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ABSTRACT: Clinical diagnostic assays that monitor redox
enzyme activity are widely used in small, low-cost readout
devices for point-of-care monitoring (e.g., a glucometer);
however, monitoring non-redox enzymes in real-time using
compact electronic devices remains a challenge. We address
this problem by using a highly scalable nanogap sensor array to
observe electrochemical signals generated by a model non-
redox enzyme system, the DNA polymerase-catalyzed incor-
poration of four modified, redox-tagged nucleotides. Using
deoxynucleoside triphosphates (dNTPs) tagged with para-
aminophenyl monophosphate (pAPP) to form pAP-deoxy-
ribonucleoside tetra-phosphates (AP-dN4Ps), incorporation of
the nucleotide analogs by DNA polymerase results in the
release of redox inactive pAP-triphosphates (pAPP;) that are
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converted to redox active small molecules para-aminophenol

(pAP) in the presence of phosphatase. In this work, cyclic enzymatic reactions that generated many copies of pAP at each base
incorporation site of a DNA template in combination with the highly confined nature of the planar nanogap transducers (z = 50
nm) produced electrochemical signals that were amplified up to 100,000X. We observed that the maximum signal level and

amplification level were dependent on a combination of factors including the base structure of the incorporated nucleotide
analogs, nanogap electrode materials, and electrode surface coating. In addition, electrochemical signal amplification by redox
cycling in the nanogap is independent of the in-plane geometry of the transducer, thus allowing the nanogap sensors to be
highly scalable. Finally, when the DNA template concentration was constrained, the DNA polymerase assay exhibited different
zero-order reaction kinetics for each type of base incorporation reaction, resolving the closely related nucleotide analogs.

KEYWORDS: nanogap sensor, redox-cycling, electrochemical assay, non-redox enzyme, enzyme kinetics, DNA polymerase,

pyrophosphate

E nzymes are catalysts of biochemical reactions within living
organisms involved in a variety of processes such as DNA
replication, protein synthesis, and sugar metabolism. Common
approaches for assaying enzyme activity include monitoring
substrates and/or products using colorimetric or fluorimetric
techniques, radioactive detection methods, liquid chromatog-
raphy, and mass spectrometry." Many of these techniques are
not amenable to high throughput and/or automation and they
are not intended for portability and ease-of-use. With the
advancement of microelectronics, the activity of some
enzyme—substrate systems that are redox active can now be
readily measured electrically with cost-effective and compact
electrochemical devices,"”” such as a glucometer; however,
momtormg non-redox enzyme reactions remains limited to
bulky® and/or costly optical* instruments. For example, the use
of fluorogenic substrates is the gold standard for continuously
monitoring assays of tyrosine and serine phosphatases, which
are of interest for drug discovery." Fluorescence-based assays
for other enzymes found in blood are widely used in clinical
diagnoses of lysosymal storage diseases (LSD’s) such as Tay-
Sachs and Gaucher using commercially available, synthetic
coumarin 4-methylumbelliferone (4-MU).’
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Direct and reliable approaches to the electrical assay of non-
redox enzymes would necessitate mechanisms that would allow
for stable electrical signal generation from reactions involving
non-redox enzymes, such as the DNA polymerase for
deoxyribonucleotide triphosphate (dNTP) incorporation.
Non-redox enzymes such as DNA polymerase, RNA polymer-
ase, aminoacyl-tRNA synthetase (for protein synthesis), and
UDP-Glucose pyrophosphorylase (for glycogen synthesis) are
all essential to living organisms.® One common feature of these
enzymes is that they release inorganic pyrophosphate (PPi) as
one of their reaction byproducts.”™ In order to test the
feasibility of performing electrical kinetic assays of such non-
redox enzymes, we targeted the PPi-releasing chemistry of
DNA polymerase and related enzymes by designing a set of
four ANTP analogs as reaction substrates with a redox
mediator (para-aminophenol or pAP) attached through the
polyphosphate linkage (pAP-deoxyribonucleoside tetra-phos-
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Figure 1. Scalable nanogap-based sensing system for observing non-redox enzyme reactions, including signal generation, amplification, and
transduction. Stage 1 is a self-primed DNA template regeneration process using extended self-primed DNA template molecules, which involves the
cleavage of monophosphate nucleotides by the exonuclease, reincorporation of one of the four redox-modified nucleotide analogs (AP-dN4Ps) by
the polymerase, and release of reaction products (pAPP;) that are converted to redox-active molecules (pAP) in the presence of phosphatase. Stage
2 is an electrical signal amplification and transduction process, in which pAP molecules in solution undergo redox cycling in a planar electrode gap
device. The collectively amplified electrical signal can be detected in real-time by an external electronic device.

phates or AP-dN4Ps). We hypothesized that production rates
of pAP could be used to assess the properties of both the non-
redox enzymes and their substrates.

