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ABSTRACT: DNA and RNA have been measured with many
techniques but often with relatively long analysis times. In this
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subsecond codetection of adenine, guanine, and cytosine, first as
free nucleosides, and then within custom synthesized oligos,
plasmid DNA, and RNA from the nematode Caenorhabditis elegans.
Previous studies have shown the detection of adenosine and
guanosine with FSCV with high spatiotemporal resolution, while we
have extended the assay to include cytidine and adenine, guanine,
and cytosine in RNA and single- and double-stranded DNA
(ssDNA and dSDNA). We find that FSCV testing has a higher
sensitivity and yields higher peak oxidative currents when detecting
shorter oligonucleotides and ssDNA samples at equivalent
nucleobase concentrations. This is consistent with an electrostatic
repulsion from negatively charged oxide groups on the surface of the carbon fiber microelectrode (CFME), the negative holding
potential, and the negatively charged phosphate backbone. Moreover, as opposed to dsDNA, ssDNA nucleobases are not hydrogen-
bonded to one another and thus are free to adsorb onto the surface of the carbon electrode. We also demonstrate that the
simultaneous determination of nucleobases is not masked even in biologically complex serum samples. This is the first report
demonstrating that FSCV, when used with CEMEs, is able to codetect nucleobases when polymerized into DNA or RNA and could
potentially pave the way for future uses in clinical, diagnostic, or research applications.

study, we utilize fast-scan cyclic voltammetry (FSCV) for the /

1. INTRODUCTION Electrochemical DNA biosensors detect the redox signal of
the target analytes or a hybridization of a specific single-
stranded DNA (ssDNA) sequence with its complementary
strand, which are accumulated on the electrode surface.'®"”
The purine bases of DNA can be oxidized electrochemically
through carbon, gold,** indium tin oxide, and polymer-coated
conductive electrodes.'® The most commonly used electro-
chemical biosensors are carbon-based biosensors.*’™> Among
carbon-based sensors, carbon fiber microelectrodes (CFMEs)
are suitable for detecting biomolecular analytes at subsecond
times with high sensitivity and selectivity.”’>° They are
relatively small, inert, and biocompatible and thus can be used
for the in vivo detection of neurotransmitters.”' ~>> Fast-scan
cyclic voltammetry (FSCV) coupled with CFMEs is a
commonly used electrochemical technique to detect neuro-

Deoxyribonucleic acid (DNA) carries the genetic information
needed to sustain life via unique combinations of four different
nucleobases (adenine, guanine, thymine, and cytosine) and has
a double-stranded structure with its nucleobases shielded by
the phosphate backbone groups." Two of these nucleobases,
adenine and guanine, are purines, with a double-ring structure.
The other two, thymine and cytosine, are pyrimidines
containing a single-ring structure.”~* Various analytical
techniques have been developed for the detection of DNA
or RNA, such as capillary zone electrophoresis,” high-
performance liquid chromatography,” fluorescence,® gas
chromatography,” and infrared reflection absorption spectros-
copy.'® To identify specific DNA or RNA sequences,
polymerase chain reaction (PCR)'' and hybridization- or
sequence-based high-throughput methods, including micro-
arrays'> and DNA or RNA sequencing (DNA-seq or RNA- Received:  October 3, 2020
Seq)'”'* have been developed. These methods are well Accepted:  February 18, 2021
established, but they are relatively slow, while electrochemical Published: March 3, 2021
sensors offer simpler, less expensive, and faster (millisecond)

methods for sample evaluation,'> which can be used for

evaluating samples prior to sequence-based methods.'®"”
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Figure 1. Codetection of adenine, guanine, and cytosine using the modified scalene waveform. Representative cyclic voltammograms of (A)
nucleosides and (B) nucleotides with a ratio of 1 cytosine to 20 purine bases (adenine and guanine) and the corresponding color plots for (C)
nucleosides and (D) nucleotides. 10-bp synthetic poly-AAT (5'-AATAATAATAATAA-3'), poly-GGT (5'-GGTGGTGGTGGTGG-3'), and poly-
CCT (5§'-CCTCCTCCTCCTCC-3") were used. (E) 150/400 scalene waveform, which ramps up from —0.4 to 1.45 V at 150 V/s and ramps down

at 400 V/s.

