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Observing Mesoscopic Nucleic Acid Capacitance Effect
and Mismatch Impact via Graphene Transistors

Mingfeng Zhang, Zhibo Li, Yuan Jia,* Fuguan Wang, Jinpeng Tian, Cuiping Zhang,
Tingting Han, Ruiging Xing, Weixiang Ye,* and Cheng Wang*

This work reports a molecular-scale capacitance effect of the double helical
nucleic acid duplex structure for the first time. By quantitatively conducting
large sample measurements of the electrostatic field effect using a type of
high-accuracy graphene transistor biosensor, an unusual charge-transport
behavior is observed in which the end-immobilized nucleic acid duplexes

can store a part of ionization electrons like molecular capacitors, other than
electric conductors. To elucidate this discovery, a cascaded capacitive network
model is proposed as a novel equivalent circuit of nucleic acid duplexes,
expanding the point-charge approximation model, by which the partial
charge-transport observation is reasonably attributed to an electron-redis-
tribution behavior within the capacitive network. Furthermore, it is experi-
mentally confirmed that base-pair mismatches hinder the charge transport

in double helical duplexes, and lead to directly identifiable alterations in elec-
trostatic field effects. The bioelectronic principle of mismatch impact is also
self-consistently explained by the newly proposed capacitive network model.
The mesoscopic nucleic acid capacitance effect may enable a new kind of
label-free nucleic acid analysis tool based on electronic transistor devices.
The in situ and real-time nucleic acid detections for virus biomarkers, somatic
mutations, and genome editing off-target may thus be predictable.

conveyed genetic ciphers for the advanced
diagnosis, treatment, and therapy of
diseases.!l Pursuing these targets, precisely
and reliably locating the nucleic acids
with specific sequences is a fundamental
mission.”l For example, in the recent
pandemic of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), effi-
ciently detecting target RNA fragments
and base mutations is of significant impor-
tance.’]! In another area, the genome-
editing technique based on the clustered
regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated
protein (Cas) systems is confronted with
a critical off-target challenge. To prevent
nucleic-acid-editing failures and potential
disasters,””! developing a facile detection
tool for the timely monitoring of base-
editing outcomes, instead of the complete
sequencing, would be worthwhile.

Based on the Watson—Crick base-
pairing rules, the complementary or par-

1. Introduction

Nucleic acids, the carriers of genetic information, control
protein coding in living things and undertake diverse life
behaviors. Ever since the discovery of their secondary struc-
tures, people have been making great efforts to decode the

tial hybridization between nucleotide

single strands enables the selective identi-
fication of target sequences.[] However, the existing detection
techniques are usually limited by the lack of signal generation
strategies for discernible outputs. The commonly utilized nucle-
otide labeling typically reduces the detection instantaneity.”) For
this reason, novel label-free methods exploiting the intrinsic
properties of nucleic acids, instead of extrinsic labels, are
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eagerly desired. Following this idea, the spontaneous ionization
of nucleic acids in aqueous media can be exploited to realize
label-free bioelectronic detections.!®! However, the fundamental
understanding of bioelectronic signaling principles is still insuf-
ficient for establishing a universal guidance to this day.”] For
the nucleic acid molecules possessing delicate secondary struc-
tures, in particular, containing base-pair mismatches, the elec-
tronic sensor responses arising from ionization charges usually
exhibit uncertain discrepancies. Although existing researches
have attributed the cause to the structural charge distribution
impact specific to the single-nucleotide polymorphism,!68>10]
the equivalent circuit models for describing the structural bioel-
ectronic signaling principle are still incomplete.

