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Abstract: The requirement to boost the resolution of nanopore-based biosequencing devices necessitates the
integration of novel biosensing techniques with reduced sensitivity to background noise. In this article, we
probe the signatures of translocating polymers in magnetic fields induced by ionic currents through membrane
nanopores. Within the framework of a previously introduced charge transport theory, we evaluate the magnetic
field signals generated by voltage- and pressure-driven DNA translocation events in monovalent salt solutions.
Our formalism reveals that in voltage-driven transport, the translocating polymer suppresses the induced
magnetic field via the steric blockage of the ion current through the midpore. In the case of pressure-driven
transport, the magnetic field reduction by translocation originates from the negative electrokinetic contribution
of the anionic DNA surface charges to the streaming current predominantly composed of salt cations. The
magnitude of the corresponding field signals is located in the nano-Tesla range covered by the resolution of the
magnetoelectric sensors able to detect magnetic fields down to the pico-Tesla range. This suggests that the
integration of magnetic field detection techniques into the current biosequencing approaches can complement
efficiently the conventional biosensing strategies employing ionic current readouts with high susceptibility to
background noise.
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1. Introduction

Macromolecular transport through nanoscale pores is a widespread phenomenon omnipresent in var-
ious in vivo and in vitro systems. From the viral infection of cells to nanopore-based biosensing
techniques [1-3], the significance of this universal phenomenon for our understanding and control of a
large variety of nanoscale processes has motivated intensive research work on the characterization of
the so called driven polymer translocation through membrane nanopores confining salt solutions [4].

Polymer translocation is equally considered a potentially rapid and cheap genetic sequencing
technique. The holy grail of this scientific project is to extract the genetic sequence of the translocating
polymer directly from the ionic current variations caused by the interaction of the macromolecule with
the surrounding electrolyte. Driven by this challenging task, during the last two decades, translocation
experiments have intensively probed the correlation between the ion currents and the nucleotide
structure of polymers crossing biological or synthetic nanopores under externally applied voltages,
hydrostatic pressures, and salt concentration gradients [5—10].
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Owing to the out-of-equilibrium nature of the translocation process, as well as the strong
entanglement of the steric, electrostatic, and hydrodynamic interactions governing the dynamics of
the polymer-electrolyte complex, the comprehensive characterization of polymer translocation presents
itself as a substantially challenging task. The computational investigation of this problem has been
initialized with Langevin simulations taking into account solely the polymer conformations and the
steric polymer-membrane interactions [11, 12]. These numerical studies have characterized the scaling
of the mean dwell time with the length of the translocating sequence. Moreover, the nonequilibrium
dynamics of polymer translocation has been analytically investigated via a coarse-grained Fokker-
Planck approach by Lubensky and Nelson [13]. Explicit polymer conformations during translocation
have been subsequently taken into account via a tension propagation theory by Sakaue et al. [14, 15].

Due to the predominantly electrostatic nature of the translocation process governed by the
strong interactions of the DNA charges, the nanopore surface charges, the salt ions, and the external
field in the pore, any predictive theory of polymer translocation should include these electrostatic
features in an explicit manner. Driven by this necessity, explicit electrostatics has been incorporated
into simulations in Refs. [16-21]. At this point, it is noteworthy that the collective dynamics of
the polymer-electrolyte complex is intimately related to the hydrodynamic coupling of the voltage-
driven electroosmotic (EO) flow and the surface of the translocating macromolecule. In order to
account for this additional complication, Ghosal formulated an ingenious coupling of the Poisson-
Boltzmann (PB) and Stokes equations. This led to the first mean-field (MF)-level electrohydrodynamic
theory of polymer translocation [22]. In addition, Wong and Muthukumar studied polymer capture
by EO flows [23], and the nonequilibrium features of polymer translocation via comparison with
experiments [24, 25]. Finally, in our earlier papers, we developed a unified electrohydrodynamic
theory of polymer translocation and ion transport accounting for the electrostatic charge correlations,
the coupling of the polymer and membrane charges, and the externally applied hydrostatic pressure
gradients inducing streaming currents [26-28].

@ Membrane

()

@ [ ) " Membrane
@ Fe

Figure 1. Side view (left panel) and cross-section (right panel) of the nanopore with length Ly, and radius d
crossed by the polymer with length L, and radius a under the effect of the uniform electric field E = Fu. and
the hydrostatic pressure gradient AP = P; — P». The salt solution KCI has reservoir concentration py,.

In the field of nanopore-based polymer translocation, the ongoing technological challenge is to
improve the resolution of the current signals induced by the translocation events via the reduction of
the background noise effects. This requirement calls for the integration of alternative polymer sensing
techniques complementing the common sequencing approaches employing the ionic current readouts
highly sensitive to background noise. Motivated by this need, in this article, we investigate the
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prospect of detecting polymer translocation events via induced magnetic fields. Ionic current-induced
magnetic fields have been previously investigated for polymer-free open pores [29, 30]. Here, by using
our electrohydrodynamic theory of ion and polymer transport, we carry out the first evaluation of the
magnetic field signals induced by voltage- and pressure-driven translocation events. We find that the
corresponding magnetic field signals in the nano-Tesla range are located within the resolution of the
magnetoelectric sensors capable of detecting magnetic fields down to the pico-Tesla range [31, 32].

