How to Understand and Interpret
Current Flow in Nanopore/Electrode

Devices

Tim Albrecht®

Department of Chemistry, Imperial College London, Exhibition Road, London SW7 2AZ, UK.

anopore devices have developed

into an important class of single-

molecule (bio)sensors. These in-
clude both biological pores—typically em-
bedded in a lipid bilayer—and “solid-state”
nanopores, where the membrane material
is made of a highly insulating, solid material,
such as SisNy, SiO,, polymers, or graphene.' "’
The capabilities of nanopore-based biosen-
sors may even extend to ultrafast, inexpen-
sive and label-free DNA or RNA sequencing,
which has been a major driving force in this
area for many years.'® 2!

The operating principle of a nanopore
device is relatively simple. It consists of a
liquid cell, which is separated into two com-
partments by the thin membrane. The latter
encompasses a small aperture, the nano-
pore, which is the only connection for ions
and fluid to be transferred between the two
compartments. Moreover, each compart-
ment typically contains one electrode, which
is in rapid redox equilibrium with the sur-
rounding electrolyte, for example, AgCl-
coated Ag electrodes immersed in a chloride-
containing electrolyte. For small pores, say
with diameters smaller than 100 nm, the
nanopore resistance Rpore is usually much
larger than the solution resistance R;.
Hence, upon application of a constant vol-
tage E, an ion current /,,, is induced that
depends on the cross-sectional area and
length of the pore channel, the conductivity
of the electrolyte, and for very small pores
also to a significant extent on the surface
charge density inside the pore.?? The ma-
jority of the potential E thus drops at the
nanopore, creating a relatively strong elec-
tric field on the order of about 10° V/m. It is
the electric field that is the major driving for
the translocation of charged biomolecules,
such DNA, RNA, or proteins.

Since a well-prepared Ag/AgCl electrode
is very close to an ideal nonpolarizable elec-
trode, there is negligible capacitive charging
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ABSTRACT Nanopore-based single-molecule sensors have become an important class of
analytical devices that have in some cases already reached the market place. Traditionally operated
in a two-electrode configuration, devices with three or more electrodes have emerged recently, for
example with a view on switching the transport properties of the nanopore or even tunneling-based
detection of analytes with the ultimate goal of inexpensive and ultrafast DNA sequencing. How do
these additional electrodes affect the current distribution in the cell and hence the sensor
performance? This is significantly less clear and thus in focus here. We use impedance modeling of a
prototypical three-electrode nanopore sensor and show that, depending on the conditions, standard
experimental device characterization is severely affected by the presence of the third electrode. On
the other hand, the simulations also provide guidelines on how to avoid such complications, identify
“safe” operating conditions, and design criteria for optimized nanopore sensors.
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and hence only a very small (and constant)
potential drop at the electrode/solution
interface. Equivalently, the definition of an
ideal nonpolarizable electrode implies fast
interfacial redox kinetics or a low (ideally
zero) charge transfer resistance R... Hence, a
relatively simple electric equivalent circuit
can be used to capture the main impedance
characteristics of the device, which includes
a solution resistance R, an effective mem-
brane capacitance Cem and the pore resis-
tance Ryore.

On the other hand, if ideal polarizable
electrodes were used, R — oo, no charge
could be transferred across the electrode/
solution interface and hence no steady-state
current could be maintained. As a conse-
quence, the voltage E would drop exclusively
at the electrode/solution interfaces. The po-
tential drop in solution including the nano-

pore is then zero (provided the electrolyte ~ *Address correspondence to

concentrations are the same in both com-
partments). In reality, any electrode used is in
between these two limiting cases depending
on the nature and size of the electrode, the
solution conditions, and the applied potential.

The situation becomes more complicated
when more electrodes are introduced into
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Figure 1. (A) Electrochemical setup including liquid
cell. The nanopore membrane separates two reservoirs,
1+ 2, filled with electrolyte. lon or liquid transport be-
tween the reservoirs is only possible via the nanopore.
(B) Electric equivalent circuit model. R4, Rs2, Rs2s Rsa7,
Rpore: solution and nanopore resistances,

respectively. Ci,em = capacitance associated with the
siliconnitride membrane; Cy;, R = double layer
capacitance and charge transfer resistance related to
WE2; “sp” indicates a summing point (see text for further
details).

the system, for example, when using electrically con-
ductive (switchable or gated) nanopores®*~2° or inte-
grating a tunnelling junction with the nanopore with
potential applications in ultrafast, label-free DNA or
RNA sequencing.”’ ' Importantly, these additional
electrodes may have quite different interfacial proper-
ties ranging from the ideal nonpolarizable (R.; — 0) to
the perfectly polarizable regime (R — o).

Since the current distribution in the nanopore de-
vice and hence the potential drop at the nanopore
depend on the charge transfer properties of all elec-
trodes present in the system, it is important to under-
stand their mutual influence, in order to control the
electric field across the membrane and thus the trans-
location of biomolecules during sensing or sequencing
operation. While the effect of electrode charge on the
pore translocation characteristics has been studied in
quite some detail (essentially representing the R — oo
case),”3?73¢ |ess attention has apparently been paid to
Faradaic effects, namely charge transfer at the various
electrodes and its effect on the electric driving field at
the pore.

In this paper, current/voltage relationships for the
most relevant experimental scenarios in a three-elec-
trode nanopore device are derived based on a simple
impedance model, Figure 1A/B. Focus will be in parti-
cular on the role of the third electrode and its ability to
draw (or supply) current; its charge transfer resistance
Rt can generally vary from very large to close-to-zero.
The other two electrodes will be taken as perfectly
nonpolarizable electrodes, in close analogy to a typical
nanopore sensor.

While details of the equivalent circuit inter alia
depend on the actual design of the nanopore sensor
and may vary from the circuit used here, the current
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model can easily be adapted. The general approach
and main qualitative conclusions hold regardless:
namely that the main operating parameters, such as
the electric field across the nanopore membrane, the
time response of the cell, and the general performance
of the device critically depend upon the charge trans-
fer characteristics of the third electrode WE2.