transmitters in the brain with subsecond temporal resolu-
tion.*>**3673%%5 I recent years, it has been explored to study
the rapid purinergic signaling in the brain. Specifically, the
Venton laboratory showed that adenosine can be detected with
FSCV utilizing the triangle waveforms at high (1.45 V)
switching potentials.** With FSCV, it is more facile to detect
purines (adenosine and guanosine) than pyrimidines (cytidine
and thymine) due to their higher oxidative electrochemical
activity. However, conventional triangular waveforms produce
overlapping peaks for adenosine and guanosine,25’4l_43 thus
making it challenging to codetect these analytes simultaneously
using FSCV.

Recently, the Ross group has shown the codetection of
adenosine and guanosine with FSCV by utilizing a “scalene”-
shaped waveform to increase the oxidative peak separation
between guanosine and adenosine.** Despite the significantly
improved resolution between guanosine and adenosine as
compared with that of the conventional triangle waveform, the
simultaneous detection of polymerized nucleobases within
DNA or RNA has not yet been explored. Moreover, cytosine
(a pyrimidine), in particular, has a relatively higher oxidation
potential and slower electron-transfer kinetics compared with
purine bases, guanine and adenine.®

In this study, we optimized a scalene waveform for FSCV
testing with CFMEs coupled with DNA base ratios in a
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mixture to multiplex the detection of adenine, guanine, and
cytosine applied to oligonucleotides, extracted plasmid DNA,
and Caenorhabditis elegans RNA. We demonstrate a higher
sensitivity toward shorter and single-stranded oligonucleotide
samples than longer and double-stranded oligonucleotides,
respectively. Furthermore, we show that nucleobases can be
detected in a complex rat serum sample in spite of interfering
biological substances. This suggests that FSCV with CFMEs
can be used in complex biological fluids to detect DNA or
RNA, evaluating multiple nucleobase analytes, simultaneously.

2. RESULTS AND DISCUSSION

2.1. Codetection of Nucleosides and Nucleotides.
Since the scan rate determines the flux of analytes to the
electrode surface, we hypothesized that using the scalene
waveform, which varies the scan rates when ramping up and
ramping down, would allow us to codetect and differentiate
purines and pyrimidines. We used a scalene waveform that
sweeps up at 150 V/s and sweeps back down at 400 V/s from
—0.4 to 1.45 V, since forward scan rates lower than 150 V/s
were less sensitive to nucleotide samples, especially at lower
concentrations. We term this the “150—400 scalene wave-
form”. Using the 150—400 scalene waveform, we first
examined the codetection of free adenine, guanine, and
cytidine nucleosides, which were obtained from a commercial

https://dx.doi.org/10.1021/acsomega.0c04845
ACS Omega 2021, 6, 6571-6581
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Scheme 1. Oxidation—Reduction Reaction Schemes of Guanosine; Four Electrons Are Involved in Oxidizing Guanosine to

Produce the Final Product*'®

Guanosine

2e 2H*
-2e -2H+

NH
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NH,

“Adapted with permission from [Analyst 2019, 144 (1), 249—257]. Copyright [2019] [Royal Society of Chemistry].

vendor (see Methods and Materials). Each gave a distinct
oxidation peak, and the shapes of the cyclic voltammograms
were distinguishable from one another (Figure 1A).

The oxidation of adenosine and guanosine occurs at the
purine nucleobase moieties, adenine and guanine. Among the
three nitrogenous bases, guanosine yields the highest peak
oxidative current because guanine is the most electrochemi-
cally active base. Guanosine’s oxidation involves two-step
oxidation processes with transferring four electrons and four
protons. The first step oxidizes guanosine to 8-oxoguanosine
(Scheme 1), which is the rate-limiting step. This is followed by
a secondary oxidation step which yields an unstable product.*'
The corresponding oxidation peaks can be found at 1.15 V for
the primary peak and at 0.65 V for the secondary peak,
respectively (both on the forward scan) as shown in the
literature.”> Meanwhile, adenosine’s molecular oxidation
involves three oxidation steps with total exchanges of six
electrons and six protons, yielding a dicarbonium ion as an
intermediate (Scheme 2).* The corresponding oxidative peaks