Our manuscript is organized as follows. Section 2.1 introduces our electrostatic model of voltage-
and hydrostatic-pressure-driven polymer transport. This model is schematically depicted in Figure 1.
Section 2.2 is devoted to the review of the ion and polymer transport formalism developed in our
earlier studies given in Refs. [26-28]. Then, in Section 2.3, we use this charge transport theory to
calculate the magnetic fields induced by the transport of ions and polyelectrolytes through nanopores.
In Section 3, within this theoretical framework, we characterize the magnetic field signals triggered by
voltage- and pressure-driven DNA translocation events. Our main results are summarized, and the
potential extensions of our model are discussed in Conclusion.

2. Charge transport formalism and induced magnetic fields
2.1. Model

We introduce here the electrostatic model depicted in Figure 1. The membrane of thickness Ly, is
placed in an ionic reservoir containing a KCI solution of bulk concentration pi,. The nanopore crossing
the membrane along the z axis is a cylindrical hole of radius d, length L., > d, and negative surface
charge density —oyme, where e = 1.602 x 10719 C is the electron charge. As the radially oriented
repulsion between the DNA molecule and the cylindrically symmetric pore surface charges favors the
location of the molecule close to the nanopore axis, with the aim to reduce the dimensionality of the
problem, we neglect the off-axis displacements of the polymer. Moreover, we limit ourselves to polymer
lengths below the DNA persistence length in monovalent salt, i.e. L, < 55 nm [33]. Therefore, we
neglect as well the conformational polymer fluctuations and model the translocating DNA molecule as
a rigid concentric cylinder of radius a < d and length L, > d carrying fixed negative surface charges
of density —ope. In the nanopore, the translocation of the polymer captured from the reservoir
side is either driven by the drift of the externally applied electric field E = FEi, whose magnitude
E = AV/L,, is set by the external voltage AV, or under the effect of the streaming current induced
by the hydrostatic pressure gradient AP.

2.2. Charge transport formalism

We review here the charge transport formalism of Refs. [26-28] that will be used to evaluate the
magnetic fields induced by nanoconfined ion and polymer transport.

2.2.1. Computation of the convective liquid velocity

Our transport formalism is based on the calculation of the convective liquid velocity uc(r) obtained
from the solution of the Stokes and Poisson equations,

AP
NV 2uc(r) + eEpe(r) — 7= 0; (2.1)

V2¢(r) + 4mlppe(r) = 0, (2.2)
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The Stokes Eq. (2.1) satisfied by the convective liquid velocity uc(r) includes the viscosity coefficient

of water n = 8.91 x 10™% Pa s, and the electrolyte charge density renormalized by the electron charge
€ Y

pe(r) = Z qipi(r), (2.3)
i—t

with the ion number density p;(r) of the species i = + whose dependence on the electrostatic potential
will be specified below. Moreover, the Poisson Eq. (2.2) is solved by the average electrostatic potential
¢(r) induced by the pore and the polymer surface charges. This dimensionless potential is related
to the physical electrostatic potential U(r) as ¢(r) = eU(r)/(ksT'), with the Boltzmann constant
kg = 1.38 x 10723 J/K, and the liquid temperature T' = 300 K. Eq. (2.2) also contains the Bjerrum
length /g = e? /(4mepewkpT') corresponding to the characteristic interionic distance where the ions
interact with the thermal energy kpT', with the relative permittivity of water ey ~ 78, and the
vacuum permittivity g9 = 8.854 x 107'2 F/m,

In our model, as the radius of the DNA and the nanopore are much smaller than their respective
radii, i.e. d < Ly, and a < Lj, we will neglect edge effects and approximate the nanopore and the
polymer as infinitely long concentric cylinders. Owing to the resulting cylindrical symmetry of the
system, the liquid velocity, the electrostatic potential, and the ion densities depend exclusively on the
radial distance r from the nanopore axis, i.e. uc(r) = uc(r), ¢(r) = ¢(r), and p;(r) = pi(r).

The hydrodynamic boundary conditions (BCs) that should be imposed to the solution of the
Stokes Eq. (2.1) are the no-slip BCs at the pore wall (7 = d) and on the polymer surface (r = a), i.e.

uc(r =d) =0; uc(r = a) = vp, (2.4)

where v, stands for the polymer translocation velocity. Moreover, the electrostatic BCs that should
be satisfied by the solution of the Poisson identity (2.2) are the Gauss’ laws on the pore and polymer
surfaces, i.e.