To measure electrical signals of pAP efficiently, we
developed a biochemical sensing system that enables molecular
amplification, electrochemical signal generation, and amplified
electrical signal detection on a scalable nanogap sensor chip
(Figure 1). In this sensing system, non-redox DNA polymerase
utilizes AP-dN4P nucleotide analog substrates in cyclic
enzymatic reactions to release redox inactive pAP-triphos-
phates (pAPP;). After the released pAPP; molecules react with
phosphatase, the resulting redox-active pAP molecules undergo
redox cycling in a nanogap device to transduce and amplify the
biochemical signals (in the form of molecules at certain
concentrations) to electrical signals (in the form of currents or
potentials). We use the term redox-genic to refer to the
property of redox-inactive molecules that can be converted to
redox-active molecules. With this sensing system, we
demonstrate the ability to differentiate structurally similar
nucleotide analogs electrically and kinetically. Our findings
suggest that the principle of our sensing system can potentially
be used for nucleotide analog drug screening and nucleic acid
sequence analysis, and could also be applied to assaying other
pyrophosphate (PPi)-releasing non-redox enzymes.

We have previously reported chemically modified field-effect
transistor (FET)-based silicon nanoplate devices to directly
detect DNA polymerase reaction product PPi from DNA
incorporation reactions,'”'" but due to unfavorable signal-to-
noise ratio (SNR) issues as the active sensing area is reduced,
these devices were not amenable to further scaling down to the
targeted 1 um?” pixel sizes. In contrast to FET-based devices,
the electrical SNR in redox cycling of redox molecules in a
nanogap transducer device is independent of the in-plane
geometry of the transducer thus allowing the transducers to be
highly scalable (with constant signal-to-noise ratio).'”> The
employment of nanogap sensors not only enables the scaling of
the sensor devices but also eliminates the need for analyte-
specific surface modification and, furthermore, permits real-
time measurement of concentration changes of reaction
products, which is critical to enzyme kinetic assays. This
type of nanogap sensor can be reliably fabricated in a CMOS

(complementary metal oxide semiconductor) compatible
manner, which facilitates dense integration of sensor units
(and associated electronics) onto a single platform, such as a
silicon chip typically used in integrated circuit manufacturing
applications.'”

B RESULTS AND DISCUSSION

In this work, cyclic enzymatic reactions that generated many
copies of redox-active small molecule para-aminophenol (pAP)
from each base incorporation site of a DNA template in
combination with the highly confined nature of the planar
nanogap transducers (z = 50 nm) produced electrochemical
signals that were amplified up to 100,000X. As shown in Figure
1, Stage 1 is a self-primed DNA template regeneration process
using extended self-primed DNA template molecules with
nuclease-resistant priming ends in cyclic non-redox enzymatic
reactions, which involve the cleavage of monophosphate
nucleotides by the exonuclease and reincorporation of one of
the four redox-modified nucleotide analogs (AP-dN4Ps) by the
polymerase. This reaction releases pAPP; molecules as reaction
products that are converted to redox-active pAP molecules in
the presence of phosphatase. This reaction cycle results in
chemical amplification of pAP for a specific site in a DNA
template (20X to 200X in 10 min; Figure S1). Stage 2 is an
electrical signal amplification and transduction process, in
which pAP molecules undergo redox cycling for electro-
chemical signal amplification in a planar electrode gap
(nanogap). The redox cycling transduces the pAP chemical
concentration to an amplified electrical signal (100X to 500X
in 10 min)."”"* The collectively amplified electrical signal (as
much as 100,000x), which is linearly proportional to the input
DNA template concentration, can be detected in real-time by
an external electronic device.

Planar nanogap devices were designed and fabricated for this
work because they can transduce biochemical information to
electrical information directly and hence amplify the signal
significantly via redox cycling when the electrode gaps are 300
nm or less."”™"* Since the sensitivity and redox cycling ability
of these sensors depend only on the gap between bottom and
top electrodes, they are easily amenable to down-scaling sensor
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Figure 2. Nanogap transducer characterization. (A) Optical microscopy image of the fabricated 4 X 4 nanogap sensor array showing a common
reference electrode (a large, connected metal plate) and electrical connects to the nanogap devices. (B) Optical microscopy image of a single
nanogap transducer pixel (d = 20 ym). (C) Cross-sectional scanning electron microscopy image (XSEM) of the transducer. (D) XSEM image from
the boxed area of C showing a closer view of the edge of the nanogap formed by the two Pt electrodes. (E) XSEM from the boxed area of D
showing the nanogap (~50 nm) between the two Pt electrodes. (F) XSEM from boxed area of E showing the nanogap with TiO, (~3 nm) coating

on the top and bottom Pt electrodes.