Scheme 2. Oxidation Schemes of Adenosine Where the First
Two Oxidations of Adenosine Involving Two Electrons
Each Are Irreversible*®”

f@f\
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NH,
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</
° 2 2H"
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“The product from the tertiary oxidation can be reduced back
regaining two electrons. Adapted with permission from [Anal. Chem.
2007, 79, 2, 744—750. Copyright [2007] [ACS publications].

for adenosine are found at 1.4 V on the backward scan for the
primary peak and 0.95 and 0.2 V for the secondary and tertiary
peaks, respectively.*”***® The oxidation peak of cytidine was
observed at around 0.65 V with varying concentrations as
shown in Figure S2, where the slope of the linear plot
(sensitivity) was 0.06 nA/uM, 2 orders of magnitude lower
than those of adenosine and guanosine. Cytidine undergoes a
reversible one-step oxidation with a transfer of two electrons
and two protons (Scheme 3).*

For the multianalyte codetection, we noted that the
oxidative peak of adenosine is masked by the oxidative peak
of cytidine during the codetection of the three nucleobases
(Figure S3). It can be attributed to adenosine’s adsorption-
controlled interaction with the carbon fiber electrode, which is
typically slower than guanosine’s diffusion and partially
adsorption-controlled interaction. In order to minimize the
interfering effect of cytidine while maintaining its sensitivity, a
molar ratio mixture of 1 cytidine to 20 adenosine and
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Scheme 3. Oxidation Scheme of Cytosine Involving the
Electron-Transfer Mechanism®*’*

NH,
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e, 20
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“Adapted with permission from [Int. J. Electrochem. Sci. 2017, 12,
2329-2343]. Copyright [2017] [International Journal of Electro-
chemical Science].

guanosine (1C:20A:20G) was used. The distinction between
the oxidative peaks of adenine, cytosine, and guanine can be
verified by a color plot, which shows the separation of each
oxidation peak at different voltages (y-axis) as shown in Figure
1C,D. The simultaneous measurement CV of adenine,
guanine, and cytosine was obtained from the vertical slice of
this color plot at approximately 5.5 s. The false color plot is a
representation of current versus voltage over time. The blue
color represents the negative reduction current, while the green
color represents the positive oxidation current, and yellow
represents the background charging current as shown in the
scale. There is less distinction between the primary peaks of
cytosine, showing some coalescence with the secondary
oxidative peak for guanine since it has a sensitivity of 0.06
nA/uM, which is 2 orders of magnitude lower than those of
guanosine. The separation of the peaks indicates their
difference in kinetic activity at the electrode cycling voltages.

Having shown that free nucleosides can be codetected using
the 150—400 scalene waveform, we tested whether the
synthetic ssDNA is a suitable substrate for the codetection of
the three nucleobases. For this experiment, we tested 10-bp
synthetic poly-AAT or poly-GGT (to avoid G-quadruplex)
sequences. While the position of each potential remains
unchanged, there is a significant difference in the oxidative
current relative to free nucleosides (Figure 1B). This can likely
be attributed to the negatively charged sugar—phosphate
backbone of the ssDNA that is electrostatically repelled from
the carbon surface and may affect the kinetics of adsorption
and/or desorption to the electrode surface.

To determine whether the nucleobases are adsorption
controlled to the surface of the electrode, we performed a
series of concentration dilution experiments directly comparing
both adenine in ssDNA versus adenosine and guanine in
ssDNA versus guanosine. Figure 2A,C shows that the peak
oxidative current response is linear at lower concentrations,
whereas it becomes asymptotic at higher concentrations (both
for A-based or G-based analytes) above 20 uM. This suggests
that adenosine becomes saturated on the electrode surface at
higher concentrations. These experiments reveal that the peak
oxidative current of both adenosine and adenine is indeed