¢ (d) = —4mlgoy; ¢'(a) = 4rlpop. (2.5)

In order to derive the convective liquid velocity and the polymer translocation velocity, first, we
substitute the liquid charge density obtained from the Poisson Eq. (2.2) into the Stokes identity (2.1).
Expressing the result in the cylindrical coordinate system associated with the symmetry of the
nanopore-polymer complex, one obtains

ek
7T£B7“

ap _

Orropd(r) — T

garr&«uc(r) 0. (2.6)

Integrating Eq. (2.6) twice with respect to the radial coordinate 7, the convective velocity follows as

el AP

o(r) + L r? +cilnr + ca. (2.7)

uc(r)

B 4dmlpn

In order to fix the integration constants c¢; and cg, we impose to Eq. (2.7) the no-slip BCs in
Eq. (2.4). Moreover, we take into account the steady-state translocation condition set by the force-
balance equation F¢ + Fg, = 0 on the polymer, with the electric force F¢) = —2mal,op,EU, and the
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hydrodynamic shear force Fg, = 2raLynul(a)i, acting on the polymer surface. Finally, accounting
for the second BC in Eq. (2.5), after some algebra, the convective liquid velocity and the polymer
translocation velocity follow as

elr) = o 00 = 8] = o [ =2 =2 (5] (25)
vy = 4;€EB - [6(a) — 0(d)] - 4211; [dQ —a?—2a%In <Z>] . (2.9)

The first and second terms on the r.h.s. of Egs. (2.8) and (2.9) are the voltage-driven and
pressure-induced velocity components, respectively. In Eq. (2.9), the first term of the voltage-driven
velocity vprp = eE¢(a)/(4nlpn) corresponds to the EP component of the polymer mobility. This
component oriented along the negative z axis is induced by the direct coupling of the external field F
to the anionic DNA surface charges dressed by their counterions (see Figure 1). Then, the second term
vp o = —eE¢(d)/(4mlrn) is the electroosmotically driven polymer mobility component of opposite
direction. The latter is induced by the shear force exerted by the diffuse cations brought into the pore
by the negatively charged membrane, and driven by the external field E along the positive z axis.
Finally, the streaming velocity components of Egs. (2.8) and (2.9) correspond to a Poiseuille velocity
profile augmented by the presence of the cylindrical DNA molecule in the midpore.

2.2.2. Transforming the Poisson Eq. (2.2) into the PB Eq.

In order to calculate the average potential ¢(r) required for the evaluation of the velocities (2.8) and
(2.9), one has to specify the dependence of the ion density p;(r) in Egs. (2.2) and (2.3) on the average
potential ¢(r). To this aim, we use an electrostatic MF approximation and replace the ion density in
Eq. (2.3) by the ionic Boltzmann distribution [34],

pilr) = pipe 400, (2.10)

where we introduced the bulk reservoir concentration p;, of the ionic species i. For the monovalent
KCI electrolyte with concentrations p;, = pp and valencies ¢; = £1, the Poisson Eq. (2.2) takes the
form of a second-order nonlinear differential equation corresponding to the MF-level PB Eq.,

r0,r9,¢(r) — K? sinh ¢(r) = 0, (2.11)

where we introduced the Debye-Hiickel screening parameter k = +/8mlppp. The PB Eq. (2.11) coupled
with the BCs in Eq. (2.5) can be numerically solved with a fourth-order Runge-Kutta algorithm.

2.2.3. Computation of the ion conductance

The ion current flowing through a cylindrical volume of radius r located between the polymer and
the nanopore surfaces (a < r < d) is given by the surface integral of the electrolyte flux density,

i(r) = 2me Z qi /T dr'r’ p; (r"u; (r'). (2.12)
i=t ¢
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In Eq. (2.12), the net ion velocity u;(r) = uc(r) + ur,; of the species i is composed of the convective
solvent velocity uc(r) in Eq. (2.8), and the electrophoretically induced conductive velocity component
ur; = psign(g;)E, where the electrophoretic (EP) ion mobilities are py = 7.616 x 1078 m?V~1s~!
for the K+ cations, and p_ = 7.909 x 1078 m?V~!s~! for the CI~ anions [35]. Expressing Eq. (2.12)
in terms of these velocity components, and using Eq. (2.8), the net ion current takes the form of a
linear response relation,

i(r) = Gy(r)AV + Gp(r)AP, (2.13)

with the voltage-driven and streaming conductances of the inner pore zone with radius a < r < d,

_ 2me Z/ dr'r’pi(r {Iqilm + 47(:3;77 [6() — 6(d)] }; (2.14)

Gp(r) = 2;; / dr'r’ pe(r') [dz —7"? —24%In (;{)] . (2.15)

The total current I =i(r = d) through the polymer-blocked pore follows from Eq. (2.13) as

I = Gv(d)AV—l-Gp(d)AP (2.16)

From Egs. (2.13)—(2.15), the ionic current density J;(r) of the species ¢ defined as
T
=: 27r/ dr'r'z Ji(r") (2.17)
a i=+

follows in the form

eAV

50) =2 i) {ladus + S 100) — ol + BT ) - -2 (4)] 2

Eq. (2.18) will allow to identify the local contribution of different salt species to the ionic current.