Current—time and current—voltage dependences
will be derived for the most relevant modulation
schemes, namely for constant potentials of WE1 and
WE2, E;cr and E,cg, potential steps in E;cg or Excg, for
linear ramping of E;cg or Excg, for sinusoidal potential
modulations. One comment regarding the nomencla-
ture: It has been chosen to reflect as much information
in each parameter as possible while minimizing their
complexity. For example, E;cg refers to the potential
difference between working electrode 1 and the com-
bined counter and reference electrode “CR", E;cr=E; —
Ecr. The amplitude of a potential modulation of E;cg is
then labeled AE,cg and so forth (see below). A tilde on
top of a parameter indicates that it is treated in Laplace
space. Moreover, a number of important special cases
will be discussed, for example when the pore resis-
tance Rpore Changes with time—as experimentally
investigated by Ayub et al.>*—and when the charge
transfer characteristics of WE2 vary with Ecg.

HOW DOES THE CURRENT FLOW? THE UNDER-
LYING MODEL

Figure 1A shows a typical experimental configura-
tion for a nanopore sensor device with more than two
electrodes.”*** The siliconnitride membrane (green,
“SiN," if nonstochiometric) with the nanopore sepa-
rates the upper and lower compartments of the elec-
trochemical cell (reservoirs 1 and 2). Both CR and WE1
are ideal nonpolarizable electrodes, for example (ideal)
Ag/AgCl electrodes in a chloride-containing electrolyte
(Ret — 0). On the other hand, WE2 may be a metal
(e.g., Au) electrode either somewhere in the solution of
reservoir 2 or deposited onto the SisN; membrane.
Accordingly, R, may vary from effectively zero to very
large values.

Toillustrate the rationale behind this circuit, we shall
assume that oxidation only takes place at WE1, which is
counterbalanced by reduction at CR and WE2. The
current flowing from WE1 into the cell passes through
the nanopore and is then formally “split” between CR
and WE2. In the circuit diagram, we represent this point
as a summing point sp. Physically, sp is located where
the solution resistance measured between CR and
WE1, CR and WE2, and WE1 and WE2 is equal to
(Rs1 + Rs2 + Rs27), (Rs2 + Rs2) and (Rs1 + Rz + Rsa),
respectively.

At first sight, this may appear overparameterized,
but it allows for sp to be uniquely defined both
electrically and in terms of its physical location in the
cell. Note that the solution resistances are important,
2011
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particularly for small R.; and large E,cg, for defining the
potential drop E;s, and the current /;4, detected at
WE1. Further details regarding the mathematical deri-
vations are given in the Methods section. The two key
equations for the potential drop across the membrane
E;sp and the current detected at WET, /44, are

~ Yasp ~
Erp= [1 —— 2P ____|F
1P |: YspCR + Y1 sp + YZsp 1R
YZsp £
- v v v EZCR (1)
YspCR + Y1sp + YZsp
and
~ Yasp ~
he = |1 —0————|E
1P |: YspCR + Y1sp + Y25p 1R
Y ~
i Excr (2)

B YspCR + Ylsp + Y25p

RESULTS AND DISCUSSION

Starting with Simplest Case: The Steady-State Pore Current at
Constant Potentials. Typical Scenario. A metallic or metal-
coated nanopore is used as a gating device. Apply-
ing a potential to the membrane electrode allows
control of the electrochemical reactivity, the surface
charge, and modulation of the transport characteristics.”>*
Similar devices are also used for optical detection of
DNA translocation (zero-mode waveguide technology),*”
where currents across the membrane can cause corro-
sion of the metal layer in the proximity of the pore.?*

For the input functions to eq 1, we have in Laplace
space E1cr=E;cr/s and Excg = Excr/s. After solving eq 2 and
the inverse Laplace transform, we neglect any transient
behavior of /;4(t) at short times for now, and obtain an
expression for /;45(f) under steady-state conditions:

R + 2R,
l15p(t)55 = 2 EICR
(Ret + 2R)Rpore + 5Rs” + 3RsR
R
- ; Ewr (3)

(Ret + 2Rs)Rpore -+ 5Rs® + 3RsRq

For the two limiting cases of Ry, viz. Rt — 0 and R =0,
taking Roore™> R, this yields
1

Iasp(t)ss = —FE

(3a)
Rpore

(for Rt — o)

and

1
lasp(t)ss = —FE® —

(forRe = 0) (3b)
Rpore

mEZCR

This is in line with expectations in that a perfectly
polarizable electrode does not draw any current in
steady-state and hence does not affect the current
distribution in the cell. Any electrostatic charge on
electrode surface is screened after a few Debye lengths,
depending on the ionic strength of the solution after
ca. 1-10 nm. On the other hand, a perfectly polarizable
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electrode does draw significant currents, even at long
times. The potential Excg drops partly toward sp, altering
the effective electric field at the nanopore, cf. above. This
may lead to a zero net current and even inversion of the
current l1sp(Eqsp, Eosp), as illustrated in Figure 2.

In panel A (Re; = ), I15p is independent of E,cg and
the contour lines run in parallel to the E,cg-axis. How-
ever, it is linearly dependent on E;cg, varying from —5
to +5 nA based on the parameters used.

By contrast, in case B (R = 0), /5, depends linearly
on both E;cg and E,cg; the contour lines have a slope of
2, as can be easily confirmed with eq 3b setting /15p(t)ss
= 0. The diagonal running through E;g = Eycg = 0 V
represents the boundary between positive and negative
currents, illustrating that even for E;cg> 0, l15p< 0 for large
enough £, (and equivalently the opposite relations).
Eqspis a superposition of Eycg and Eqpcg and hence /4, can
be larger than for case shown in Figure 2A.