https://dx.doi.org/10.1021/acsomega.0c04845
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Figure 2. Comparison of the concentration curve between (A) adenosine and adenine in ssDNA (5'-AATAATAATAATAA-3') and (B) guanosine
and guanine in ssDNA (5-GGTGGTGGTGGTGG-3'). The detection sensitivity of purine bases in nucleosides and nucleotides was compared at
(C) adenosine versus adenine in ssDNA at S0 M (p = 0.0045, n = 3, two-tailed and unpaired t-test) and (D) guanosine versus guanine in ssDNA
at S0 uM (p < 0.0001, n = 3, two-tailed and unpaired t-test). The peak oxidative current of purine bases was used to normalize the peak currents of

each nucleotide in 10 bp ssDNA.

concentration-dependent. This also corroborated our hypoth-
esis that adenosine is adsorption-controlled to the surface of
the carbon electrode due to the linear relationship between the
peak oxidative current and concentration. The sensitivity of the
analytes can be quantified by the slope of the linear region. The
sensitivity of adenosine is 1.93 nA/uM, whereas that of
adenine in 10 bp poly-AAT ssDNA is 0.82 nA/uM, which is a
58% decrease (n = 3). Moreover, the sensitivity of guanosine
(4.15 nA/uM) is dramatically decreased to 0.44 nA/uM for
the guanine in 10 bp poly-GGT ssDNA, which is nearly a 10-
fold decrease as plotted in Figure 2B,D. These results suggest
that the electrostatic repulsion from the negatively charged
phosphate backbone groups of the ssDNA and its bulkier size
with respect to single nucleobases reduce their adsorption to
the negatively charged electrode surface, hence decreasing the
sensitivity. Furthermore, a significant decrease in the sensitivity
of guanine in 10 bp ssDNA compared to that of adenine can
explain the higher oxidative current of adenine compared to
guanine in the ssDNA mixture sample (Figure 1B).

During nucleoside codetection, guanosine displayed a higher
sensitivity compared to adenosine (Figure 3A,B). The
concentration curve displays a linear relationship between
the concentration of each purine and peak oxidative current
between 1 and 20 M. Although the overall sensitivity is lower
compared to the single measurement of each analyte,
guanosine (0.9 nA/uM) still has a higher sensitivity than
adenosine (0.7S nA/uM) in their nucleoside mixture.
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However, the overall peak oxidation current of adenine is
higher than that of guanine, as shown in Figures 3C and S4.
Moreover, we observe a linear relationship between the peak
oxidative current and concentration between 1 and 20 M
(Figure 3D).

Having shown that polymerized nucleobases can be
measured, we hypothesized that increasing the sequence
length would hinder the sensitivity of nucleobases due to
both size and charge characteristics. As can be seen in Figure
3E,F, the longer molecules (20 bp poly-AAT and poly-GGT
ssDNA) have approximately half the signal/sensitivity
(current) observed from the shorter molecules (10 bp poly-
AAT and poly-GGT ssDNA). The corresponding statistical
analyses further demonstrate that both adenine (n = 3, p =
0.0017, t-test) and guanine (n = 3, p < 0.0S, t-test) in longer
(20 bp) ssDNA have a significantly decreased sensitivity
compared to those in shorter (10 bp) ssDNA as shown in
Figure 3G,H. This lower sensitivity is presumably due to the
limitation of the longer base pair DNA mobility, thus reducing
the adsorption capacity and the resulting electrochemical
activity at the surface of the electrode. Moreover, we
hypothesized that the increased number of negatively charged
phosphate groups in longer ssDNA increases the electrostatic
repulsion at the surface of the carbon fiber electrode,
specifically oxygen-containing groups at the edge plane of the
graphitic lattice and from the negative holding potential.”’