We recast now the conductances (2.14) and (2.15) in a form that facilitates the identification of
the current composition. First, we focus on the voltage-driven conductance (2.14). Inserting into the
latter equality the identity p.(r) = —0, [r0,¢(r)] /(4nlpr) following from the Poisson Eq. (2.2), and
performing an integration by parts, one obtains

Gy(r) = ?Zlq@-lm /T dr'v’ p(r') (2.19)
o= a
62 r
—i—m {/ dr'r’ [qﬁ'(r')]Q —r¢'(r) [p(r) — ¢(d)] — dmlpopa [p(d) — gb(a)]} )

Setting r = d, the total voltage-driven conductance follows in the form

2 2

2 d
= T, 2 laln / e + g [t [0 = S o) — ola]. (220
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In Eq. (2.20), the first term is the conductive transport component originating from the electrophoretic
mobility of the individual ions. Then, the second and third terms are the convective current contri-
butions originating from the free ions, and the counterions brought by the polymer into the pore,
respectively.

Finally, we consider the streaming conductance (2.15). Eliminating from the latter the ionic
charge density with the Poisson Eq. (2.2), and carrying out two integrations by parts, one obtains

Gp(r) = —Wﬁ { [d2 —7r2-2¢%In <f>} r¢'(r) — dmlpopa [d2 —a?—-2d°In <Z>} }(2.21)

e

Thus, for r = d, the total streaming conductance follows as

d
Gp(d) = _W}sz/a dr'r’ [¢(d) — o(r")] + % [dz —a* —2d*In (;Z)] . (2.22)

The first term on the r.h.s. of Eq. (2.22) corresponds to the streaming current component associated
with the diffuse ions. Then, the second term accounts for the additional contribution from the counte-
rions bound to the translocating polymer. In the remainder, we will use the identities (2.13)—(2.22) to
evaluate the induced magnetic field signals triggered by the electrophoretically driven and the pressure-
induced polymer translocation events. We finally note that the limit of the conductances (2.19) and
(2.22) for DNA-free pores follows from the evaluation of the corresponding identities at @ = 0 and
op = 0.

2.3. Derivation of the induced magnetic fields

Within the framework of the charge transport formalism developed in the previous part, we derive here
the magnetic fields induced by the voltage- and pressure-driven ionic currents during translocation.
We consider exclusively the stationary fields and thus neglect any transient effects. Within this static
limit, the induced magnetic field B(r) satisfies the Ampere law,

B(r) - df = poitot(r), (2.23)
c(s)

where C(S) is the circular contour of radius r > a enclosing the surface S = 7r? parallel with the
cross-sectional area of the nanopore [36]. Moreover, g = 47 x10~7 N/A? is the magnetic permeability
of the medium, and the function it (r) is the ionic current (2.13) augmented by the longitudinally
moving DNA surface charges, i.e.

it (1) = i(1) — evyp #@ d?s opd(r — a) = i(r) — 2maopevy. (2.24)

Due to the cylindrical symmetry of the charges inducing the magnetic field B(r), the latter is
purely tangent to the contour of the inner pore surface with radius 7, and it depends only on the radial
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distance r from the pore axis. Considering these points in the Ampere law (2.23), and substituting
into the latter identity Eq. (2.24) together with Eq. (2.13), the induced magnetic field follows as

B(r) = By (r) + Bp(r), (2.25)

with the voltage- and pressure-induced field components given by

By(r) = % Gy (r)0(d — r) + Gy (d)0(r — d)] ; (2.26)
Bp(r) = Mgfrp [Gp(r)0(d—7)+ Gp(d)d(r —d)]. (2.27)

In Egs. (2.26) and (2.27), we used the Heaviside step function 6(z). We also introduced the ion
conductances augmented by the flowing DNA charges taken into account by the second term on the
r.hs. of Eq. (2.24),

2

Gvlr) = i:g;mmuéﬂwwmvv+&w;hm{me%%wWNQ—rwwnmm—¢unkz%>
Ge(r) = —5, EZ T / "' [8(r) — 6] - 7 &Z i [dQ — 72~ 24%In <f>] re (r). (2.29)

Thus, inside the nanopore r < d, the induced magnetic field components (2.26) and (2.27) read

By(r) = poAVe i1 " ) (2.30)
v T, sz:: q u/a p

M Tr'r' ’1“'2—7"7“ r)— :

st { [ [ =) o) - ot |
Bp(r) = —m / dr'r’ [(r) — ¢(r")] — m {d2 — 12— 2a’In (f)] ¢ (r)(2.31)

The magnetic field identities (2.26) and (2.27) are the main theoretical results of the present
work. In the remainder, these equalities will be used to predict the variation of the ionic current-
induced magnetic fields by polymer translocation events.