pixel size in the x and y dimensions while maintaining the SNR
observed in larger devices.'*"*

In a nanogap device, signal strength, represented by current
I, is limited by diffusion rate D (the diffusivity) or is inversely
proportional to the time it takes for trapped redox-active
molecules N to diffuse between the two electrodes:

I = NeD/z*

where e is the elemental charge and z is the vertical (out-of-
plane) spacing between the two electrodes. For a given
concentration of a redox molecular species, N is proportional
to the surface area (a) of the nanogap device with a given z.
Thus, when signal and noise from a nanogap device alone are
considered and electrical noise from the instrumentation is not
dominant, shrinking the electrode surface dimensions gen-
erates a smaller output current, but at the same time the
double-layer capacitance associated with the electrochemically
active electrodes is also reduced. This suggests that nanogap
transducer sensitivity, which is mainly determined by SNR, is
independent of the nanogap surface area, a. It has been shown
that these type of nanogap devices can detect redox
compounds at the single molecule level.'®

In this study, we created a 4 X 4 array of circular nanogap
transducers (d = 20 pm, z = 50 nm, V = 16 fL, see Figure 2A
and B). Each of the nanogap devices had an access hole at the
center for uniform sample distribution by capillary action and
diffusion.'” Each transducer device consisted of two planar
platinum (Pt) electrodes (Figure 2C,D,E; Figure S2). In
addition to Pt, we have also used other electrochemically inert
materials, such as gold (Au) "> and conductive ultrananocrystal-
line diamond,'” as paired nanogap electrodes, as well as
asymmetric nanogap structures fabricated with different
materials for top and bottom electrodes. Although Au is
more inert and has better electrochemical 1properties than Pt,
Au is known to have interdiffusion issues'’ at relatively low
processing temperatures (<200 °C) and the nanocrystalline
diamond process requires an annealing step with temperature
of >800 °C that is too high to be compatible with the thermal
budget of standard process technologies for semiconductor
fabrication and monolithic CMOS integration.'”~'” With the
eventual goal of scaling the device manufacturing process for
standard semiconductor fabrication, we proceeded with Pt
nanogap electrodes. As shown in Figure 2B, the devices used
for these experiments were 20-um-diameter nanogap trans-
ducers with overlapping top and bottom electrode areas of
~300 um® In order to demonstrate scaling and facilitate

integration with underlying integrated circuits, we have also
designed and fabricated arrays of smaller nanogap transducers,
such as 4 X 5 pum? pixels’® and 1 X 1 um? pixels (Figure S3).

para-Aminophenol (pAP or AP) was selected as the
mediator in the assay system because it is redox-active and
can be produced from redox-genic pAP-phosphates (pAPP,, n
= 1 for monophosphate, n > 1 for polyphosphates) after
dephosphorylation®' (Figure 3) by phosphatase. However, we

Para-aminophenyl
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Redox cycling of
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il Hoto o Hon == <)o
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Figure 3. Chemical reactions illustrating the conversion of redox-
genic pAPP to redox-active pAP and subsequent redox cycling of pAP.

noticed that the redox cycling signal from pAP in a Pt nanogap
device could drop by as much as 50% after 100 cyclic
voltammetry (CV) scans (Figure 4A). We traced the primary
source of the signal decrease to Pt-catalyzed pAP degradation.
In bulk electrode (non-nanogap) studies, we observed that the
initial current level of the pAP signal was degraded when pAP
solutions were exposed to a nonscanning Pt electrode surface
while pAP solutions exposed to gold- or diamond-based
electrodes maintained their original electrochemical and
optical absorbance properties (Figure S4). Based on these
observations, Pt electrodes appeared to catalyze the conversion
of pAP molecules in solution to benzoquinone (BQ),
hydroquinone (HQ), and quinhydrone (QH) (Figure SS),
which were identified by comparing the used solutions
(scanned or not scanned but exposed to Pt, Au, or diamond)
to solution standards of pAP, BQ, and HQ. In contrast, we
observed that the Pt catalytic degradation effect could be
greatly reduced when the Pt electrode surfaces were passivated
(Figure S6). This suggests that the adverse catalytic effect of Pt
could be mitigated by preventing pAP from direct contact with
Pt electrodes through a surface coating, which, in turn, could
deter electrode fouling due to deposition of polymerized
products resulting from pAP degradation.