https://dx.doi.org/10.1021/acsomega.0c04845
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Figure 3. Nucleoside and nucleotide codetection comparison. (A,B) Adenosine and guanosine codetection at different concentrations along with
their respective R* values comparing lower concentrations (p < 0.0001, n = 3 for both). (C,D) Adenine and guanine codetection in 10 bp ssDNA
(5'-AATAATAATAATAA-3', S'-GGTGGTGGTGGTGG-3') and their comparison at lower concentrations (p < 0.0001, n = 3 for both). (E,F)
Adenine and guanine codetection in 20 bp ssDNA (5'-AATAATAATAATAATAATAATAATAATAA-3', 5'-GGTGGTGGTGGTGGTGGTGGT
GGTGGTGG-3') and their comparison at a lower concentration (p < 0.0001, n = 3 for both). (B,D,F) Linear range for detection at lower
concentrations. Corresponding t-test on the peak oxidative current of (G) adenine in shorter (10 bases) and longer (20 bases) ssDNA (n =3, p =
0.0017, two-tailed and unpaired t-test) and (H) guanine in 10 bases and 20 bases ssDNA (n = 3, p < 0.0S, two-tailed and unpaired t-test).

Demonstrating that shorter single-stranded sequences are
more easily detected than longer ones, we then tested whether
annealing two complementary strands alters detection relative
to their single-stranded forms. For this experiment, we
annealed 5'-AGTAGTAGTAGTAG-3' and 5'-CTACTAC-
TACTACT-3' carefully by heat and slow cooling (see
Methods and Materials). It appears that the peak oxidative
currents of adenine and guanine in the ssDNA show
significantly greater signal than the double-stranded duplex
(Figure 4A,B).Thus, we found that a key parameter for
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detection was whether the DNA was single-stranded (ssDNA)
or double-stranded (dsDNA) in addition to its length. The
sensitivity of adenine (n = 3, p < 0.001, t-test) and guanine (n
=3, p = 0.0021, t-test) in a mixture of ssDNA is higher than
that of hybridized dsDNA, as can be seen from Figure 4A,B.
The lower sensitivity of adenine and guanine in the dsDNA
can be attributed to the formation of the double-helix
structure, where nucleobases are not exposed to be freely
adsorbed onto the electrode. In addition to this blocking effect,
the concentration of the phosphate groups in the annealed

https://dx.doi.org/10.1021/acsomega.0c04845
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3') (n =3, p < 0.001, two-tailed and unpaired t-test) and (B) guanine in a mixture of ssDNA and guanine in annealed two complementary ssDNA
(n =3, p = 0.0021, two-tailed and unpaired t-test).
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Figure 5. Codetection of (A) adenine and guanine in native B9-plasmid DNA. (B) Adenine and guanine in native C. elegans RNA. (C) Example
cyclic voltammograms of the multiplex detection of nucleobases with simultaneously increasing rat serum volume. (D) Series dilution showing a
linear relationship between rat serum concentration and peak oxidative current between 4 and 100 yL/mL for all three nucleobase peaks.

DNA is doubled, and they surround the entire exterior of the unexpectedly, the primary oxidation peaks of adenine, guanine,
molecule, which will be electrostatically repelled from the and cytosine were detected in the serum as shown in the CV
negatively charged surface of the CFMEs. plots (Figure SC). These data suggest that nucleobases are

To evaluate the practical applicability of a CFME sensor, we circulating in the blood, likely including RNA/DNA from lysed
used real biological samples: plasmid DNA (Figure SA), C. cells. However, the peaks appeared slightly shifted to lower

elegans RNA in buffer (SB), and rat serum (SC). For both oxidative potentials at around 1.15, 1.00, and 0.55 V,
plasmid DNA and C. elegans RNA, adenine and guanine were respectively (Figure SC). This is shifted from the flow-cell

detected, displaying an increase in peak oxidative current with peak voltages of 1.4, 1.15, and 0.65 V for A, G, and C,
respect to their increasing concentrations. Adenine appeared to respectively, where stock solutions of the nucleobases are
have a higher sensitivity than guanine at CFMEs, which is diluted in phosphate-buffered saline (PBS) buffer (pH = 7.4)