Main Conclusions. The pore conductance Gpore Can
no longer be calculated easily from the pore current and
the applied bias, as in a two-electrode setup, unless the
R associated with WE2 is known (or R — <0). The
corresponding current sources need not be an electrode,
whose potential is actively controlled: Any electrochemi-
cally active surface undergoing a Faradaic reaction under
given solution conditions (e.g., dissolution or corrosion)
will contribute to the overall current distribution in the
cell and thus affect the electric field at the nanopore.

Local Switching of Nanopore Properties: A Potential Step at
WE2. This scenario applies when the potential of WE2 is
switched in a stepwise fashion, for example to rapidly
alter the pore charge during translocation.

In this case, Eicg = Eicr/s and Excg = Excp/s, as in
Figure 2A, but now the time-dependent components
in the inverse Laplace transform can no longer be
ignored for E,cgr. Those for E;cg have vanished by the
time WE2 is switched, since E;cg is taken to be constant
throughout. The current I, is then approximately:

Ree + 2R, R

hep(t) ~ == EmR—A—SEzCR
2 2

1
+ RSEZCR{ (5R72A1 - 2K2> (4A0A; — A2)71/2

S

- [(BAA, — A2
xsin| —————t
2A0

1 cos [ HAoA2 7A12)1/2t ex Ay
5R.2 2A, P 724,

where K; = RCqi, K2 = RporeCmems @and
Ao = 5R:2K1K>
A1 = (Ki + K3)5Rs> + (2RooreKt + 3RctK2)Rs
Az = (Rt + 2Rs)Rpore + (5Rs + 3Rc)Rs
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Figure 2. Contour plots of /;,(E1cr, Eacr), according to eqs 3a and 3b. Ryore = 100 MQ, R, = 100 Q; the color scale is defined in
nA from —6 to +6 nA for panel A and —8 to +8 nA for panel B, respectively. (A) R, — = (perfectly polarizable electrode WE2),

(B) Rt = 0 (perfectly nonpolarizable electrode WE2). Note that each color corresponds to a current range and not to a constant

current value (which are represented by the contour lines).

Again, for t > t,, the exponential term in eq 4 ap-
proaches zero and the steady-state limit is recovered,
eq 3. The characteristic decay time 7 = (A1/2A0) s

T = 10R5(Rctcdt)(RporeCmem)
(SRS + 2Rpore)RcthI + (SRS + 3Rct)Rp0reCmem

(5)

which, for Ryores Ret > Rs and Cy > Crnem, simplifies to
T ~ 5RCrem

The current /5, at the beginning of the potential step is
given by

Ret + 2R;
(Ret -+ 2Rs)Rpore + 5R2 + 3RsRet

hep(to) = Eicr

R, 1
- +— |E
<(Rct + 2R)Rpore + 5R2 + 3RsRc 5Rs> o

1 1
Roore Eicr — SR, Excr  for Roore™>Rct, Rs (6)

~
~

Equation 6 suggests that, given £y cg and Excg, 15p(to)
can be both positive and negative, depending on Ryore.
The critical pore resistance Ryore at l15p(to = 0) is
given by

R:)?)tre = SRSE - "?573"?Ct oRs (7)

Excr Ret + 2R

and is on the order of several R, if Eicg & Excr
Interestingly, similar behavior was indeed observed
experimentally,?® even though those experiments also
involved an electroactive species, complicating a
quantitative comparison with eq 3. This will be dis-
cussed in more detail below.

Main Conclusions. In general, the characteristics of
the f15,(t) trace will depend on all elements of the
equivalent circuit above, which s illustrated in Figure 3.
Even the qualitative shape of the /;4,(t) curve depends
on the relative magnitudes of Rpores Retr Crmem: and Cq.
The initial /15,(t = to) can be negative, positive, or zero,
depending on Ryore. The characteristic decay time
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depends on Ry and Cpem, if both Ryore and R are
sufficiently large.

Triggering Electrochemical Reactions at the Nanopore. This
scenario refers to switching the potential of WE2, in
order to induce an electrochemical (Faradaic) reaction
at WE2, for example in generating electroactive species
at the nanopore or for electrodeposition. The latter was
exploited previously in the fabrication of metallic
nanopores using real-time ion current feedback.”®

As the electrodeposition process occurs, both the
length Loore and diameter dpoe of the nanopore
change, resulting in an overall increase of Ryoe Over
time. For a given deposition rate d, Lyore(t) = Lpore,0 + at,
and dpore(t) = dpore,0 — at. For an uncharged pore, Rpore
is then simply given by

4(Lpore + at)

8
n(dpore - Clt)2 P ®

Rpore(t) =

pis the resistivity of the solution. Further complexity
could be added to this expression, for example a
surface term for charged pores.”” This decreases Rpoore for
small dyore, but does not add anything qualitatively new to
the present discussion and shall thus be ignored here.

Using eq 8 in eq 4 and taking R, Crnems @and Cy to be
constant, the effect of a decreasing Ryore ON the
transient behavior of /5, is shown in Figure 4 for two
different initial values of dyore = 100 nm (black, solid)
and 50 nm (red, dashed), respectively (a = 100 nm/s,
Lpore =300 nm, p=0.775 Q"' m~"' (0.1 MKCI), Rt =10
KQ, C4 = 23.8 uF, Crnem = 12.2 F).