To achieve robust redox cycling results, we passivated the Pt
electrode surfaces with a 3 nm TiO, dielectric film (Figure 2E
and F). TiO, was chosen because its conduction band position
is close to the Pt work function, which enables electron
tunneling or hopping through the low energy barrier to
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Figure 4. Electrochemical measurements of pAP standard solutions in nanogap sensors with bare Pt or coated Pt electrodes. (A) Cyclic
voltammograms (CVs) of pAP from the first and 100th scans compared to a buffer solution on an uncoated nanogap device showing degradation of
the current. For redox cycling of pAP, the potential at the bottom electrode was scanned from 0 to 0.7 V while the top electrode potential was kept
constant at 0 V. (B) CVs of pAP from the first and 100th scans compared to a buffer solution on a TiO,-on-Pt coated nanogap device, exhibiting
stable current level over 100 cycles. (C) CVs of pAP as a function of concentration (0 to 100 #M) on a TiO,-coated nanogap device. (D) Portion

of C, showing CVs of lower concentrations of pAP from 0 to 10 uM.
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Figure 5. Molecular structures of synthesized nucleotide analogs and their functional roles in the TEST & FILL reaction scheme introduced in
Figure 1 (Stage 1 chemical amplification). (A) Structures of aminophenol-deoxyribonucleoside tetra-phosphates (only AP-dA4P shown) and
generation of pAPP; and pAP. (B) Structures of bifunctional nucleotide analogs (3'-O-azidomethyl a-thiol-dNTPs or N;-dNTPaS, only Nj-
dCTPaS shown); TCEP (tris(2-carboxyethyl)-phosphine) is a reducing agent used to remove the 3'-O-azidomethyl group. (C) Sequence and
structure of the self-primed DNA template used in the current study. (D) Reaction scheme of TEST reaction (cyclic reactions of polymerase and
exonuclease) at one base position for template regeneration and production of amplified pAP molecules, and FILL reaction (incorporation of
exonuclease resistant bifunctional nucleotide) enabling next set of TEST reactions at the next base position.

maintain a similar electron transfer rate as with bare
electrodes.”” Figure 4B shows that the CV curves were not
affected after extensive redox cycling and the current could be
3% higher from coated devices than uncoated devices. It is
apparent that the inflection points of the CV curves from the
coated nanogap devices were about 0.3 V higher than

noncoated devices (Figure 4A and B). This was anticipated
because electron transfer during redox cycling had to overcome
the additional energy barrier formed between the TiO,
conduction band and the Pt work function which necessitated
a shift in the scanning voltage range. We also observed that the
use of higher voltages reduced the reversibility of cyclic
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Figure 6. Resolving different reaction rates from the nucleotide analogs. The reactions were performed on the surface of a nanogap array in a flow
cell (on-chip reaction). (A) Reaction rates observed using different enzyme ratios and under different reaction temperatures. Letter E for
exonuclease, K for Klenow fragment of DNA polymerase I, and C for calf intestine alkaline phosphatase. 2X indicates twice as much enzyme
concentration as 1X (for details, see Experimental Section). The curves were obtained from polynomial fitting: y = k;x* + kyx + ¢, where y is the
electrical current signal from a nanogap device and x is time in minutes; k), k,, and c are constants; when lk,/k;| > 50, the reactions were considered
zero order when x < 10 min. (B) Linearly fitted curves from TEST reactions of the 4 AP-dN4Ps for the last (sixth) site in the template sequence

where the correct matching base T was called.

voltammograms, possibly due to formation of irreversible
degradation products of pAP at higher potentials. For these
reasons, we defined a scanning voltage based on the current
onset of the CV curves instead of using a fixed scanning range.

Comparing Figure 4A and B, the baseline current from the
plain buffer was significantly reduced on the coated devices.
Less than 1 uM pAP (<1 X 10* molecules inside the nanogap)
was readily detected and the electrical responses were
proportional to pAP concentrations (Figure 4C,D, and Figure
S7). With a coated nanogap device, for a given pAP
concentration in an aqueous buffer, we found that redox
cycling (bias between the top and the bottom electrodes of a
nanogap, relative to reference ground electrode) could
generate as much as a 500-fold increase in current compared
to non-redox cycling (bias on the bottom electrode only with
the top electrode disconnected). The amplification power of
redox cycling constitutes the Stage 2 amplification in the assay
scheme (Figure 1).