consistent with the aforementioned detection sensitivity of (Figure 1).
polymerized nucleobases. The current response of cytosine To confirm that these peaks are the nucleobases, we
nucleobases was not within the limit of detection and was, performed spike-in testing of each base with a fixed amount of
therefore, not shown for this assay. rat serum and found augmentation of each expected
Given that we could detect purified biologically isolated endogenous peak as shown in Figures 6A—D and S6A—C.
DNA and RNA, we determined whether the detection of the An additional peak was observed at around 1.2 V and is
nitrogenous bases could be performed in a complex biological associated with the spike-in guanosine, which may reflect the
sample such as rat serum. The false-color plot shows that peak that we observe in rat serum (approximately at 1.00 V)
oxidative peaks of each nucleobase are well-resolved, combined with a peak near the flow-cell voltage of ~1.15 V.
confirming the separation of each oxidation peak at different Both peaks increase with spiked-in guanosine (Figure S6).
voltages (y-axis) as shown in Figure SS. Our initial plan was to These results confirm that our method is indeed capable of
spike in synthetic nucleobases or plasmid DNA, but detecting adenine, guanine, and cytosine bases in a rat serum
6576 https://dx.doi.org/10.1021/acsomega.0c04845
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Figure 6. (A) Cyclic voltammograms of the colligative spike-in test with adenine, guanine, and cytosine. The corresponding concentrations show a
linear relationship between the concentration of (B) adenine, (C) guanine, (D) cytosine, and peak oxidative current with increasing spike-in

amount between 0.4 and 20 uM (n = 3).

sample. We hypothesize that the overall shift of oxidative
current peak to a lower oxidative potential found at all
nucleobases in a rat serum might be attributed to the pH
changes of the serum** ™ or active interfering electrochemical
properties of constituents in the serum,”’ such as hemoglobin,
serum albumin, or other proteins.52 This suggests enhanced
electrocatalytic effects, but further experiments are required
before this can be ascertained. We found that the pH of the rat
serum in our experiment was 8.5, as opposed to buffer (pH =
7.4) and is consistent with the shifted peaks observed. In
addition, protein—protein interactions®> and protein-ion (i.e.,
Na*, K in the buffer solution) interactions’* could have
possible implications for the ion-shielding and the resulting
reduced detection of endogenous nucleobases. This is a proof
of the principle study that FSCV with CFMEs can be utilized
to detect nucleobases in the presence of a complex biological
sample such as serum, which would allow for real-world
diagnostic applications. This further illustrates that endoge-
nous nucleobase-containing samples can be detected using our
method (Figure SC).

3. CONCLUSIONS AND FUTURE PERSPECTIVES

This study paves the way for the multiplex detection of
adenine, guanine, and cytosine at the modified scalene
waveform. In this work, we used CFMEs with FSCV and a
scalene waveform to codetect multiple nucleobases. We found
that single-stranded molecules (whether DNA or RNA) have a
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higher sensitivity of detection than double-stranded molecules
and that complex sample matrices (such as blood serum) do
not preclude detection. Therefore, these results suggest that
our method could eventually be useful in clinical settings such
as detecting pathogens, particularly, single-stranded RNA or
DNA viruses, within blood samples.

Indeed, it has been shown that cell-free DNA and RNA are
present at low levels in the blood of healthy humans and that
the levels increase upon infection with certain pathogens.> For
example, difficult-to-diagnose fungal infections have been
associated with elevated levels of cell-free circulating
DNA.>***” This could be important because fungal infections
are often difficult or impossible to culture; they have a high
fatality rate, and liquid biopsy of blood is a promising approach
to quickly identify these cases.””>* Our work with FSCV opens
the tantalizing possibility to begin evaluating levels of cell-free
DNA in clinical samples from healthy and infected patients to
identify clinically useable signatures of infection types. More
importantly, our work shows that the detection of nucleic acids
is feasible in complex biological contexts like blood serum.

In addition, it also has been determined that cancers and
autoimmune diseases can cause significant increases in cell-free
DNA as cells lyse or undergo necrosis.”” Therefore, we
speculate that a rapid nucleic acid detector may provide
valuable information in the clinic, enabling a quick
prescreening prior to sequence-based testing like PCR. The
possibility to test additional fluids beyond blood, including
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urine or saliva, may offer additional diagnostic potential.”’

Further applications include the measurement of DNA/RNA
and nucleotide biosynthesis and metabolism at the timescale
approaching enzymatic metabolism in real time in situ.