In this work, we systematically investigated the bioelectronic
signaling of end-immobilized nucleic acid duplexes using a
type of dual-gate graphene transistor device. By exploiting the
Dirac cone-shaped zero-gap bands of graphene, which allow
the continuous filling of ambipolar carriers (i.e., electrons and
holes),™! we accurately quantified that the nucleic acid charges
account for exciting transistor sensor signals and further dis-
cussed the base-pair mismatch impact. On the basis of the
large-sample statistics, a novel phenomenological model was
proposed for the first time, that is, the charge distribution in
a nucleic acid duplex can be described by a capacitive network,
instead of simply understood as a conductor or charged cen-
troids.?l Therefore, the observable transistor sensor responses
induced by base-pair mismatches can be quantitatively eluci-
dated by the charge distribution alterations relating to the mole-
cular structures of nucleic acid duplexes and corresponding
capacitive networks. Although the observation using our cur-
rent graphene transistor sensors is unable to specifically locate
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the mismatch species and positions, the determination of
mismatch existence in target strands may still be useful when
embedded in the genome editing or nucleic acid diagnostic
systems.3] By timely comparing the sensor outputs with the
prestored reference values (preliminarily calibrated using the
fully complementary sequence), the time-efficient, in situ mon-
itoring of anomalous pairing is potentially achievable.

2. Results and Discussion

2.1. Device and Detection Principle

To quantitatively measure the bioelectronic responses of nucleic
acid duplexes, a type of biosensor, named fully solid-state gra-
phene field-effect transistor (FSS-GFET), was used in this work
(Figure 1). As reported in our previous work, the FSS-GFET
allows the tape-out of batch-made devices using standard com-
plementary metal-oxide-semiconductor (CMOS) techniques.
Under the solid-state configuration, the graphene-sensitive unit
is completely encapsulated and insulated from ambient con-
taminants, once the device fabrication is finished. As a result,
the outstanding electrical properties of fresh synthesized chem-
ical vapor deposition (CVD) graphene can be well preserved for
long-term storage and operations. Additionally, while the clean
transfer of wafer-size CVD graphene is incorporated into the
CMOS fabrication procedure, the device-to-device homogeneity
is significantly enhanced to be comparable to that of commer-
cial silicon transistors.”l In this work, our GFET devices are,
one time, used as disposable sensors; the device advantages in
performance homogeneity and long-term stability guarantee
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Figure 1. FSS-GFET device schematic and equivalent circuit model as a label-free electronic biosensor. a) In an FSS-GFET device, the graphene-sensing
unit is encapsulated by solid HfO, dielectric layers, the bottom-gate electrode is made by n-type silicon via the patterned phosphorus ion implantation,
complementary to the p-type silicon substrate. The floating top-gate electrode overlying graphene unit undertakes bioelectronic interactions. b) Nucleic
acid duplexes are negatively charged in neutral pH aqueous media due to the ionization of phosphodiester bonds. Electrons are prone to transfer onto
the top-gate electrode via gradient diffusion. c) Equivalent circuit model of an FSS-GFET biosensor. Since the graphene channel is square in this work
(W/L =1), the transistor conductivity is measured as & = ly5/Vys.
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the comparison reliability of the repetitive experiments and the
validity of subsequent large-sample statistical discussion.

The sensor fabrication details are shown in Figure S1 (Sup-
porting Information). In brief, as presented in Figure 1a, the
device consists of a square-shaped graphene sheet (20 um
x 20 pm) that connects the drain and source electrodes
(5 nm/45 nm Cr/Au) and creates the transistor channel. Two
layers of high-x solid dielectric HfO, (15 and 10 nm) encap-
sulate the graphene channel from the bottom and top sides,
respectively. Thereby, a dual-gate transistor structure is built
to allow the electric field-effect adjustments concurrently from
both the bottom-gate and the floating top-gate electrodes. In
particular, the floating top-gate electrode (5 nm/45 nm Cr/Au)
is designed to undertake the nucleic acid interactions and
enable the bioelectronic sensing. The nucleic acid molecules are
assembled onto the gold surface exploiting the amino coupling
with mercaptophenyl linker molecules, as shown in Figure 1b
(see also Figure S2 in the Supporting Information for biochem-
ical functionalization protocol). As the phenyl linker possesses
the electronic delocalization capability,"®! the nucleic acid ioni-
zation electrons can pass through the amide bond and diffuse
onto the top-gate electrode until the electric field equilibrium
is achieved between both sides of the linker. The transported
electrons apply electric field effect to the graphene channel via
the top-gate capacitance Cy, (10 nm HfO,). Thus, opposite car-
riers (holes) are gathered in graphene with the density varia-
tion same to that of the electrons accumulated on the floating
top gate, which can be further quantified by measuring the
changes of GFET conductivity 0. Compared to the conventional
GFET sensors, in which biomolecules are usually anchored on
the graphene surface via nonconductive alkyl linkers and con-
fining biocharges to apply electric field in situ,) our FSS-GFET
devices adopt the floating top-gate structure to undertake the
biocharges transporting from nucleic acids. Without electric
field detained on the linker molecules, the biocharge-trans-
porting behaviors are directly related to the quantifiable electric
field-effect alterations from the top gate. This distinction may
enable the quantitative analysis of more informative electronic
characteristics inside the biomolecules, in additional to merely
the overall charge amount of nucleic acids.