3. Results
3.1. Voltage-driven current blockade: theory versus experiments

In this part, we use the transport formalism introduced in the previous section to probe the ionic
current signals induced by the voltage-driven polymer translocation events. Thus, we switch off the
pressure gradient and set AP = 0. The radius of the ds-DNA molecule and its effective smeared

surface charge density are @ = 1 nm [37] and ope = 0.4 e/nm? [26]. Moreover, the radius and the
surface charge of the solid-state nanopore, its thickness, and the external voltage taken from Ref. [8]
are d =5 nm, ope = 0.06 C/m?, Ly, =34 nm, and AV =120 mV.
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Figure 2. (a) Voltage-driven conductance (2.20) in open (blue) and DNA-blocked pores (red), and (b) alteration
of the pore conductance by translocation events versus the salt concentration. In (b), the disk symbols are the
current blockade data from the transport experiments of Smeets et al. [8], and the solid curve is the theoretical
prediction corresponding to the difference of the curves in (a). (c¢) Radial profile of the pore conductance (2.19)
(main plot), and the corresponding signal profile (inset) at two different salt concentrations. See the main text
for the model parameters.
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Figure 3. Radial density distribution (2.10) (top plots) and voltage-driven ionic current density (2.18) (bottom
plots) of the species KT and C1™ in open (dashed blue) and DNA-blocked pores (red) at the salt concentration
(a)-(d) pr =0.1 M and (e)-(h) pp = 1.0 M. The model parameters are the same as in Figures 2(a)-(b).

Figure 2a displays the conductance of the open and DNA-blocked pores obtained from Eq. (2.20)
against the salt concentration. The plot shows that at low concentrations pp, < 0.35 M, the translo-
cated pore exhibits a stronger ion conductance than the open pore. However, at larger salt concentra-
tions pp 2 0.35 M, the conductance of the DN A-free nanopore exceeds that of the blocked pore. The
corresponding current signal obtained from the difference of the blue and red curves is reported in
Figure 2b (solid curve). In the low concentration regime, the positive value of the signal (AGy > 0)
indicates that DNA translocation in dilute salt results in the enhancement of the ionic current through
the open pore. Then, upon the rise of the salt concentration from p, ~ 0.05 M to 1.0 M, the current
signal drops, and switches from positive to negative (AGy < 0) at pp, ~ 0.35 M. Thus, in dense salt
solutions, DNA translocation causes the net blockage of the ion current through the nanopore.

In Figure 2b, we equally reported the experimental conductance data obtained by Smeets et
al. [8] (disk symbols). These data have been previously confronted in Ref. [26] with a correlation-
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corrected transport theory. Figure 2b displays the first confrontation of the present MF-level transport
theory with the experimental data. This comparison shows that in the submolar concentration range,
our theory neglecting the charge correlations considered in Ref. [26] exhibits a good quantitative agree-
ment with the experiments. The deviation of the theoretical prediction from the experimental data at
the molar concentration p, = 1.0 M may be due to the onset of significant ionic hard-core interactions
absent in the present continuous theory. This said, the overall agreement of our MF formalism with the
experimental conductivity indicates that monovalent ion transport and polymer translocation through
large solid-state nanopores are mainly governed by MF-level electrohydrodynamics.

In order to illustrate the mechanism behind the nonuniform effect of the DNA translocation
on the ion current, in Figure 3, we display the radial ion distribution (2.10) (top plots) and the
ionic current density (2.18) (bottom plots) of the species KT and Cl~ in open (dashed blue curves)
and DNA-blocked pores (solid red curves) at two different salt concentrations. First, Figures 3a—3d
indicate that in dilute salt (pp = 0.1 M), the main contribution to the ion current through the DNA-
free pore originates from the interfacial K™ counterions attracted by the anionic pore wall. Then, one
notes that DNA penetration into the pore brings two opposing effects to ion transport. Namely, the
translocation event blocks the weak ion current through the mid-pore region at r < 10 A, but the
anionic polymer also brings extra K counterions flowing in the cylindrical layer 10 A < < 20 A.
As the cumulative current density associated with these additional counterions (the area under the red
curve) is significantly larger than that associated with the mobile ions blocked by the DNA molecule
(the area under the blue curve), DNA translocation in dilute salt leads to the net current increment
observed in the low concentration regime of Figure 2b.

Figures 3e-3h indicate that in the opposite regime of large salt concentrations (p, = 1.0 M)
where the ion transport in the midpore region is governed by bulk-like elektrokinetics, the number
and current densities of the Kt and Cl~ ions in the zone r < 10 A of the open pore are comparable
with that of the KT cations attracted by the pore wall and the DNA surface. As a result, during
translocation, the negative contribution from the DNA-induced ion blockage to the net current domi-
nates the incremental effect of the extra KT counterions dragged by the DNA molecule into the pore.
Consequently, DNA translocation in dense salt solutions leads to the net current decrement observed
in the large concentration regime of Figure 2b. We note that this transport picture emerging from
our quantitative analysis agrees with the electroneutrality-based qualitative explanation proposed in
Ref. [8].

