA/COC, can
demonstrate distortions in the plug flow due to large differences in the EOF that can
introduce dispersion [60].

3.5 Effect of pH on the nanoscale electrophoresis of the ATTO-532 labeled rNMPs in
COC/COC devices

We investigated the nanoscale electrophoresis of the rNMPs at pH 10.3, because a majority
of microscale electrophoresis of rINMPs showed better resolution at higher pH (pH >9) [22,
24]. In addition, we noted better identification accuracies using nanoscale electrophoresis for
the dNMPs at high pH. For the high pH experiments, the same carrier electrolyte as that
used for pH = 7.9 was used, but with slight modifications. Tris-HCI in 1X NEB buffer 3 was
replaced with glycine, however, the ionic strength at both pH values was the same. Glycine
has a high buffer capacity at pH 10.3 (pKay 9.6) and therefore, the pH of the carrier
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electrolyte is maintained properly during the course of the experiment. In these experiments
the electrophoresis was carried out at 930 V/cm.

The apparent mobility order at this pH was rAMP < rCMP < rGMP < rUMP with the
apparent mobilities about one-order of magnitude higher compared to the electrophoresis
performed at pH 7.9. In addition, at pH 10.3 the identification accuracy was reduced
compared to pH 7.9 partly due to the increased peak dispersion that was observed. For
example, the peak variance ranged from 1.3 x 10711 cm#4/V2s2 to 4.1 x 10713 cm#/V2s2 for
rAMP; these values were about 2-orders of magnitude larger than observed at pH 7.9. The
identification accuracy for the rNMPs performed at this pH ranged from 0.78 to 2.55.

Increasing the carrier electrolyte pH had a two-fold effect: (1) Increasing the EOF due to
increased ionization of the surface functional groups (pKa of the surface ~-COOH groups are
~ 6.9 [38]). The extent of ionization of the surface ~-COOH groups can be calculated using
the Henderson-Hasselbalch equation and the pH value for the carrier electrolyte [61]. At pH
7.9, 90% ionization of the surface ~-COOH groups would be expected while at pH 10.3,
99.99% of these groups are deprotonated. The EOF mobility measured at pH 10.3 was 7.5
x1074 cm?/V/s, which was approximately 7-times higher compared to the EOF observed at
pH 7.9 (1.1 x10™ cm?2/Vs) (2) Changing the charge state on some rNMPs. In this case, we
would expect rGMP and rUMP to have a lower [iapp compared to the other two rNMPs due
to increases in their negative charge at pH = 10.3 yielding a larger ey (see Figure 5B).

While one would surmise increased dispersion arising from increased wall interactions,
electrostatically we would not expect this because of the larger negative charge on the wall
of the nanochannel as well as two rNMPs at this pH. Because these identifications were
done at 930 V/cm and the larger EOF at this high pH, we suspect that the increased
dispersion was due to image slurring resulting from the limited framerate that we could
operate the EMCCD to secure sufficient signal-to-noise ratios to track the motion of the
ATTO-532 labeled rNMPs. Irrespective of these observations, the mobility order was
different at pH 10.3 compared to the mobility order at 7.9.

3.6 Nanoscale electrophoresis of ATTO-532 labeled methylated rNMPs in COC/COC

devices

The “epitranscriptome” is a term that refers to biochemical modifications of the
transcriptome, which can play a major role in disease progression. However, studying the
epitranscriptome is challenged by a lack of tools to interpret the entire portfolio of RNA
modifications (>170). Most of these epitranscriptome modifications occur in ribosomal
(rRNA) and transfer RNA (tRNA), which influence tRNA stability and cellular stress
response (5-mC) and microRNA stability (2"-O-methlyation). Moreover, RNA base
modifications of messenger RNAs (MRNA), such as AV®-methyladenosine (m®A), 5-
methylcytidine (5-mC), inosine (1), pseudouridine (y), M-methyladenosine (m!A), and 5-
hydroxylmethylcytidine (5-hmC), can alter its function and metabolism [62]. To provide
additional tools to investigate the epitranscriptome, the nanoscale electrophoresis of
methylated rNMPs and their corresponding rNMPs was undertaken.
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Figure 7A shows histograms of the apparent mobilities of rAMP and m6rAMP and Figure
7B displays the histograms of apparent mobilities for rtCMP and m5rCMP at a field strength
of 930 V/cm in pH 7.9 NEB buffer using COC/COC nanochannel devices. A higher
apparent mobility was observed for both methylated rNMPs (m6rAMP and m5rCMP)
compared to their non-methylated counterparts. We calculated the resolution for the
methylated from non-methylated forms and found that it was 0.59 for rAMP/m6rAMP and
0.73 for rCMP/m5rCMP. While baseline resolution was not achieved, further investigation
into various electrophoresis conditions can improve these results. For example, one can
optimize the electric field strength, carrier electrolyte conditions (pH, ionic strength), and/or
wall chemistry (increasing/decreasing the dose of UV/O3 irradiation, switching the choice of
polymer substrate). In addition, because more than 170 post-transcriptional RNA
modifications have been identified to date [63], we will also be investigating multi-
dimensional nanoscale electrophoresis to efficiently identify the entire complement of
modifications.