As the equivalent circuit shown in Figure 1c, the dual-gate
structure allows the compensation between top-gate- and
bottom-gate-induced carriers. Because of the continuity of
zero-gap graphene energy bands, a properly adjusted positive
voltage Vg = Vpjirc applied through the bottom-gate capaci-
tance Cp, depletes the holes in graphene.®! At this time, the
graphene Fermi level is adjusted to the Dirac point, at which
the neutral potential (V, = Eg/q = 0 V) minimizes the GFET
conductivity o on the transfer characteristic curve (o vs Vg
and eliminates the impact of quantum capacitance Cq. Thus,
the shift of minimal conductivity identifier enables a “lever-
arm” quantitation of the top-gate charge accumulation, 1]
as the offsetting relationship presented in Figure lc. In the
absence of nucleic acid duplexes, the top-gate electrode
lacking of nucleic acid electrons performs a neutral potential
(blue circle). Meanwhile, the bottom-gate voltage adjustment
Vs only has to compensate a few pristine impurity holes, and
exhibits a slightly positive Vp;.. (red circle). Then, the pres-
ence of nucleic acid molecules on the top-gate leads to the
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accumulation of ionization electrons (blue dot), thus, makes
Vbirac perform a right shift (red dot), indicating the compen-
sation of bioelectronic field effect from a more positive V.
Since the constant neutral graphene potential renders a linear
relation between the Dirac voltage shift AVp;,.,. and the effec-
tive nucleic acid charge accumulation on the top gate, the
variation of accumulated charges AQ (or the corresponding
electron density An) is quantified as follows

_ g _ AVDirachg
q q

An )

where g = 1.602 x 107 C is the elementary charge constant, and
Cpg = 944 nF cm™ is the bottom-gate capacitance (per unit area)
achieved by 15 nm HfO,.

2.2. Experimental Section

In this work, a 20-mer RNA sequence from CRISPR/Cas sys-
tems, 3’-UUC GCG UUC UUC UUU AGU UG-5’, was chosen
as a template for the design of nucleic acid duplexes.') Without
interest in genetic engineering, we focused on their bioelec-
tronic signaling and electron transport capability. By directly
functionalizing an amino group at the 3’ end without any
spacer (e.g., C6-straight chain), and truncating a few nucleo-
tides from the 5" end, we customized five RNA sequences
with the various length k-mer (k = 12, 14, 16, 18, and 20; see
Table S1 in the Supporting Information for sequences). By
using the mercaptobenzoic acid N-hydroxysuccinimide ester
(MBA-NHS) linker, the RNA sequences can be immobilized
on the gold floating top-gate electrode of FSS-GFET.™ Corre-
sponding to the k-mer RNA sequences with various lengths,
32 different DNA single strands (5 complementary and
27 mismatch contained) were further designed and synthesized
to form the stable RNA-DNA hybrid duplexes (see Table S2 in
the Supporting Information for sequences), and the one-end
immobilization of hybrid duplexes (Figure 1b) for electrical test
experiments.