The result is very similar to the experimental data
obtained in Ayub et al,?® lending support to the
validity of the model used here. However, it should
also be noted that in conjunction with egs 3a and 3b,
the relation between I5, and Ryore (and hence its
geometry) is only trivial for large R. In all other cases,
details of the potential distribution between CR and
WE?2 as well as E;cg must be known, rendering absolute
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Figure 3. Current—time profiles for /;,, after a potential step in Eycg from 0 to 0.1V (E;cg = 0.1 V = constant, R; = 100 2). (A)
Cimem = 12.2 uF, Rt = 10 KQ, Cg; = 23.8 uF; (black) Rpore = 1 ML, (red) Ryore = 100 KL, (blue) Rpore = 10 MQ (indistinguishable
from black curve). (B) Ryore = 1 MR, Ree = 10 K2, Cy = 23.8 uF; (black) Crnem = 12.2 uiF, (red) Crem = 122 uF, (blue) Crem = 1.22 uF.
(Q) Rpore = 1 MQ, Crnem = 12.2 uF, C4y = 23.8 uF; (black) Rc; = 10 KQ, (red) R.¢ = 1 KL, (blue) R = 100 KQ. (D) Rpore = 1ML, Crnem =
12.2 uF, Ry = 10 K2; (black) Cy = 23.8 uF, (red) Cy, = 238 uF, (blue) Cy, = 2.38 «F. Note that both peak current and time depend
on Rpores Retr Cmems @and Cy. Larger capacitance values result in slower current decays, as expected.
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Figure 4. I;5(t) transients employing a time-dependent
Roores for two different initial pore diameters of 100 nm
(black, solid) and 50 nm (red, dashed). At short times, the
two transients seem to be identical and are relatively
insensitive to the difference in Ryore. Inset: Magnified view of
the low-current region with focus on longer times. Blue:
Roore as a function of time for the two cases (logarithmic
scale). /15, now decays much slower and is given by eq 3 or
eq 3a, if Ry < Ry Rpore-

size control by ion-current-controlled feedback some-
what difficult. Nevertheless, determining the deposi-
tion charge in real-time may offer an additional control
parameter, especially when the deposition conditions
around the nanopore are known.

ALBRECHT

Main

the cell.

Conclusions. Electrochemical

reactions,
such as electrodeposition or electrosynthesis, alter-
ing Rpore and R can readily be incorporated into
the model presented here. Simulation results are in
line with available experimental
the fabrication of metallic nanopores using bipo-
tentiostatic electrodeposition, supporting its valid-
ity. To this end, simulations indicate that absolute
size control based on ion current monitoring is
challenging with the pore current being dependent
on subtle details of the current distribution in

data around

Determining the Pore Conductance—Ramping the Potential
WE1. In a two-electrode nanopore device, a linear
voltage sweep is used to determine the pore resistance

from the slope of the current—voltage curve. In the
presence of additional electrodes (or more generally
current sources), however, the relation between Rore

and /15 no longer exists (see above) and a more
detailed analysis is required.

We employ eqs 1 and 2, but now with Eicr= Eicry/s
+ v/s” and E,cg = Excr/s for Eycg = Eycg, + vt and Excg =
constant, respectively. Eicg, is the initial potential of
WET1 at the beginning of the potential sweep relative to

CR, v the scan rate [V/s]. In the time domain, the current

hsp(for long 1) is
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Figure 5. Simulated (cyclic) /15,(E;cg) curves. Left: Eycg = —0.1V, 0V, and 4-0.1 V (top to bottom), according to eq 9. Capacitive
current and offset due to E,cg are indicated. Ry = 1002, Re¢ = 1000 €2, Ryore = 10 ML, Crnem = 122 nF, Cq; = 23.8 uF, v = 0.1 V/s.
(Right) Effect of R as indicated, R; = 1 G2 (red, top) and 10 Q (black, bottom). Ry =100 €2, Ryore = 10 M2, Cyem = 122 nF, Cy =

23.8 uF, v=0.1V/s.

R+ 2R
hspt) = —— a_ (Excr, + 1)
5Rs” + (3Rct + 2Rpore)Rs + RporeRct
R
: Excr

; 5R52 + (3Rct + 2Rpore)Rs + RporeRct

(Rct + 2Rs)szoreszem + R52Rct2CdI

5Rs? + (3R Roore)Rs + RporeR ©)
S +(3 c'(‘f'2 pore) s+ porefct

Several observations are important from an experi-

mental point of view:

e The slope of the /;5,(E;cr) curve, which is typically
used to determine the pore conductance, is the
prefactor of (Eycg, + vt) and depends on R;, R,
and Ryore. However, as long as Rpore > R, this
simplifies to 1/Rpore, for both perfectly polarizable
(Ret — =) and nonpolarizable (R, — 0) electrodes
WE2. Note that, according to eq 3, the steady-
state current /;4,(t)ss does not provide a direct
measure for 1/Rpore.

o The current offset at E;cg = 0 V is dependent on
Eycr. For Rpore > Rs and Ry — 0, this intercept
changes by 1/(2Ryore) per volt applied to Ejcg,
allowing for an additional estimate of Rpore, Cf.
above. Given that Ry is typically in the 100 MQ-
range, the current offset is relatively small and on
the order of 10s nA. In the opposite limit, Rpores Ret
> R, the intercept changes by (Ry/R.)(1/Rpore)
per volt applied to Excg. Thus, if Ryore is known
from the gradient of I, versus E;cg, the intercept
provides an estimate of R...

e The actual capacitive current is the difference in
lsp(Ercr) between the forward and the reverse
scan at given E;cg, which equals to

(Rct + 2Rs)z'[?porezcmem + Rschtzch
5RS2 + (3Rct + 2Rpore)Rs + RporeRct

Again, if Ryore > R, and Cgjand Crem are both in the
nanoFarad to microFarad range, the capacitive current
is dominated by Ciem, Namely equal to 2Cem?, for Re

ALBRECHT

— 0 and R, — o. Perhaps somewhat surprisingly, Cy
does not feature prominently in this respect.

These effects are illustrated in Figure 5 below, for
variations in E5cg (left) and R, (right). Both parameters
result in a (vertical) shift of the /;5,(Eqcg) curve, since
they affect the current from WE2 injected into or drawn
from the cell. However, the slope is still 1/Rpore in all
cases, as predicted above.

Hence, experimentally observed current offsets /;,-
(Eqcr = 0V) # 0 may be caused by additional current
sources in the cell, including actively controlled elec-
trodes or otherwise electrochemically active (i.e., dis-
solving or corroding) surfaces. Liquid junction
potentials may be another source, which can, however,
be minimized by experimental design.