Specifically, future work could investigate whether classes of
pathogens have distinct elevated signatures of nucleic acids,
whether protein or lipid viral coats interfere with the detection
using FSCV, and to characterize the release of nucleic acids by
the host cells. Another future direction would be a test with
FSCV to detect structurally oxidized nucleobases such as 8-
oxo-guanine, which correlates with cancer and diabetes in
humans.®’ Given that crime-scene forensics may require the
detection of blood or other nucleic acid-bearing fluids, the
development of a fast, portable, biocompatible, and robust
CEME biosensor for DNA/RNA with a high spatial and
temporal resolution may have long-lasting impacts beyond the
laboratory or clinic.

4. METHODS AND MATERIALS

4.1. Solutions and Chemicals. 4.1.1. Purine and
Pyrimidine Solutions. Lyophilized adenosine (Cas no: $8-
61-7), guanosine (Cas no: 118-00-3), and cytidine (Cas no:
65-46-3) were obtained from Sigma-Aldrich Co. (St. Louis,
MO). Each 10 mM stock solution was prepared in 0.1 M
perchloric acid and diluted with PBS (131.5 mM NaCl, 3.25
mM KCJ, 1.2 mM CaCl,, 12.5 mM NaH,PO,, 1.2 mM MgCl,,
and 2.0 mM Na,SO, with pH adjusted to 7.4).

4.1.2. Nucleic Acid Solutions. The synthesized ssDNAs
with different sizes (10- and 20-mer) were obtained from
Integrated DNA Technology (IDT) in an anhydrate form. The
sequences of 10-mer and 20-mer of Poly-GGT ssDNA are 5'-
GGTGGTGGTGGT ... GG-3’, where the recurrent thymi-
dine prevents the G oligonucleotide from folding and then
forming a quadruplex. Similar sequences of 10-mer and 20-mer
of Poly-A oligonucleotide (10 bp poly-AAT ssDNA, 20 bp
poly-AAT ssDNA) and 10 bases of Poly-CCT ssDNA (10 bp
poly-CCT ssDNA) with thymidine were also obtained from
IDT. The DNA strands were dissolved as a stock solution in
nuclease-free water (nondiethyl pyrocarbonate treated) from
Thermo Fischer Scientific (Life Technologies Corp., Austin,
TX). Diluted solutions in the range of 1—100 yM were
prepared as needed with PBS buffer solutions. Single-stranded
oligonucleotide having sequences of 5-AGTAGTAGTAG-
TAG-3' was annealed with its complementary 5'-CTACTAC-
TACTACT-3" sequence. This was accomplished by mixing
them at equimolar concentrations and then heating the
mixture on a hot plate (95 °C) for S min. After this the hot
plate was switched off, allowing the mixture to slowly cool to
room temperature (approximately 90 min). When we
performed the detection experiment, we used boiling to
reseparate the strands as discussed in the text.

4.1.3. Plasmid DNA. We constructed a high-copy plasmid
(B9) by ligating a segment of the prp-8 gene from the
nematode Halicephalobus mephisto®® into the RNAi vector
L4440.% Specifically, single colony of B9-carrying Escherichia
coli was inoculated into two flasks using a sterile loop and then
grown in 75 mL of LB culture media supplemented with S0
ug/mL ampicillin at 37 °C for 24 h with gentle shaking. The
plasmid was then extracted from these bacteria using
ZymoPure 11 Plasmid Maxiprep kit (Cat# D4202) according
to the manufacturer’s protocols (one set of columns can
process 150 mL of bacterial culture), followed by elution using
400 uL of DI rather than ethylenediaminetetraacetic acid,
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which could cause a background signal in FSCV. The obtained
plasmid DNA was subsequently diluted in the range of 1-10
uM using PBS buffer in a centrifuge tube. The denatured form
of the plasmid DNA was obtained by putting it in boiling water
for 5 min and then letting it cool down in an ice bath for 2 min.