To systematically investigate the nucleic acid responses and
base-pair mismatch impacts while ensuring the reproducibility
and statistical reliability, the batch-made GFET devices were
used disposably in the grouped experiments for detecting var-
ious nucleic acid duplexes (168 devices used in total). Herein,
the electrical test experiments for five groups of complementary
duplexes were repeated 12 times (5 x 12 = 60 devices). Similarly,
the tests of mismatch-contained duplexes were divided into
27 groups, 4 repetitions for each group (27 x 4 = 108 devices).
For each device, the nucleic acid immobilization was realized
by incubating in the corresponding high-concentration solution
of prehybridized RNA-DNA duplex (=1 X 10~° m; see Figure S2
in the Supporting Information for detailed protocol). The rapid
saturation of irreversible amino-coupling reaction may achieve
a uniform duplex site density of all the GFET devices, thus
ensuring the device-to-device comparability of bioelectronic
responses. The detailed device numbering rules corresponding
to various duplexes are provided in Table S2 (Supporting
Information).
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In each electrical test experiment of a RNA-DNA duplex,
the transfer characteristic curve (o'vs V) of a GFET device was
scanned twice before and after the duplex assembly to deter-
mine the curve shift AVp;,. (see Figure S2 in the Supporting
Information for operation protocol), which was then used for
further fundamental discussion. All the experiments were car-
ried out in a physiological 1 x phosphate-buffered saline (PBS,

ionic strength I = 150 x 1073 m, pH 72) solution.

2.3. Complementary Duplexes

Before taking base-pair mismatches into account, five groups
of fully complementary duplexes were first tested, and the rep-
resentative result plots are shown in Figure 2a—e. The values of
AVpiac measured from k-pair duplexes (k = 12, 14, 16, 18, and

20) clearly illustrate a monotonically upturn trend with respect
to the increase of duplex length k. Since the complete ionization
of phosphodiester bonds in the nearly neutral pH solution, the
amount of ionization electrons is linearly proportional to the
duplex length k. These results are in agreement with our insti-
tution that the longer duplex brings more ionization electrons.
However, by further analyzing the complete experimental
results repeated by 60 devices (see dataset in Figures S3-S7

in the Supporting Information), the transfer characteristic
responses (cross labels in Figure 2f) statistically exhibit an
asymptotical saturation uptrend (AVpj.. vs k), other than a
linear relation. As Equation (1) defines a proportional rela-
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Figure 2. GFET transfer characteristic responses and statistics of complementary nucleic acid duplexes. a—e) Representative AVp;,. responses of k-pair
complementary duplexes (k =12, 14, 16, 18, and 20). f) The complete AVp;,,. responses indicate a nonlinear positive uptrend along with the increase

of base-pair number k.
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tion An o< AVp;,., the increasing trend of transported electron
density An versus k is also nonlinear. This result suggests an
anomalous electron transport property of the duplexes, unlike
a regular conductor. We consider that a k-pair duplex molecule
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brings 2k ionization electrons, its volume =k nm? (considered
as a nanocylinder with the base area ~3 nm? and height ~0.33k
nm) leads to a high electron concentration, ¢ = 2 nm™. Further
considering that a single duplex molecule effectively occupies
the gate-electrode surface area of =100 nm? (immobilization
density ng, = 102 cm=22%), the corresponding mean volume
of electrode system of =5000 nm? (metal thickness = 50 nm)
with a spare electron concentration of ¢ = 0 can be estimated. If
the duplex molecule behaves like a conductor connected to the
metal electrode via a mercaptophenyl linker allowing electron
transport, the gigantic differences in system volume and elec-
tron concentration (k < 5000) may cause the spontaneous elec-
tron diffusion driven by the Coulomb repulsive force (F o< c*/3)
until an equilibrium at ¢ = k/(5000 + k) = k/5000 nm™ is
reached.?Y Since k < 5000, the ratio of ionization electrons dif-
fusing into the top-gate electrode would be nearly 100%, which
means the linear relations, AVp;,. = An o< k. Obviously, this
inference is contrary to our nonlinear observation in Figure 2f,
which leaves us an only reasonable explanation, that is, the

www.small-journal.com

end-immobilized nucleic acid duplexes cannot be considered as
conductors.? In other words, the duplex molecules per se may
also store a part of ionization electrons, somewhat similar to a
capacitor effect.