To demonstrate that pAP could be the mediator in coupling
nanogap transducers with a non-redox enzyme system, we
designed and synthesized a complete set of four pAP-
deoxyribonucleoside tetra-phosphates (AP-dN4Ps) (Figure
SA). Our preliminary experimental data showed that the
tetra-phosphate chain was the best spacer for ensuring efficient
incorporation by DNA polymerase when compared with tri-,
penta-, and hexa-phosphate chains. Because a pAP moiety was
covalently attached to the terminal phosphate of the tetra-
phosphate chain of a nucleotide, the nucleotide analog was
resistant to phosphatase degradation. When an AP-dN4P was
incorporated to a DNA primer, pAPP; was released as a
byproduct. Like pAPP,”' the redox-genic pAPP; could be
converted to the redox-active pAP in situ by phosphatase.
Thus, the electrochemical signals from the generated pAP
reaction products could facilitate electronic measurement of
the enzymatic incorporation of the nucleotide analogs.

In fulfilling the requirements for the cyclic enzyme assay
scheme (Figure 1 and Figure SD) as well as more complex
reactions to be discussed later, we also designed and
synthesized a set of bifunctional nucleotides (3’-O-azidomethyl

a-thiol-dNTPs or N;-dNTPaS) (Figure SB) and used them to
render a self-primed test template nuclease-resistant”” (Figure
SC). The 3’-O-azidomethyl group in the nucleotide analogs
reversibly blocked the 3'-end so that no repetitive nucleotides
could be polymerized in a polymerase reaction, which was
crucial to characterizing a template sequence.24

Figure SD shows the two cyclic enzyme reactions in our
non-redox enzyme assay scheme: the TEST reaction and the
FILL reaction. The TEST reaction is the Stage 1 amplification
shown in Figure 1. It includes a DNA polymerase, an
exonuclease, and a phosphatase. When a complementary
nucleotide analog has been incorporated to the priming end of
the DNA complex by the polymerase, a pAPP; would be
released that in turn could be converted to pAP by the
phosphatase for redox cycling. Once the DNA polymerase
leaves the priming site,”’ the exonuclease cleaves only the
newly incorporated nucleotide assuming the prior nucleotide is
nuclease-resistant (see FILL reaction below), resulting in
regeneration of the DNA template molecule for a new round of
incorporation of the same nucleotide in the same site. This
TEST reaction is like the previously reported idling
reactions.”® When we compared pAP production in test tube
reactions at a given DNA template concentration, we found
there could be 20—50X more pAP generation from AP-dT4P
and AP-dA4P, and 100—200X more pAP generation from AP-
C4P and AP-dG4P (Figure S1 and Figure S7).

The FILL reaction has been designed to advance the primer
by a single base. To achieve this, a DNA polymerase reaction
takes place in the presence of a set of bifunctional nucleotides
(Figure SB), and only one of the matched nucleotides is
incorporated to the 3’-end of the primer that is annealed to the
DNA template molecule. After removing the reversible
terminator from the newly incorporated nucleotide analog,
the primer—template complex is ready for another round of
TEST reaction. The combination of the TEST and the FILL
reactions that were used for mini-sequencing reaction tests are
discussed in the following sections.

The TEST reaction governs the reaction kinetics that are
characteristic to key components of the reaction system.
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According to reaction rate laws,”” a full mathematical model of
the rate of pAP production in our assay system could be
complex. However, our unique enzyme system made it
possible to obtain an abridged kinetic model. Assuming the
phosphatase reaction was not the rate limiting step because of
high substrate affinity”® and both exonuclease and polymerase
activities were unchanged during reactions, we can treat the
production rate (p) of pAPP; as the rate of pAP generation.
Thus, we have

p = kIN][T]

where k is the rate constant for a given enzyme (enzyme-
dependent constant), N is the concentration of a nucleotide
analog, and T is the DNA template concentration. Because
nucleotide analog substrates were provided in a great excess
and the DNA template molecules were regenerated by the
TEST reactions, thus pAP or pAPP; production rate can be
approximated to be a zero-order reaction (see Supporting
Information)

p=K

where K is a reaction-dependent constant.

This implies that the redox-active species production rate
can be considered to be relatively constant, which reflects the
properties of nucleotide analogs, the DNA templates, and
enzymes, provided that their concentrations were unchanged
(or remained relatively high) during the reactions. For
example, for a given set of enzymes and a template sequence,
different nucleotide analogs would be associated with different
K values.