In Figure 2c, the corresponding effect is equally illustrated in terms of the conductance pro-
file (2.19) (main plot) and the current signal profile (inset). One sees that at the dilute salt concentra-
tion pr, = 0.1 M, the conductance increment (AGy(r) > 0) induced by the DNA-bound counterions
at d > r > a has a larger magnitude than the conductance drop (AGy(r) < 0) caused by the DNA-
induced ion blockage in the midpore region r < a. This rises the local current of the DNA-blocked
pore (red curve in the main plot) above the free pore current (blue curve). However, the signal profile
in the inset indicates at the molar salt concentration pp, = 1.0 M, the reduction of the conductance
at r < a by the translocating DNA is too strong to be compensated by the incremental effect of the
extra counterions at d > r > a. The main plot shows that this leads to a net current decrement by
translocation at all points inside the nanopore.
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Figure 4. Top: Radial profile of the magnetic field (2.30) induced by the voltage-driven current in open (blue)
and DNA-blocked pores (red) at various salt concentrations indicated in the legends. Bottom: The magnetic
field signal corresponding to the difference of the curves in the top plots. The model parameters are the same
as in Figures 2a and 2b.

3.2. Magnetic field signals induced by voltage-driven currents

We predict now the magnetic field signals associated with these voltage-driven polymer translocation
events. The top panels of Figure 4 display the magnetic field profile in Eq. (2.30) at various salt
concentrations indicated in the legends. These plots indicate that over the entire concentration range
of Figures 2a and 2b, the voltage-driven ion current flowing along the positive z axis of the DNA-free
pore induces a positive magnetic field of the order By (r) ~ 10 — 100 nT rising monotonically from
the pore axis to the pore wall (blue curves).

Figure 4a shows that in the dilute salt regime, DNA translocation modifies the corresponding
magnetic field of the open pore at three different levels (red curve). Namely, within the charge-

free DNA volume at 7 < 10 A, the polymer cancels the magnetic field, i.e. By(r) = 0. Then, in
the immediate vicinity of the DNA molecule dragged by the EO flow along the positive z axis, the
anionic DNA surface charges generate a weakly negative magnetic field of order By (r) ~ —2 nT,
thereby inverting locally the sign of the positive field predominantly induced by the KT cations in
the DNA-free nanopore. Finally, moving away from the DNA surface towards the nanopore wall, the
K™ cations attracted by the negatively charged membrane and the additional K ions brought by the
DNA molecule turn the magnetic field from a negative to a positive value higher than the magnetic
field of the open pore. Thus, in dilute salt, DNA translocation enhances the current-induced magnetic
field of the DNA-free pore.

In Figure 4(b), we illustrate the radial distribution of the resulting magnetic field signal during
translocation. One sees that within the DNA volume as well as in the close vicinity of the DNA
surface, the ionic current blockage caused by translocation gives rise to a magnetic field decrement
(ABy(r) < 0) characterized by a signal minimum ABy(a) ~ —4 nT at the DNA boundary. Outside
this midpore zone, the increment of the magnetic field caused by the extra KT ions brought by DNA
switches the signal from a negative to a positive value of a peak magnitude ABy (r) ~ 4 nT.

Figures 4c, 4e, and 4g show that rising the salt concentration beyond the value pp, =~ 0.2 M
where the negative contribution of the ionic current blockage by the DNA volume starts to take
over the incremental effect of the DNA-bound counterions to the net current, the enhancement of
the magnetic field by these counterions during translocation weakens gradually. As a result, in the
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high salt concentration regime py, = 0.35 M governed by the DNA-induced current blockage, polymer
translocation weakens the magnetic field in the entire pore. The impact of this feature on the field
signal is illustrated in Figures 4d, 4f, and 4h. The plots show that upon salt increment, the signal
minimum at the DNA surface deepens quickly, and the positive signal branch dissipates gradually. In
the salt concentration regime pp, 2 0.35 M, the magnetic field signal becomes purely negative, and
the signal minimum drops proportionally with the amount of added salt.
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Figure 5. (a) Streaming conductance (2.22) in open and DNA-blocked pores, and (b) the streaming current
signal (solid curve) obtained from the difference of the curves in (a). The dotted curve in (b) is the DNA-bound
counterion contribution corresponding to the second term of Eq. (2.22). The parameters are the same as in
Figures 2a and 2b.

3.3. Streaming current signals

In the remainder, we predict the magnetic field signals induced by the alteration of the streaming
currents during pressure-driven polymer translocation events. Thus, we turn off the external voltage
(AV =0), and set the external pressure to AP =1 bar. In Figure 5a, we illustrate first the variation
of the streaming conductance with the salt concentration. This plot shows that the increment of salt
weakens monotonically the positive conductance of DNA-free and blocked pores, i.e. p, T Gp(d) |.