What Happens When We Ramp the Potential at WE2 Instead?
The derivation of /;5,() is analogous to the previous
case, except that now E;cg = Eycr/s and Fxcg = ((Excr,)/s)
+ v/s® for Eycg = constant and Eycp = E>cg, + vt. One
expects similar expressions as in the previous section,
but there are subtle differences, in terms of both the
capacitive current and the slope of the /;55(Excr) curve.
For long t, one obtains

_ Ret + 2Rs .
5Rs? + (3Rt -+ 2Roore)Rs + RporeRet
RS
* 5R2 + (3Rt + 2Roore)Rs + RooreRct
(Rpore + 3Rs)RsRer”Car + (Rt + 2Rs)RsRpore Cem
5Rs? 4+ (3Rct + 2Rpore)Rs + RooreRet

I1sp = (B 1CR

(Excr, + V1)

(10)

hsp decreases with increasing Excg, which is in-line with
the notion above that an increase in E5cg decreases the
potential drop across the membrane, E,. Since all
solution resistances are taken to be the same and equal
to R, the effective potential modulation at sp is at most
/5E>cr (for R — 0). Accordingly, the slope of the
Isp(Eacr) trace is equal to —1/(2Rpore) fOr Rpore > R
and R — 0, and —Ry/(RctRpore) fOr R, Rpore = Rs. The
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latter emerges from the fact that, at large R, most of
E,cr drops between sp and WE2, and not between CR
and sp, as in the previous case.

As previously, the magnitude of the capacitive
current depends on R.. Provided that Cy and Cyem
are again in the nanoFarad to microFarad range, the
capacitive current equals ¥Crnem for Rpore > Rs and
Rt — O (perfectly nonpolarizable electrode WE2), and

R
v—2 Cyqi

pore

for Rpore > Rs and R — oo (perfectly polarizable
electrode WE2). In both limits, the capacitive current
for the E,cr sweep differs from the equivalent expres-
sions in the previous section, implying that suitable
potential modulation schemes for both electrodes
WE1 and WE2 can be employed to estimate the
impedance characteristics of the nanopore sensor.
Main Conclusions. Linear potential sweeps are a
standard tool for assessing the operational state of a
nanopore sensor. The observed currents, however,
depend on how the potential modulation is applied.
When ramping Ecg, the slope of the current—voltage
curve generally depends on R, Re, and Rpore. It is equal
to 1/Rpore if Rpore > Rs and thus remains a suitable
means of estimating the pore geometry under typical
experimental conditions. On the other hand, a sweep
in Eycr yields a current—voltage trace, whose slope
directly depends on the solution resistance ratio be-
tween CR, sp, and WE2. This is difficult to determine
experimentally and thus does not appear to be a
reliable way to determine Ryore. The intercept at /5,(E
= 0) in the respective current—voltage sweeps depend
on R.; and in combination with the slope may offer a
way to estimate the actual charge transfer character-
istics of WE2 in situ. Under relevant experimental
conditions, the capacitive current depends on Cpem

(Rpore + 2Rs)(Rct +2Rs)
E1sp(t) _ pore S\ Act S

only in a E;cg-sweep, whereas the situation is more
complicated for a E;cg-sweep, depending on R.

Impedance Spectroscopy at the Nanopore—Applying an AC
Modulation to WE2. AC modulation of the potential
at WE2 has several interesting prospects, including
local impedance spectroscopy and applications in
biosensing. To this end, Aksimentiev et al. have sug-
gested that a sinusoidal modulation can enhance the
specificity of the nanopore sensor with regards to
different short oligonucleotides.>® However, as will be
shown below, the coupling between the local electric
field at the nanopore and the potential applied to WE2
again depends on R in a nontrivial way.

Deriving the expressions for this case is rather
cumbersome, even if short-lived transients are neglected
for sufficiently long times. On the other hand, the
variation in frequency and amplitude of E,cg(t) offers
additional features with a view on analyzing the
impedance behavior of the nanopore sensor. With a
view on single biomolecule translocation studies,
the frequency dependence of E;, is of particular
importance, as the potential drop across the mem-
brane governs the driving force for biopolymer
translocation through the nanopore. Moreover, the
phase angle between E;cg(t) and E;4,(t) can vary signifi-
cantly, depending on the electric characteristics of the
nanopore sensor cell and the excitation frequency.
Hence, a detailed understanding of the sensor perfor-
mance is central to using local potential modulation for
single-biopolymer analysis, such as DNA fragment sizing
or sequence analysis.

In accordance with the potential-time relations
given above, the equivalent expressions in Laplace
space are Eiq = Ei/s and Exg = Exr/s +
AE,cr(@/(0” + 5°)). Eyp already holds interesting features
and will be considered explicitly first. After solving eq 1
and inverse Laplace transform, Eq4(t) is given by

Roore + 2Rs

5Rs? + (Ret -+ 2Rs)Rpore + 3RsRct

1

(40?Rs*K,? + (Roore +2Rs)) (@K, + 1)

@ —
5Rs? + (Ret -+ 2Rs)Rpore + 3RsRct

R Excr

- RSAEZCR{

25wR*K;2K,? + [(2Rpore +5Rs)*Ky? + 2RetRooreKi Ka -+ (3Ret+5Rs)?K; IR w? + (5Rs +(Rer+2Rs)Rpore +3RsRcr)’

(11)

Ky and K, are given by R.Cq and RporeCrmem: respectively. ®(w) is the phase angle between the excitation
Excr(t) = Excr, + AExcrsin(wt) and the local potential difference between sp and WET1, E;4,(t). Note that eq 11

converts into eq 3 for AE,cg = 0, as expected.

d(w) = atan(

(6RctK2 - RporeK1)R32K12K220~)2 + (Rpore + 2"'-\’s)'l?ctK1 - (Rct + Rs)RporeRsKZ w (12)
Ks
Ky = 10(1)4R53K12K22 + [(ZRpore + 5Rs)(Rpore + ZRS)K12 + RctRporeK1 K> + 2Rs(3Rct + SRS)Ksz]stz
+ [(3Rct + 5R5)Rs + (Ret + ZRs)Rpore](Rpore + 2Rs)
VOL.5 = NO.8 = 6714-6725 = 2011 A@v@
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As before, the Laplace transform of eq 11 is the new input function to eq 2, which finally yields the current /15,

between sp and WET.