2.4. Mismatch-Contained Duplexes

Based on the experiments of the fully complementary nucleic
acid duplexes, we further introduced a few base-pair mis-
matches (Table S2, Supporting Information). As the repre-
sentative results presented in Figure 3, the duplexes containing
p mismatches (p = 1, 2, and 3) perform discernable reduc-
tions in AVpy,. responses (see complete data of 108 devices in
Figures S8-S16 in the Supporting Information), respectively, in
comparison with the corresponding complementary duplexes.
Overall, more mismatches lead to smaller responses in AVp,e,
but the specific nucleotide species and positions of mismatches
seem not to be significantly reflected by AVp;,, variations.
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Figure 3. GFET transfer characteristic responses of mismatch-contained nucleic acid duplexes. Representative transfer characteristic curve shifts
from a) 12-pair duplex with 1-mismatch, b) 14-pair duplex with 1-mismatch, c,d) 16-pair duplexes with 1- and 2-mismatch, e,f) 18-pair duplexes with
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mismatch increases.
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Figure 4. Statistics of GFET transfer characteristic responses. For an RNA-DNA duplex, either complementary or with the certain mismatched pairs p,
the increase of duplex length k leads to the asymptotical saturation uptrend in AV, responses. For a duplex with the constant length k, the increase

of mismatch amount p monotonically reduces AVp; .

By summarizing all results of the complementary and mis-
match-contained duplexes, the variations of AVp;,. are plotted
in the 3D rectangular coordinates, with respect to the duplex
length k, and the mismatched pair number p (Figure 4). Since
the nucleic acid duplexes with the same length possess constant
ionization electrons, regardless of the number of mismatched
pairs, the consistent reducing trends of AVp;.. in Figure 4 sug-
gest that the base-pairing states can alter the nucleic acid elec-
tron transport, and excite distinguishable AVp;,,. alterations.

2.5. Theoretical Elucidation and Modeling

In order to elucidate the nonlinear GFET experimental results,
and the base-pair mismatch induced sensor response altera-
tions, we propose a novel equivalent circuit model to quantita-
tively describe the bioelectronic signaling mechanism. First, we
return to the equivalent circuit model of our GFET biosensor,
which is illustrated in Figure 1c. Since all the experimental
results in this work were performed using the bottom-gate
voltage adjustment Vo = Vpyr,., which preserved the neutral
potential of the graphene-sensitive unit, the equivalent circuit
model of a nucleic acid duplex-laden GFET can be simplified
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to a “lever-arm” configuration, as shown in Figure 5a. The
unchanged neutral potential of graphene ensures not only the
validity of Equation (1), for the direct calculation of the effective
density of top-gate-accumulated charges An, but also supports
further discussion of the nucleic acid electron transport.

Based on the nonlinear uptrend of AVp;,,. responses plotted
in Figure 2f, we expected that the nucleic acid duplex molecules
possess the capacitor property. As depicted in Figure 5a, the del-
icate structure of one single k-pair duplex molecule assembled
on the GFET is electrically modeled for the discussion of AVp;..
response nonlinearity. Since the molecular structure of a duplex
is orderly and repetitive, we choose a single nucleotide pair to
define an elementary equivalent circuit unit, consisting of three
capacitances (dash line box in Figure 5a). Herein, to reduce dis-
cussion complexity, the base-pairing capacitance effect is simply
defined as Cp without distinguishing the species (A-U or G-C),
and Cs represents the capacitance accounting for the phosphate
backbone. Therefore, the equivalent circuit of a k-pair duplex
can be modeled as a periodic capacitive duplex network by cas-
cading the unit pair by pair. By further incorporating the elec-
trical double layer (EDL) capacitances from the surrounding
water solution (denoted as Cgp, . in Figure 5a), the capacitive
duplex network is connected to the top-gate capacitance Cy via
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Figure 5. Electrical modeling of nucleic acid duplex signaling. a) Schematic of a duplex molecule immobilized on the floating top-gate electrode of
an FSS-GFET biosensor (not to scale). Under the dual-gate electric fields adjustment, the graphene-sensing unit maintains a neutral state of carrier
depletion. By modeling a base pair as an elementary capacitive unit, the k-pair duplex is electrically equivalent to a cascaded capacitive network, and
supplies 2k electrons via phosphodiester bond ionization. b) By executing a continuous transform, the equivalent duplex capacitive network is simpli-
fied as a capacitance Cyyp. €) By combining the duplex equivalent capacitance Cy,, and the top-gate capacitance Gy as a closed loop, the nonlinear
uptrend of AVp;, responses in Figure 2f could be elucidated as a redistribution of ionization electrons between Cy,, and Ci, or effectively understood