To corroborate the zero-order kinetics, we assembled
reactions using a known amount of a self-primed DNA
template and an excess amount of a nucleotide analog but
changed the relative ratios of the enzymes. According to
polynomial curve fitting, near linear responses of pAP
productions were obtained when the ratio of exonuclease to
polymerase was maintained at 1:1 or higher (Figure 6A and
Table S1). This agrees with the assumption that template
regeneration by exonuclease was critical to maintaining the
DNA template at a constant concentration. It was also
observed that increasing temperature accelerated initial
reaction rates, but reactions approached plateau values more
rapidly at 45 °C than at lower temperatures. This was not
unexpected because the enzyme-dependent reaction rate
constant k is a function of temperature and higher temper-
atures can increase the chance of enzyme denaturation,
decreasing the concentration of active enzyme and potentially
violating the conditions for a zero-order reaction.

According to zero-order reaction rate kinetics, it would be
possible to identify complementary bases of a DNA template
sequence simply based on analyzing the relative incorporation
rates of different nucleotide analogs for the same template site
(priming site). We tested this hypothesis by attempting short
DNA sequencing (mini-sequencing) through consecutive
TEST & FILL cycles in a flow cell chamber where the surface
(500 x S00 um?*) of a 4 X 4 nanogap transducer array with
DNA template molecules attached was exposed (Figure S8). In
the flow cell chamber (~400 nL), enzymatic reactions took
place near the nanogap transducers so that the reaction
products could be detected in real-time when TEST reactions
were taking place. In 7 consecutive TEST & FILL cycles, 28
pAP generation rate measurements (after a total of 3$
enzymatic reactions) showed linear responses over more

than 1S min (Figure 6B). Based on the rates of TEST
reactions for all 4 nucleotide analogs, we were able to correctly
identify the first 5 bases complementary to the test template
sequence. The efficiency of the on-chip system, with reactions
occurring on the chip surface, can be improved when more
extensive sequencing is desired. To demonstrate the robustness
of the assay system and apply reaction rates to direct template
characterization, we also performed consecutive TEST & FILL
reactions with the same DNA template sequence in test tubes
(off-chip system, with reactions in solution suspensions). After
analyzing normalized reaction rates, we were able to identify 8
of the 9 bases tested correctly after over 50 reagent exchanges
for enzymatic and chemical reactions (Figure 7). The fifth base

7
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1st/G  2nd/T 3rd/C  4th/A 5th/G 6th/T 7th/G B8th/A 9th/C

Template Position and Corresponding Matched Base

Figure 7. Mini-sequencing results of three replicated reactions. The
relative ratios were calculated for each nucleotide analog per
procedures described in the Experimental Section and Supporting
Information. The highest ratio signal for each given site indicates the
identity of the interrogated base.

was considered to be undetermined due to the insignificant
difference between bases G and C. In the future, we would
recommend optimizing reaction conditions to differentiate
each nucleotide analog and increasing reaction redundancy,
which is a procedure routinely implemented in current
commercial sequencing solutions using other transduction
mechanisms.

It is worth noting that, by comparing the rates of nucleotide
analog incorporation, nucleotide analogs G and C had faster
incorporation rates than nucleotide analogs A or T (Figure
S9). This observation is consistent with previously mentioned
rate differences in the incorporation of these nucleotide
analogs to their corresponding complementary sites (correctly
paired) and agrees with published information.”” It was also
observed that, under TEST conditions, the correctly paired
nucleotide incorporation rates were typically within the range
of 2—5X the rates of mispaired nucleotide analog incorpo-
rations (Figure 7). This agrees with the notion that achieving
high fidelity of DNA polymerase reaction would rec31uire far
more complex conditions than simple base-pairing.” Since
these nucleotide analog structures are the same except for their
bases, the incorporation rate differences suggest that the
current electrochemical assay system should be able to
differentiate other base modifications. Finally, at a given
concentration of DNA template, we observed that the
maximum signal level and amplification factor were dependent
on a combination of factors including nucleotide structures,
nanogap electrode materials, and electrode surface coating
materials. Further optimization of these components in this
sensing system has the potential to improve the assay results.
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B CONCLUSIONS

We have demonstrated a nanoscale electrochemical sensing
system for the real-time and sensitive characterization of the
PPi-releasing non-redox enzyme DNA polymerase as a
function of different redox-tagged nucleotide analogs. In this
system, the nanogap device serves as both a chemical—
electrical transducer and an electrochemical signal amplifier.
We have also shown that the non-redox enzyme reactions
enable DNA template regeneration, which exhibits zero-order
reaction kinetics and thus linear amplification of the redox-
active mediator. The coupled two-stage amplification system
can enhance signal up to 100,000X so that a signal equivalent
to as few as 100 template molecules inside a nanogap device
can be electrically measured. Since PPi or Pi release is widely
present in the metabolic pathways of all living organisms, e.g.,
DNA and RNA synthesis, protein synthesis, and glycogen
synthesis,”” redox-active pAP can be a common mediator in
electrochemical kinetic assays of related non-redox enzymes.
We envision that this assay system can be used to facilitate the
development of compact, electronic devices that can be used to
determine the causes or states of metabolic disorders based on
monitoring enzymatic activity,””*” identify genetic mutations
or pathogens based on nucleic acid mini-sequencing,” or
screen nucleotide analogs as potential candidates of antiviral or
anticancer drugs.’”*