(Ret + 2Rs)
hsp(®) e

Eicr

Rs
Excr

B 5Rs® + (R + 2Rs)Rpore + 3RsRct

" 5Rs? + (Ret + 2Rs)Rpore + 3RsRct

12
(Ki*0? + V(K 0? +1)
— 2RsAExcr ap 4y 210 2 2,2 20 21p 2,2 2 2
25w RS K1 KZ + [(2Rpore+5RS) K1 + 2RctRporeK1 KZ + (3Rct+5RS) KZ ]RS w* + (SRS +(Rct+2RS)Rpore+3RSRct)
xsin(wt + D, (w)) (13)
where ®,(w) is now the phase angle between E,c(t) and |4, (t).
(I) (w) — atan (3RctK2 + szoreK1 )R5K1 KZ(UZ + (Rpore + 3R5)RCIK1 + (Rct + ZRS)RporeKZ »
5 =
SRSZK12KZZCU4 + [(2Rpore + SRS)RSK12 - RctRporeK1K2 + (3Rt + SRS)RSKZZ]UJZ + (Rpore + 3R)Rct + (2Rpore + 5R9)Rs

Figure 6 shows the effect of the AC modulation at
WE2 on the potential drop across the membrane, E;,
as well as the frequency dependence of the phase
angle @, according to eq 12. Note that a high positive
potential at WE2 counteracts a potential drop across
the membrane, so the nominal value of the phase angle
in fact relates a maximum in Excg to a minimum in Eqgp,.

Note that in Figure 6 the modulation amplitude of
Eqsp is reduced significantly relative to the excitation
amplitude, which is again important with a view on
using local AC modulation for biopolymer transloca-
tion control. The relative decrease depends on R and
R, as they affect the potential drop between WE2 and
CR, and thus between WE1 and sp, cf. Figure 1B. More
quantitatively, this relation emerges from the ampli-
tude term in eq 11, which—after normalization to
AE,cg—is plotted Figure 7 for different values of R..
A number of observations are worth noting regarding
the limiting behavior of the nanopore device, in terms
of Reeand w. In the high-frequency limit, AE; o/ AE>cg—
2/s, 50 the local potential modulation Eqspis always only
40% of the initial excitation (given the approximations
made here). This value is also independent of R and
Roores since both resistances are “shorted out” by the
capacitances Cy and Cem at high frequencies. In the
low-frequency limit this is not the case: Provided that
Roore = Rs, one obtains AE;4,/AEycg — Ro/(Ret + 2R),
which is zero for R, — < (perfectly polarizable elec-
trode WE2), since the entire potential drop occurs at R,
and in between sp and WE2. In the opposite limit of R,
— 0 (perfectly nonpolarizable electrode), AE;o/AE>cr
— 1/, corresponding to an equal potential drop at the
two solution resistances between WE2 and CR.

More generally (and realistically), the solution re-
sistances are not all equal, and in order to maximize the
effect of Eycpac ONn Eqqp, the cell design needs to be
such that Ry < R,,.

Finally, we illustrate the effect of E,cg(t) (black, dashed
line) on E;45(t) (red, dash-dot) and /14,(t) (black, solid) at

ALBRECHT

(14)

different linear frequencies of 10 and 100 Hz in Figure 8
(left). The panel on the right-hand side shows the phase
angles @ (blue, dash-dot) and @, (black, solid), as well
as the difference @, — @ (red, dashed) (see figure cap-
tion for further details).

First, as discussed above and shown in Figure 7, the
amplitude of Eq, relative to E;cg depends on fre-
quency and is larger for 100 Hz than for 10 Hz (R, =
10 k). Due to the change in ® and ®,, the exact
relation between Excg, Eqsp, and /4, also varies, render-
ing the precise control of ion and biopolymer transport
through the nanopore more difficult. A thorough
characterization of the cell impedance should thus
precede any biopolymer translocation experiments.

Table 1 summarizes the limiting cases for R, — 0 and
R — o= in the low and high frequency limits, respectively.
If R is small, say due to a fast interfacial reaction, efficient
mass transport toward the electrode surface or a large
electrode area, the limit of @ — 0 corresponds to adding
another DC voltage AE,cg to Excr, and thus to some
degree also to Eq, (i.e., AExcg drops in accordance with
the solution resistance). In the opposite limit of @ — oo,
AE;cg also affects £y, but now the current /14, is mainly
determined by the solution resistances and usually large
with R; typically in the 100 Q range; the impedance of the
capacitive elements goes to zero. Even if the amplitude of
the potential modulation is small, say 0.005 V, the condi-
tion Roore = Rs implies that the AC part of /14, is orders of
magnitude larger than the DC components, dominating
the overall current response.

For large R — e and w — 0, the phase angles are
90°, but note that in this limit the AC components of
E1sp and 5, drop to zero. This is expected, since under
these conditions no charge can be transferred across
the solution/WE2 interface, where also the entire po-
tential drop between WE2 and CR occurs. This is also
the reason why E,cg does not affect E;, in this limit.

At high frequencies, w — e, Cy; short-circuits R.; and
E>cr does affect the potential distribution in the cell
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Figure 6. (Left) Modulation of E;, as a function of AC
excitation Excg ac(t) (dashed line) at different DC potentials,
top to bottom Ecg = —0.1 V (green), 0 V (red), and +0.1 V
(black). Frequency, w = 2710 Hz ~ 63 Hz; amplitude, 10 mV
(p—p). (Right) Phase angle ® between E,cg and Ejp.

again. The component of /5, is again unaffected by
E,cr, but the amplitude of the AC current is determined
by Rs and AE,cg. As before, this can be much larger than
the DC contribution to the current and ultimately
dominate the current detected at WE1.