to be a partial electron transport behavior.

a conductive mercaptophenyl linker. Because of the neutral
potential of graphene, which equals the common reference
ground (GND) potential (water solution GND, V,.r = 0 V), the
entire capacitive network including Cy forms a closed loop.
Therefore, the ionization electrons may redistribute within the
entire network. This effect is equivalent to a partial transport
of ionization electrons on the top-gate electrode (upper plate
of Cy in Figure 5a). Here, the authors would like to note that
each capacitance modeled in Figure 5a may theoretically con-
tain the parasitic conductance effect in parallel,?3 other than
an ideal open circuit (infinitesimal conductance) thoroughly
avoids discharge current. However, on the basis of our experi-
mental observation, the identifiable capacitor property suggests
that the parallel conductance would be small enough, only by
which the persistent ionization can maintain the electrons on
capacitance against the current leakage. Although the conduct-
ance of nucleic acids remains debated with no undisputed
model accepted to this day,?*l for the specific case of RNA-DNA
duplexes in this work, we neglect the parasitic conductance
effect in the following discussion.

Technically, the entire capacitive network that we constructed
in Figure 5a already enables the quantitative bioelectronic analysis
of our experimental results (Figures 2—4). However, too many vari-
ables Cgp, -+ in the network make the accurate numerical calcula-
tions impossible. In view of this, we use an approximation to further
simplify the capacitive network. According to the Gouy—Chapman-—
Stern theory/*) the EDL capacitance consists of an unchanged
Helmbholtz layer capacitance and a varying diffuse capacitance
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in series Cepr = Chelm//Caifft = Crielm Cuaift/ (Crielm + Caint)- Since
the value of Cgg is dependent on the charging state of the spe-
cific node, Cgpy is theoretically not constant. However, in this
work, the high ionic strength PBS solution (I = 150 X 1073 m)
provides the value of Cyg nearby the (floating gate) electrode—
water interface at an approximated level of 10° nF cm™2.[6:25226]
In comparison, previous researches using similar biomolecule-
associated interface systems have reported smaller Cyy,, values
in the order of 10° nF cm™2.2326.27] Therefore, the large disparity
between Cyg and Cugyy, levels results in that the EDL capaci-
tance variables Cgp; «+ in Figure 5a can be regarded as a con-
stant, which is approximately predominated by the Helmholtz
layer Cgpy = Chyem (see Figure S17 in the Supporting Information
for quantitative estimation details). By exploiting this important
approximation, the capacitive network in Figure 5a becomes a
highly periodic cascade of elementary capacitive grids including
only three variables (Cs, Cp, and Cgpy), and supports the further
simplification (see Figure S18 in the Supporting Information for
equivalent circuit transformation details). While Cyp, is regarded
as a constant, the network transformation indicates that the
phosphate backbone capacitance Cg does not affect the charge
distribution. Thus, as shown in Figure 5b, the simplified network
only involves Cp and Cgp;. Then, the overall capacitor effect of a
duplex molecule in PBS can be expressed by a combined capaci-
tance Cgyp, With respect to the reference ground (water solution).