B EXPERIMENTAL SECTION

Nanogap Transducer Design and Fabrication. The sensor
array used in this study had identical and individually addressable
nanogap transducers in 4 X 4 format, with each sensor having a
diameter of 20 um, corresponding to an electrode area of ~300 um?
The chip dimension was 6 X 6 mm. Electrical contact pads were
located along the 4 edges of the chip. The nanogap fabrication process
used in this study is outlined in Figure S2.

Flowcell and Fluidic Control. For redox cycling measurements
using nanogap devices in a 4 X 4 transducer array chip, a flow-cell was
formed between the chip surface and a silver head, which were
separated by a laser-cut gasket. To measure pAP generated from test
tube reactions (off-chip reactions), a normal nanogap transducer array
was used. For measurements of in situ generated pAP (on-chip
reactions), a nanogap transducer array with physically immobilized
magnetic beads functionalized with DNA template molecules was
used (see Figure S8 and following sections for more details).

Electrochemical Data Acquisition. The individually addressable
nanogap transducers in an array chip were connected to a custom-
made printed circuit board (PCB) through contact pads on the chip
and electrical contact pins that were mounted on the socket body
(Figure S8). The reaction temperature was controlled by a Peltier
thermoelectric cooling (TEC) device with a built-in thermocouple
temperature sensor. The PCB was controlled by a LabVIEW program
for cyclic voltammetry (CV) measurements. The measurement
electronic system could detect subpicoampere currents with variable
scan rates.

Chemical Abbreviations and Organic Synthesis. AP or pAP =
para-aminophenol or 4-aminophenol; pAPP = para-aminophenyl
monophosphate; pAPP; = para-aminophenyl triphosphates; each of
the 4 letters (A, G, C, T) could mean a base, a nucleoside, a
nucleotide, or a corresponding analog depending on the context, for
example, A for deoxyadenosine, G for deoxyguanosine, C for
deoxycytidine, T for thymidine, N for any of the 4 letters A, G, C,
or T; AP-dN4P = §-(p-aminophenyl) 2’-deoxyribonucleoside tetra-
phosphates; N3-dNTPaS = 3’-O-azidomethyl, -2'-deoxyribonucleo-
side a-thiol-triphosphates. Methods for AP-dN4P synthesis and Nj-
dNTPasS synthesis are outlined in Supporting Information according
to published methods.**™*’

Biochemical Buffers and Solutions. In this study, all enzymes
were purchased from New England BioLabs and chemical reagents
were from Sigma-Aldrich and Thermo-Fisher unless otherwise
specified. 1 X BS buffer included 10 mM Tris-HCl (pH 8.0), SO
mM NaCl, S mM MgCl, and 1 mM DTT (Dithiothreitol). Exo III
reaction buffer included 1 X BS buffer and 0.125 U/uL Exonuclease
III. TEST reaction buffer with normal amount of enzymes (1X)
included 0.15 U/uL Klenow exo~ (K), 0.5 U/uL Exonuclease III (E),
0.15 U/uL CIAP (calf intestine alkaline phosphatase), 200 uM AP-
dN4P, and 1 X BS buffer. For on-chip-reactions, the reaction
conditions were 1 X K, 2 X E, and 1 X C. FILL reaction buffer
included 20 mM Tri-HCl (pH 8.0), 10 mM NH,Cl, S mM MgCl,, 10
mM KCl, § mM MnCl,, 15 mM Na-Citrate, 0.5% Tween-20, 200 uM
N;-dNTPaS, and 0.2 U/uL therminator III. Wash buffer for DNA-
magnetic beads included 10 mM EDTA (ethylenediaminetetraacetic
acid), 0.1 ug/uL BSA (bovine serum albumin), 0.1% Tween 20, 20
mM Tris-HCl (pH 7.5), and 1 M NaCl. TCEP solution included 25
mM TCEP [Tris (2-carboxyethyl) phosphine], 100 mM Tris-HCl
(pH 10.0), 100 mM NaCl, 1 mM EDTA, 20 mM DTT and 0.1%
Tween 20. 1 X T3 buffer included 20 mM Tris-HCI (pH 8.0), 1 M
NaCl, 0.1 pug/uL BSA, 10 mM EDTA, and 0.1% Tween-20. DNA-
beads preparation and immobilization on nanogap transducer array
chip surface are described in Supporting Information.