Main conclusions. As shown previously, the poten-
tial drop across the membrane E; , depends on the
potential applied to WE2 and the relative potential
drops between CR, sp, and WE2. In AC modulation,
however, the latter depends on the impedance of the
capacitive elements, too, which are frequency-depen-
dent. Since the potential drop across the membrane is
often the dominating driving force for biopolymer
translocation, a comprehensive impedance character-
ization of the nanopore sensor is needed. Interestingly
in the high-frequency regime, the nanopore current is
governed to a large extent by the solution resistance R
with Ryore “shorted out” by Crem., at least in the model
circuit used here. Since R; is typically small compared to
Rpores the corresponding current can be large.

Potential Modulation at WE2 in the Presence of Interfacial
Reactions. Interfacial redox reactions on the surface of
WE?2 affect the current distribution in the electroche-
mical cell. The reaction rate and thus the associated
Faradaic current is generally potential-dependent, and
expected to vary during an AC voltage swing. In the
following, we shall assume the presence of a generic
redox couple, present in solution at equal concentra-
tions, that undergoes oxidation/reduction at WE2 with
a characteristic equilibrium redox potential £°. We shall
further assume that R is governed by the surface
reaction and not mass transport toward the surface.

So far R, was assumed to take particular values
from very large to zero; however, its potential-depen-
dence has so far been ignored. While this may be
unimportant when the potential modulation of WE2
is small or when R, does not vary much relative to
other sources of resistance in the cell, it is more
relevant at large potentials or when R is on the same
order as R,. Note that, even if full potential control is

AE, JAE, o

0.0 T T T
10' 107 10° 10*
angular frequency o

Figure 7. Simulation of AE;,/AE;cg(w) for increasing R,
(top to bottom): 10 kQ (magenta), 1 k<2 (blue), 100 Q
(green), 10 Q (red), and 122 (black). Cy = 23.8 uF, Cpem = 12.2
UF, Rpore = 1 MQ, R = 100 Q. At high frequencies the effect
of R is negligible, but at low frequencies AE;s,/AE>cg(w) is
strongly affected. Note that, at intermediate w, the fre-
quency dependence of AE;,/AE;cg(w) can be rather com-
plex and difficult to predict without comprehensive electric
characterization of the nanopore device.

maintained, that is, the potential drop at the WE2/
solution interface is unaffected by E;cg, the latter
contribution to /5, will still be affected by a change
in R, (Figure 9, cf,, eq 10.

The potential dependence of R, can be written as in
eq 15, implying that mass transport is not limiting the
current (at WE2), vide supra.

B n*F* anFE
Ry ' = FAQ {(}Lka,oCsR“rf exp( AT )
+(1 — ok LCr exp(—%)} (15)

where n is the number of electrons transferred per redox
event; F is Faraday's constant; R is the universal gas
constant; T is the temperature; A is the electrode area;
ais the transfer coefficient taken to be 0.5; k,° and k. are
potential-independent parts of the anodic and cathodic
interfacial charge transfer rate constants, respectively;
& e are the surface concentration of reduced and
oxidized species; E is the applied potential, relative to the
equilibrium potential E° of the redox species involved in
charge transfer (overpotential), £ = Eocg — £,

Compared to Figure 2, which shows the same plots
of l1sp for Ree = 0 Q and R — oo, the current—voltage
characteristics are qualitatively different. While rela-
tively little happens around the redox potential of the
hypothetical redox couple (R > Ry), s changes
rapidly when R, becomes smaller than Ry at larger
overpotentials. Both oxidized and reduced redox spe-
cies are present in solution, allowing for a significant
steady-state current at high and low potentials, respec-
tively. Nevertheless, /14 is still asymmetric with respect
to E,cg (due to F° = 0), which is reminiscent of diode-
like behavior in electrostatically asymmetric conical
pores.3>3°~*! Note, however, that the origin of the
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Figure 8. Simulated system responses in the domain (panels on the left) and phase angle (right panel) according to

eqs 11 — 14. Cnem = 12.2 uF, Cqy = 23.8 uF, R, =100 Q, Rce = 10 k2, Ryore = 1 MQ, E1cg = 0.1V, Excg pc = 0.1V, amplitude: 0.01V
(p—p). (Left panels) Potential- and current—time traces for f = 10 Hz (top) and 100 Hz (bottom). Dashed (black) and dash-
dotted (red) lines: E;4p(t) and Excg(t), respectively (right axis). Solid (black) lines: I;,(t) (left axis). (Right panel) Phase angle
D,(w) (black, solid) and ®(w) (dash-dot, blue) and the difference between the two (dashed, red) corresponding to the phase

angle between E;, and /.

TABLE 1. Comparison of Phase Angles, E; 4, and I, in Different Limits of R and »

Re— 0 Rq =
w—0 W — oo w—0 @ oo
@ 0 0 90° 0
®, 0 0 90° 0
Eip —"1,AExg + DC —2IsAbxq + DC DC part only ~"sAEyq + DC
DC=E — A D= b
hep —(1V(2Ryore) Abycg + DC —(1/(5R)) Abyr + DC DC part only —(1/(5R)) Aby +DC

DC = (V(Rpore))(Ercr — 2AEx) DC = (1/(Rpore) Ercy

-8.0nA
-6.0
-4.0
-2.0

rectification effect is quite different here and simply
rooted in the altered current distribution in the cell, rather
than the modulation of the pore conductance itself.
Accordingly, the asymmetry would increase if only one
redox state was present in significant amounts.