4. Conclusions

Our proposed SMS approach addresses the limitations of moderate base call accuracy
associated with current nanopore sequencing by generating mononucleotides using a
processive enzyme from an intact RNA molecule with the individual rNMPs identified using
their molecular-dependent electrophoretic mobility; concept termed Time-of-Flight (ToF)
identification. What makes ToF identification attractive is that a variety of experimental
conditions can be altered to optimize the identification, such as channel material type,
electric field strength, and pH to name a few. In this work, PMMA/COC and COC/COC
nanofluidic devices were investigated. The advantage of COC/COC devices was the ability
to perform post-assembly surface activation using UV/O3 light to control the EOF
depending on the dose, which was not possible in PMMA/COC devices. In addition, the
bond strength between the cover plate and the substrate for COC/COC devices was much
higher when using post-assembly UV/O3 activation to allow a diverse range of
electrophoresis conditions to be employed to optimize the identification accuracies.
However, both materials resulted in high ToF identification accuracy of the rNMPs.

There are, however, scale-dependent processes that can affect the performance of nanoscale
electrophoresis, such as dielectrophoretic trapping generated by surface roughness. This
surface roughness can create inhomogeneous electric fields within the channel when its
dimensions are on the same order as the surface roughness and can result in intermittent
motion of molecules that can increase peak dispersion [34, 38]. We found that high electric
fields can largely mitigate this issue. Others scale-dependent effects include EDL overlap,
concentration polarization, and increased surface interactions due to the high surface area-to-
volume ratio associated with nanoscale electrophoresis. In our previous report on the
identification of dNMPs using nanoscale electrophoresis using PMMA/COC devices [20],
we found that partial EDL overlap can degrade identification accuracy. This artifact was
overcome by using high carrier electrolyte concentrations to compress the EDL and the use
of channels that are relatively large in cross section (110 x 110 nm, width and depth).
Minimal EDL overlap also reduces issues associated with concentration polarization.
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While organic modifiers can be used to improve electrophoretic performance if wall
interactions are present (7.e., capillary electrochromatography, CEC), they are not practical
for nanoscale electrophoresis using thermoplastic channels due to polymer swelling when
placed in organic solvents that may block the hanochannel making the device fail. In
addition, addition of organic modifiers would not be practical for our SMS approach as the
presence of organic solvents may denature the surface-immobilized ribo-exonuclease.

In both COC/COC and PMMA/COC nanochannels, the average resolution was similar when
the pH was 7.9 generating ToF identification accuracies >99%. The successful identification
of rNMPs in free solution using thermoplastic nanochannels will enable development of our
SMS approach for RNA. Our recent report on using surface immobilized XRN1 to plastic
pillars serves as another foundational piece to deliver our SMS approach [21]. Our SMS
approach will provide high read lengths (determined by the processivity of the exonuclease)
and high call accuracies (determined by the apparent mobility differences in the rNMPS).
The utility of RNA sequencing is becoming even more paramount in light of the COVID-19
pandemic because understanding the structure of the SARS-CoV-2 RNA genome will
provide helpful guidance on generating and assigning proper vaccines to the population
based on sequence variations the virus may/may not possess.

Although we utilized dye labeled rNMPs in this study to allow tracking the molecules during
their transport through nanochannels, our envisioned SMS platform will not require labeling
of the rINMPs [64]. We will employ a label free approach for determining the ToF of the
rNMPs. This is accomplished by fabricating a thermoplastic nanochannel device with two
in-plane nanopores poised at each end of the nanochannel to measure the ToF [65]. The
detection therefore uses resistive pulse sensing of single molecules.

Finally, we are employing NIL to make the nanofluidic chips, which is convenient due to the
lack of need of specialized equipment to make each device, such as FIB or EBL. Currently,
>10 imprinting runs can be carried out with a single resin stamp. Because the Si master can
produce >100 resin stamps from a single Si mold master, we can make >1,000 chips from a
single Si master. Currently we are working on producing the nanofluidic devices using nano-
injection molding [66, 67], which uses a mold insert made from Ni via electroplating. The
Ni mold insert can produce many more parts compared to resin stamps used in NIL and
injection molding can produce parts at higher rate (~1000 chips per day per injection
molding machine).
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Greater than 99% identification efficiency of the ribonucleotide
monophosphates (rNMPs) through mobility matching using a 110 x 110 nm
(width x depth) plastic channels that are 100 pm in length using free solution
nanoscale electrophoresis.