FILL Reaction with N;-dNTPasS. The FILL reaction served two
purposes: (1) extending each priming end with a single base and (2)
rendering priming termini nuclease resistant. FILL reactions were
performed with DNA template molecules attached to magnetic beads
that were either in suspension or attached on a chip surface. The four
bifunctional nucleoside triphosphates (N3-dNTPaS) were used for
the reactions, each of which had a reversible terminator at the 3’-end
and an a-thiol-phosphate at the corresponding 5’-end. The procedure
typically included the following steps: (i) conditioning the DNA-
beads with BS buffer; (ii) prior to the TEST reaction, removing non-
a-thiol nucleotides from the 3’-ends by performing Exo III digestion
for 10 min at 37 °C, followed by 1 X BS buffer wash; (jii) extending
the priming ends with 200 uM N;-dNTPasS with therminator III (0.3
U/uL) at 68 °C for 15 min, followed by washing with 1 X T3 buffer
and then 1 X BS buffer, both for S min at 50 °C; (iv) removing the
reversible terminator by TCEP treatment at 68 °C for 10 min,
followed by 1 X BS buffer wash; then (v) proceeding to the next
TEST reaction if mini-sequencing was being performed.

TEST Reaction with AP-dN4P. TEST reactions were performed
in four sequential reactions, each with one of the four AP-dN4Ps and
an enzyme cocktail containing exo™ Klenow DNA polymerase of the
E. coli DNA polymerase I, exonuclease III, and phosphatase (all from
New England BioLabs). When TEST reactions were performed in test
tubes with DNA-beads in suspension, aliquots of reaction products
were retrieved from a test tube in 10 min or at desired time intervals
after separating the DNA-magnetic beads. Redox cycling signals of
pAP from different sample aliquots were measured with nanogap
devices in a flowcell. When TEST reactions were performed in a
flowcell where DNA-beads were immobilized, redox cycling signals
could be measured any time during the reactions. Typically, data were
acquired at the intervals of 2 to 5 min for a total time of 20 min or up
to 40 min. For every new reagent exchange, it typically took about 2
min for the reaction system to be stabilized. A typical TEST
procedure included the following steps: (i) filling the flowcell
chamber with a TEST reaction mixture containing one of the four
AP-dN4Ps (note that the flowcell chamber was preheated to 39 °C or
a desired temperature, measured at the heating block (not in the
chamber) and thus actual temperature experienced by the sample was
1-2 °C lower); (ii) recording CV responses at desired time intervals;
(iii) repeating the above procedure for the remaining 3 nucleotide
analogs; (iv) proceeding to next FILL reaction if mini-sequencing was
being performed.

Electrochemical Measurement and Kinetics Data Analysis.
CV curves were typically obtained by sweeping the voltage at the
bottom (or top) electrode from 0 to 0.8 V for an aqueous sample. CV
curves were obtained from buffer (1 X BS) to monitor system baseline
stability. For off-chip reactions, a CV curve was taken 2 min after the
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sample was introduced into a flowcell. For on-chip TEST reactions,
CV curves were measured at given temperature for every 2 to 5 min
without disturbing the reactions inside the flowcell chamber. For each
CV curve, the redox signal (RS) was determined by subtracting intra
baseline (IB) value from absolute reading (AR) at a given voltage
(Figure S6): RS = AR — IB. IB was the electrochemical current value
determined by linearly extrapolating from the early linear portion of
the CV curve that was from 0 V to the inflection point (Figure S6).
Typically, the IB values could be the same among a set of TEST
reactions under the same conditions, but we noticed that IB was more
reliable for use as the baseline for its own CV curve than the value
from the CV curve of the blank buffer (1 X BS) because the presence
of additional biochemical reagents in a solution could slightly increase
the baseline compared to plain buffer. Using either approach, the
reported trends in the experimental results were the same. The
reaction kinetics were evaluated according to reaction rate laws, *>*
and details are provided in Supporting Information.
Mini-Sequencing Method. See Supporting Information for
details. Briefly, to determine if a newly incorporated nucleotide base
was correctly paired or mispaired, we first normalized pAP production
rates of a given nucleotide analog across all base positions on the same
DNA template in the same reaction setup. Once normalized reaction
rates of all 4 nucleotide analogs for every base position of a DNA
template had been calculated, the interrogated base could be
determined by the highest normalized reaction rate ratio value
among the 4 different nucleotide analogs for the given position.
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