4.1.4. C. elegans RNA. The isolation of RNA was performed
with Zymo Research DNA/RNA Miniprep Plus kit (Cat#
D7003). The nematodes were cultured on standard nematode
growth media plates at room temperature for 1 week. The
worms were washed off the plates in M9 buffer and centrifuged
at 400g for 1 min, followed by aspiration to form a high-density
pellet. An equal volume of DNA/RNA shield buffer (from the
Zymo DNA/RNA Miniprep Kit) was added to the pellet and it
was rapidly frozen at —80 °C. To extract RNA from C. elegans,
the frozen aliquot worms were thawed and transferred to ZR
Bashing Bead Lysis Tubes (Cat# S6012). They were then
vortexed for 5 min, followed by a 1 min rest and another
vortexing for 5 min. Then, 30 yL of proteinase K buffer and 15
uL of Proteinase K were added to each tube, which was
incubated for 30 min at 55 °C. The rest of the protocol was
performed as per the manufacturer’s instructions to yield
purified RNA for the procedure.

4.1.5. Rat Serum. The rat serum was obtained from the
Davidson Laboratory in the Psychology Department of the
American University, in accordance with the animal welfare
and safety protocol #1604. The rats were anesthetized with
isoflurane before they were decapitated. The blood was
drained in a 15 mL falcon tube and was allowed to clot for
10—15 min at room temperature. It was then centrifuged at
2000g for 10 min at room temperature. The serum
(supernatant) was subsequently pipetted out to a new tube
and stored at —80 °C.

4.2. Instrumentation. 4.2.1. CFME Preparation. The
CFME preparation was based on previously reported
procedures.” Briefly, a single strand carbon fiber of 7 ym in
diameter was separated and aspirated into a glass capillary with
a 1.2 mm outer and 0.68 mm inner diameter (A-M Systems,
Sequim, WA) using a vacuum pump. Carbon fibers were pulled
to form two electrodes on a vertical pipette puller (Narishige,
model PC-100 and PE-22, Tokyo, Japan) and then cut to
lengths of approximately 100—150 ym. To stabilize the carbon
fiber inside the glass capillary and prevent leakage of backfilled
saturated KCl solution, protruding CFME tips were dipped in
the epoxy hardener mixture (Epon 828 epoxy) (Miller-
Stephenson, Morton Grove, IL) and diethylenetriamine
(Sigma-Aldrich), 0.8% by mass resin, for approximately 15 s
and then rinsed in acetone to wash away any excess residual
epoxy. The electrodes were cured in the oven for 4 h at 125
°C.

4.2.2. Fast-Scan Cyclic Voltammetry. The cyclic voltam-
mograms were obtained using the WaveNeuro FSCV System
with S MQ headstage (Pine Instruments). For data collection
and analysis, the software high-definition cyclic voltammetry
with the PCle-6363 multifunction I/O device (National
Instruments, Austin, TX) was used. Upon testing the
electrodes, a triangle waveform was applied with a holding
potential of —0.4 to 1.45 V against the silver—silver chloride
reference electrode (Ag/AgCl, —0.197 V) and back at a scan
rate of 400 V/s with a frequency of 10 Hz. However, for the
scalene waveform, a potential in the range of —0.4 —1.45 V
against the silver—silver chloride (Ag/AgCl) reference
electrode was applied and back at a forward scan rate of 150
V/s and a backward scan rate of 400 V/s with a frequency of
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10 Hz. Each electrode was back-filled with 0.1 M KClI solution
to create an electrical connection and was allowed to
equilibrate with the applied waveform for 10 min. Samples
were tested in a flow injection analysis system (In Vitro/FSCV
Microelectrode Flow Cell with xyz micromanipulator Trans-
lational Stage, Pine Instruments, Durham, NC). The buffer and
samples were pumped through the flow cell at 1 mL/min using
the NE-300 Just Infusion Syringe Pump (New Era Pump
Systems, Farmingdale, NY). All data were background-
subtracted to remove any non-Faradaic currents by averaging
10 CVs.

4.3. Statistical Analysis. The statistical analysis was
performed with the software GraphPad Prism 8 by performing
two-tailed and unpaired t-test. All were performed at the 95%
confidence level (p < 0.05).
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