Based on the discussion on the capacitance effect of nucleic
acid duplex, the nonlinear AVp;,. results that we observed in
Figure 2f can be explained. As shown in Figure 5c, the entire
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capacitive network combining the nucleic acid duplex capaci-
tance Cgyp and the top-gate capacitance C suggests that the
electrons supplied by nucleic acid ionization distribute on both
Caqup and Cy (in parallel). Thus, the ratio of top-gate-accumu-
lated electrons (denoted as 77), which effectively contributes to
bioelectronic signaling, is restricted by the equation as follows

C

T) =
Cawp +Cyg

(2)

In Equation (2), the top-gate capacitance of 10 nm HfO, C,; =
1.416 uF cm™ is a constant. For a k-pair duplex molecule, Cyyp
is a function positively related to the duplex length k. If the
duplex is fully complementary, Cy,,, is represented by a propor-
tional function (see Figure 5b)

CpCnt + Crnt”
Cany (k) =kCioy +(Cy oy ) = =22 ()
P EDL

By introducing this linear relation Cyypock into Equation (2),
we learn that the electron transport ratio 77 is negatively related
to the duplex length k. As a result, along with the extension of
a k-pair duplex (bring 2k ionization electrons), the continuous
reducing 7(k) may lead to the increase trend of transported
electron lower than the linear relation. This inference is in
agreement with the asymptotical saturation uptrend of AVpy.,.
results in Figure 2.

Furthermore, the base-pair mismatches are taken into
account. While the hydrogen bonds between well-paired bases
lead to the surrounding water molecules being highly polar-
ized,?] the effective permittivity of a base-pairing capacitance
Cp (refer to Figure 5a) would be low. Then, the mismatch
breaking hydrogen bonds may disorder the water molecules,
thus concurrently enlarge the value of Cp via the enhancement
of effective permittivity. Here, we set a new variable Cp >Cj as
the mismatch capacitance to modify Equation (3). The capaci-
tive network function describing a k-pair duplex containing p
mismatches (0 < p <k) is given by

Caup (k, P) =kCpp + (k - p)(Cp //CepL ) tp (CP //CepL ) 4

While p = 0, Equation (4) degrades into Equation (3). If
p # 0, the larger mismatch capacitance C,>C, leads to
(Co / /CinL)>(Cp / /Cent) in Equation (4). Hence, we have
Caupksp) > Caup (k,0) = Cayp (k), which results in the lower
n in Equation (2). Consequently, the mismatch-contained
duplexes may store more ionization electrons than the cor-
responding complementary k-pair duplexes, and thus result
in weaker Dioelectronic responses. This conclusion sup-
ports the AVp;,. results of mismatch-contained duplexes
in Figures 3 and 4. Moreover, Equation (4) also suggests that
position of mismatches cannot be specifically identified. This
point provides a plausible explanation of the almost undis-
tinguishable AVp;,. results, which were measured from the
duplexes with same k and p parameters, whereas the base-
pair mismatches are not completely same (see Table S2 and
Figures S8-S16 in the Supporting Information for the complete
dataset).
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2.6. Numerical Analysis and Quantitation

Based on the capacitive network equivalence that we proposed
in Figure 5, the nonlinear increasing trend of bioelectronic
responses (AVpiac VS k in Figure 4) and the decreasing effects
from base-pair mismatches (AVp;,. vs p in Figure 4) have been
qualitatively explained. To further quantitatively extract the bio-
electronic signaling parameters from the experimental results,
the mesoscopic capacitive network modeling from a single
duplex molecule (Figure 5a) has to be generalized to a macro-
scopic scale for the numerical analysis of experimental data.

We regard that the duplex molecules immobilized on the
gold surface (floating top gate) may obey the even distribu-
tion. Thus, the self-assembled monolayer (SAM) consisting of
duplex molecules may statistically perform the electrical param-
eters identical to those of the delicate single-molecule model in
Figure 5. To correlate the mesoscopic models and the macro-
scopic experimental data, the site density of duplex-laden gold
surface ng, is introduced. By further employing Equation (1),
the effective electron ratio 77 can be statistically estimated as 7,
based on the experimental observation of AVp;,

An Gy
ansite qunsite

n= AVpirac (5)

In Equation (5), we use a typical value of the nucleic acid
hybrid immobilization density on gold surface, which is pre-
viously measured as ng, = 10”2 cm™2.2% Thereby, the experi-
mental data of AVp;,, summarized in Figure 4 can be processed
into 7 values, as plotted in the 3D rectangular coordinates
(Figure 6). Since we regard 7=, by using Equation (2), the
equivalent duplex capacitance values Cqy(k.p), and the elemen-
tary capacitance parameters Cgp;, Cp and Cp can be quantified
via a numerical fitting.