In order to explain this feature, in Figure 6, we reported the radial ion distribution (2.10) (top
plots) and the streaming current density (2.18) (bottom plots) of the salt species at two different
salt concentrations. We first note that in contrast to the voltage-driven conductance (2.14) largely
dominated by the individual bulk conductivities of the ion species K+ and Cl~, the streaming
conductance (2.15) of purely convective origin is set by the net charge density p.(r) of the electrolyte
confined to the pore. Figures 6a—6d show that at the dilute salt concentration p, = 0.01 M, the
anionic membrane and DNA surface charges give rise to the KT excess and the C1~ deficiency inside
the nanopore, i.e. py(r) > p_(r). The resulting charge imbalance leads to a positive charge density
(pe(r) > 0) and induces a Kt -rich streaming conductance of positive sign, i.e. |Ji(r)| > |J_(r)| and
Gp(d) > 0. Then, Figures 6e-6h indicate that upon the rise of the salt concentration to p, = 1.0
M, the enhancement of the Debye screening experienced by the electrostatic potential in Eq. (2.22)
suppresses this charge imbalance, i.e. py(r) ~ p_(r) and |Jy(r)| ~ [J-(r)|. This decreases the
electrolyte charge density and the total streaming conductance of the nanopore.
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We focus now on the streaming current signal. In contrast to the nonuniform alteration of
the voltage-driven current by translocation (see Figures 2a and 2b), the comparison of the blue and
red curves in Figure 5a shows that the translocating polymer leads to the net enhancement of the
streaming conductance in the entire salt concentration regime. For a clear insight into this feature,
in Figure 5b, we reported the streaming conductance signal (solid curve) together with the second
term of Eq. (2.22) (dotted horizontal curve) embodying solely the current contribution from the K™
cations bound to the polymer. The close magnitude of these two curves indicates that streaming
current amplification by translocation is mainly due to the extra KT cations brought by DNA into
the nanopore. In Figures 7a, 7b, 7Te, and 7f), we also display at two different salt concentrations the
radial profile of the streaming conductance (2.21) in open (dashed blue) and DNA-blocked pores (solid
red), and the profile of the corresponding current signal AGp(r) (solid purple). In agreement with
the conductance curves of Figures 5a and 5b, one sees that polymer penetration amplifies the local
streaming current, generating a positive current signal AGp(r) > 0 at all points in the liquid region
a<r<d.

3.4. Magnetic field signals induced by streaming currents
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Figure 6. Radial density distribution (2.10) (top plots) and pressure-driven ionic current density (2.18) (bottom
plots) of the species KT and Cl™ in open (dashed blue) and DNA-blocked pores (red) at the salt concentration
(a)-(d) pp = 0.01 M and (e)-(h) pp = 1.0 M. The pressure gradient is AP = 1 bar. The remaining model
parameters are the same as in Figures 2a and 2b.

Figures 7c and 7d illustrate the radial profile of the magnetic fields and the field signal corre-
sponding to the streaming conductance and the current signal in Figures 7a and 7b. As expected, one
sees that the magnetic field induced by the cationic streaming current through the open pore is purely
positive. Then, one notes that in the DNA-blocked nanopore, as one moves from the DNA surface to
the pore wall, the magnetic field evolves from a strongly negative value to a positive value lower than
the field magnitude of the open pore. Thus, despite the streaming current increment originating from
the extra KT cations brought by DNA into the pore, translocation gives rise to the reduction and the
sign inversion of the magnetic field, leading to a negative field signal ABp(r) < 0 whose minimum is
sharply localized at the DNA boundary.

This seemingly counterintuitive effect can be explained by noting that the streaming current-
induced magnetic field (2.31) is related to the DNA charge-dressed conductance G'p(r) in Eq. (2.29)
obtained from the total charge current (2.24) rather than the purely ionic conductance Gp(r) in
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Eq. (2.21). In order to evaluate the additional effect of the DNA charge flow on the total charge current,
in Figures 7a and 7b, we reported the dressed conductance (2.29) (dotted red) and the corresponding
current signal (dotted purple). Indeed, one sees that while DNA translocation enhances the ionic
conductance (AGp(r) > 0), the additional contribution from the DNA surface charges leads to a net
decrease of the total charge flow in the entire pore (AGp(r) < 0). This leads in turn to the decrement
and the sign inversion of the magnetic field in Figure 7c.

Thus, while the magnetic field signal induced by the voltage-driven translocation stems from
the steric blockage of the ion conductivity by the DNA volume in the mid-pore, in Figure 7d, the
field signal triggered by the pressure-driven translocation is mainly due to the negative magnetic field
component induced by the anionic surface charges of the translocating DNA molecule. This effect
becomes more obvious at the molar salt concentration pp, = 1.0 M of Figures 7e—7h. Therein, one
notes that the variation of the total charge conductance AGp(r) and the induced magnetic field

ABy () is indeed solely due to the DNA charges dressed by their counterions at 10 A < r <20 A.
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Figure 7. (a) Radial profile of the streaming conductance in Eq. (2.21) in open (dashed blue) and DNA-
blocked pores (solid red), and the conductance (2.29) including the translocating DNA charges (dotted red).
(b) Variation of the conductance by translocation corresponding to the difference of the curves for open and
blocked pores in (a). (c) Radial profile of the magnetic field (2.31) induced by the streaming current in open
(blue) and DNA-blocked pores (red), and (d) the magnetic field signal corresponding to the difference of these
curves. The salt concentration is pp = 0.01 M. The panels (e)-(h) display the plots in (a)-(d) at the molar
concentration pp, = 1.0 M. The remaining parameters are the same as in Figure 6.