The nanochannels can be made in a thermoplastic using Nanoimprint
Lithography (NIL) to produce nanofluidic devices in plastics at a much higher
rate and lower cost compared to glass-based nanofluidic devices. We are
currently working on fabricating the nanofluidic devices using nano-injection
molding to further reduce cost and increase production rate.

The high identification efficiency afforded by nanoscale electrophoresis will
support a new single-molecule RNA sequencing strategy being developed by
our group.
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Figure 1.
(A) SEM of a nanochannel replicated via UV-NIL into a polyurethane (PUA) resin to

produce the resin stamp. In this cases, the resin stamp has the reverse polarity compared to
the Si master from which it was replicated from. (B) SEM of a nanochannel thermally
imprinted into a COC 5010 substrate. (C) AFM of a nanochannel thermally imprinted into
COC 5010 with a depth determined to be 110 nm.
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Figure 2.
(A) pH stability of PMMA/COC devices with time at pH 10.3. (B) pH stability of

COC/COC devices with time at pH 10.3. All fluorescence images were adjusted to the same
intensity scale. In both cases, a Rhodamine B dye solution was infused into the nanofluidic
device and the fluorescence monitored using a single-molecule fluorescence microscope
equipped with an EMCCD camera.
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Figure 3.

(A) Water contact angle of COC 5010 measured at different UV/O3 exposure times using a
power density of 22 mW/cm2. The data points named as with cover plate were obtained by
keeping a cover plate on top of the substrate and then exposing it with UV/O3 through the
cover plate. After exposure, the contact angle of the underlying substrate was measured by
removing the cover plate, which was not thermally bonded to the underlying substrate. (B)
EOF mobility of COC/COC nanochannel devices as a function of UV/O3 exposure time.
The dimensions of the nanochannels were 110 nm x 110 nm (depth x width). The substrate
was COC 5010 that was sealed with a COC 8007 cover plate. The UV/O3 activation was
done through the cover plate following device assembly. Error bars represent the standard
deviations (n = 5).
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(A) Microchip electropherogram of the rNMPs in PMMA microchannels having dimensions
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(effective length = 4 cm). (B) Calculated apparent mobilities of the rNMPs using equation
(4). (C) Resolutions (R) calculated for adjacent peak pairs using the electropherogram
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Figure 5.

(A) Apparent mobility vs electric field strength of rNMPs in 110 nm x 110 nm nanochannels
fabricated in PMMA/COC nanofluidic devices using 1X NEB buffer 3 at pH 7.9 as the
carrier electrolyte. (B) Structures of the rNMPs with ATTO-532 label and the pKa of the
nucleobases. (C) Histogram of apparent mobilities of rNMPs at 280 V/cm in 110 x 110 nm
PMMA/COC nanochannel devices using 1X NEB buffer 3 at pH 7.9 as the carrier
electrolyte. The histograms were fit to a Gaussian function and each bin represented 2 x
1076 cm?/Vs. (D) The variance (o2) of peaks estimated from the Gaussian fits to the
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histograms. (E) The resolution of the Gaussian fits was calculated using R=1.18 (Ap/wg 5 +
W 5), Where wy 5 corresponds to the full width at half maximum of the Gaussians. F)
Identification accuracies of INMPs calculated from Gaussian fit overlap. Identification
accuracy = area of non-overlapped/total peak area.
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Figure 6.

(A) Apparent mobility vs electric field strength of rNMPs in 110 nm x 110 nm nanochannels
fabricated in COC/COC nanochannels using 1X NEB buffer 3 at pH 7.9 as the carrier
electrolyte. (B) Histogram of apparent mobilities of rNMPs at 930 V/cm in 110 x 110 nm
COC/COC nanochannel devices using 1X NEB buffer 3 at pH 7.9 as the carrier electrolyte.
The histograms were fit to Gaussian functions and each bin width represented 2 x 1076
cm?/Vs. (C) The variance (o2) of peaks estimated from the Gaussian fits to the histogram
data shown in (B). (D) The resolution of Gaussian fits calculated using R = 1.18 (Ap/wg 5 +
W 5), Where wq 5 correspond to the full width at half maximum of the Gaussian fits. (E)
Identification accuracies of rINMPs calculated from Gaussian fit overlap.
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(A) Histograms of apparent mobilities for rAMP and mérA MP. (B) Histograms of apparent
mobilities of rCMP and m5rCMP. Electrokinetic separation was carried out at 930 V/cm in
110 x 110 nm COC/COC nanochannel devices using 1X NEB buffer 3 at pH 7.9 as the

carrier electrolyte.
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