By introducing Equation (4) into Equation (2), the theoretical
model expressed by a function of n(k, p) with two variables k
[12, 20] and p € [0, 3] was fitted by a global regression algo-
rithm using the 7 values calculated by Equation (5). As plotted
in Figure 6, the parameter quantitation results, Cgp; = 161.8 nF
cm?, Cp = 701 nF cm™, and Cp = 5772 nF cm™?, create a highly
correlative fitting surface of 7(k, p). The determination coefficient
R? = 0.972 demonstrates the modeling validity that the distribu-
tion of nucleic acid ionization electrons indeed can be described
by the equivalent model of capacitive network (Figure 5). In par-
ticular, the authors would like to note that the capacitive network
in this work is a phenomenological model describing the lumped
electrical behaviors of the duplex—electrode system in high ionic
strength aqueous media. Since our modeling is based on the
experimental observation of the phenological bioelectronic sig-
nals, the abstracted fitting parameters may not hold clear phys-
ical meanings, strictly corresponding to the molecular scale enti-
ties. In other words, although our fitting results are basically in
agreement with some experimental investigations using similar
biointerface systems (e.g., interfacial capacitance, Cgpy),?>%0%)
the values of these parameters should not be unconditionally
used as the evidence to support theoretical calculation researches,
which may require more strict experimental verifications (e.g.,
single-molecule tests in sub-nanoscale?*>¢)), Besides, we learned
that our fitting result Cp <« C, indicates a severe reduction of
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Figure 6. Effective electron ratio trends affected by the duplex length k and mismatch amount p. By using Equation (5), the macroscopically observed
GFET responses (AVp;.,c) are processed into the statistical values of effective electron ratio 17 . By executing numerical fitting using Equations (2) and (4),
the equivalent capacitive circuit parameters of nucleic acid duplexes can be estimated.

capacitance due to the complementary base pairing. This result
could be qualitatively explained by the hydrogen-bond-induced
proton (hydrogen ion) tunneling effect in the highly polarized
water ambience.?) Based on this theory, the proton tunneling
effectively enlarges the leakage current between the paired bases
and makes the capacitance discharge easier. In other words,
the leakage current reduces the electron storage capability and
exhibits a much lower capacitance level.

In summary, we carried out the numerical analysis of the
equivalent capacitive model for the quantitative elucidation of
the bioelectronic signaling principle of nucleic acid duplexes,
and the base-pair mismatch impacts. Although the electrical
modeling in this work is phenomenological and includes
approximations, the satisfactory statistical performances still
demonstrated its validity in the quantitative analysis of nucleic
acid sensing and mismatch monitoring experiments.

3. Conclusion

In conclusion, we systematically investigated the bioelec-
tronic responses of nucleic acid duplexes using the label-free
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GFET biosensor devices. Based on the experimental results,
the electric-field-effect signaling principle of charged nucleic
acid duplexes was elucidated by a phenomenological capaci-
tive network model proposed in this work. Importantly, this
equivalent model reveals that the nucleic acid duplex mole-
cules with one end immobilized in the vicinity of electrode—
water interface possess the charge storage capability. The
differences in duplex length and single nucleotide polymor-
phism manifest their impacts in varying the corresponding
elementary capacitances, and thus change the capacitance
performance of the entire network. This capacitive network
modeling research may fundamentally supply rationales for
the design and performance improvement of novel label-free
nucleic acid biosensors, and further promote the applications
of convenient electronic nucleic acid analysis tools based on
transistor devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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