In the case of small amplitude AC modulation on WE2,
the potential dependence of R, will generally have a small
effect on l4(t). Significant distortions of the sinusoidal
response do occur however, when R varies significantly
around R, during a voltage swing. This is because R then
has a significant effect on the local potential distribution at
sp, which in turn affects the current across the pore. The

2.0
4.0
6.0
8.0

0.2 0.4

-0.4 -0.2 0.0

E1CR [V]

effect is illustrated in Figure 10 based on eq 13 and a
sinusoidal potential modulation on WE2 (linear frequency,
1 Hz; amplitude, 10 mV (p—p). R in eq 15 then becomes
time-dependent (E;cg =0.05 V; E;cg = —0.25 V; AE;,cg =0.1
V; E° = —0.01 V; all other parameters for R as above) and
varies from 70 to 3470 Q.

Such current—time characteristics could potentially
be exploited to fine-tune the electric driving force for
biopolymer translocation and warrants further experi-
mental investigation.

ALBRECHT

Figure 9. Contour plot of /15, as a function of E;cg and Excg,
based on eq 3, but with a potential-dependent R.,, eq 15. E°
=0.05 V vs CR, Rt(Eacr = E°) = 26 kQ, decreasing to ~1Q at
large Excrin=1,k." =k =1x 1073,z =co""=1x 1073,
Aa =1 x 107 T = 298 K. Note that the colors indicate
current ranges, not constant current value (to which the
contour lines correspond).

Main Conclusions. This section briefly considers the
effect of a potential-dependent R, on the nanopore
sensor performance. Interestingly, interfacial redox
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Figure 10. The effect of a potential-dependent R; on the
shape of I;,(t). Significant distortions of the sinusoidal
excitation occur, when R is on the order of R: (black, solid
line) R(t) varies from 70 Q to 3470 Q, according to eq 15;
(red, dashed line) R, = 70 Q; (blue, dash-dotted line)

Rc. = 3470 Q (further details are given in the text).

reactions can result in an apparent rectification of the
current across the nanopore. This “pseudo-rectification”
behavior is, however, rooted purely in the interfacial elec-
tron transfer kinetics and not in preferential ion transport.
In the case of small-amplitude AC modulation, the
potential-dependence of R is only a minor factor,
unless R =~ R.. In the latter case, the impact on the
pore current is notable, leading to significant distortions
in pore current—time trace and in the electric field
driving biopolymer translocation through the pore.

CONCLUSIONS

In summary, we have shown for a model three-
electrode nanopore sensor device that the charge
transfer characteristics of each electrode need to be
taken into account for a full understanding of the

METHODS

According to Kirchoff's First Rule, /15, must be equal to the
sum of the currents between sp and CR, and sp and WE?2,
respectively.

I‘Isp +I25p +IspCR =0 (16)

The currents through each branch are governed by their
admittance Y and the potential difference between sp and the

respective electrode. Note, however, that the potential at sp, Ep,
is dependent on /y4p, ep, and lspcr. Hence

- ~ 1 -
IspCR = YspCREspCR = R_EspCR (17a)
s2
/~‘Isp = Y]spE‘Isp
14 5CmemR =
_ + ”mem pore Erp (17b)
Rpore + (R51 + RSZ)(1 + Scmemeore)
- = 1+ sCqiR =
IZsp = YZspEZSp = ata (17¢)

Ret + R (1 + sCaRe) P

ALBRECHT

sensor performance. While the exact circuit represen-
tation of a nanopore sensor will depend on the actual
cell design, including electrode geometries, distances,
materials etc., and may need adaptation, the main
conclusions from our study remain valid. On a funda-
mental level, the role of R is important for the inter-
pretation of ion current and pore conductance data, for
example, to extract the pore geometry, as the direct
connection between Ry and ion current is generally
lost, whenever additional current sources are present
in the cell. Our model provides guidelines as to when
the charge transfer characteristics of additional elec-
trodes are expected to be important for device perfor-
mance. Moreover, the consequences extend to
applications where precise control of biopolymer
transport through the pore is required, for example
in DNA fragment sizing or sequencing. With a view on
local AC modulation of the translocation field, R
crucially affects the phase angle between the po-
tential modulation at WE2 and the driving field
across the membrane. Accordingly, the electric field
strength at the pore may be large when the poten-
tial modulation is at a minimum, and vice versa.
Finally, our simulations point to the fact that even at
relatively low frequencies, the overall current is
dominated by capacitive charging or ultimately by
the relatively low solution resistance, rendering the
detection of small nanopore conductance modula-
tions rather difficult.

Ultimately, the model presented could readily be
extended to include other electrode geometries or
more than three electrodes, for example toward devel-
oping an understanding of four-electrode tunneling
junction/nanopore  devices for DNA sequencing
applications.

\Q/here s is the (imaginary part of the) Laplace parameter, s = iw.
Eicr is the sum of the potential differences between sp and CR
(in Laplace space), and WE1 and sp, respectively (E1CR =
ESPCR + I::1sp). An analogous expression also applies to Excp.
In combination with eqs 16 and 17, this yields

r r EZCR
EspCR = Y15PE1CR + YZsp YspCR 1Y, - + stp

= ElCR *E1sp (18)
and equation 1 for £y,

This expression represents an important result, as it stands for
the potential difference between WET and sp and thus the
driving force behind ion and biopolymer transport through the
nanopore. The current measured at WET, T1Sp, can readily be
calculated using eq 1 as the new input function in eq 2.

Different input functions for E;cg and Ecg can now be
entered into eq 1; /15, in the time-domain is obtained from
eq 2 after inverse Laplace transform. The resulting expressions
are in some cases relatively cumbersome and, in order to keep
the mathematical expressions reasonably simple, all solution
resistances will be taken to be numerically equal (correspond-
ing to choosing a particular cell and electrode geometry) and
given by R.. This has only minor (quantitative) effects on the
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final result, for example for R, — 0 and constant E;cg and Excg,
when the potential drop between sp and WE?2 is always exactly
1/,Eacr, rather than a fraction Rey/(Rss + Rs).
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