Interestingly, the comparison of Figures 7c and 7g indicate that the increment of salt concen-
tration by two orders of magnitude does not affect the depth of the magnetic field in the translocated
pore. This is in contrast with the top plots of Figure 4 where one sees that the weak negative field at
r = a induced by the voltage-driven DNA decays quickly with the increment of salt. This point can
be clarified by inspecting the analytical form of these magnetic field minima obtained from Egs. (2.30)
and (2.31) as

AVe?
By(w) =~ P 0(e) — (@) (3.1)
Bp(a) = —'uOZjEAP d? — a* — 2a*In (Z)] . (3.2)

First, one notes that the voltage-driven magnetic field minimum (3.1) is proportional to the average
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electrostatic potential subject to the Debye screening by added salt. This leads to the salt-driven
suppression of the magnetic field minimum observed in the top plots of Figure 4. However, Eq. (3.2)
indicates that in pressure-driven translocation, the magnetic field minimum induced solely by the bare
DNA charges is independent of the salt concentration. This explains the invariance of the magnetic
field at the DNA surface by salt increment from Figure 7c to Figure 7g.

4. Conclusion

In this work, we reported the first evaluation of the induced magnetic fields during voltage- and
pressure-driven translocation events. In order to verify the accuracy of our MF-level transport
formalism in predicting the ion currents at the origin of these magnetic fields, we confronted the
theoretical ion conductance curves with the experimental conductance data of Ref. [8]. In the
submolar salt concentration regime, our theory was shown to reproduce the trend of the experimental
data with quantitative precision. The agreement of our MF-level transport theory with experiments
indicates that electrostatic correlations neglected in the present work have a negligible effect on DNA
translocation through large solid-state pores confining monovalent salt solutions.

In the physical conditions and the salt concentration range of these transport experiments, we
showed that the voltage-driven current in open pores induces a positive magnetic field of the order
By (r) ~ 10 — 100 nT. During translocation events at dilute salt concentrations pp < 0.35 M, the
steric blockage of this current by DNA reduces the magnetic field, and results in a negative field signal
(ABy(r) < 0) in the vicinity of the translocating molecule. However, outside this midpore region,
the extra KT cations brought by the polymer lead to an increment of the magnetic field and induce
a positive field signal (ABy(r) > 0). Finally, in the large salt concentration regime p, 2 0.35 M
mainly governed by the ionic current blockage by DNA, translocation events reduce the magnetic field
in the entire liquid region a < r < d.

In pressure-driven DNA translocation events, the additional K™ cations dragged by the anionic
polyelectrolyte into the pore amplify the streaming current of the open pore at all salt concentrations.
However, despite this current enhancement, we found that pressure-driven translocation suppresses
the positive magnetic field of the open pore, and even inverts the sign of this field in the vicinity
of the translocating molecule. This peculiarity was shown to originate from the contribution of the
longitudinally moving DNA charges to the magnetic field; as these anionic surface charges weaken the
effect of the K™ cations at the origin of the positive magnetic field, pressure-driven DNA translocation
induces a negative field signal (ABp(r) < 0) in the entire nanopore and at all experimentally relevant
salt concentrations.

Thus, while the weakening of the induced magnetic field caused by voltage-driven translocation
is due to the steric blockage of the ionic current by the DNA volume, the reduction of the magnetic
field by pressure-driven translocation originates from the negative electrokinetic contribution of the
anionic DNA surface charges to the KT -rich streaming current at the origin of this field. We emphasize
that the order of magnitude of the corresponding field signals in the nano-Tesla range is located within
the precision of the magnetoelectric sensors able to measure magnetic fields down to the pico-Tesla
range [31, 32]. Therefore, our characterization of the correlation between the ionic currents and the
magnetic field signals during translocation can provide guiding information for the predictive design
of nanopore-based biosensing devices integrating magnetic field detection techniques.

Our translocation model is based on the rigid polymer approximation neglecting the conforma-
tional polymer fluctuations. In monovalent salt solutions, this approximation holds in the polymer
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length regime L, < 55 nm where the electrostatic repulsion between the DNA monomers sustains
the rigidity of the molecule [33]. The generalization of theory to long polyelectrolytes as well as the
evaluation of the resulting fluctuation effects on the induced magnetic fields requires the explicit in-
corporation of the polymer flexibility into our model. Due to the electrohydrodynamic nature of the
underlying formalism, this formidable task is beyond the scope of our article.

At this point, it is important to note that the experimental noise originating from the current
fluctuations is the main technical barrier limiting the routine use of polymer translocation for biose-
quencing purposes. In the case of double stranded DNA translocation experiments carried out with
SiN-based solid state pores of radius d ~ 2—4 nm at the monovalent salt concentration pp, = 1 M,
which corresponds to the experimental conditions of Figure 2b, it has been shown that the signal-to-
noise ratio (SNR) is about 15-20. Considering the linear scaling of the induced magnetic field (2.26)
with the voltage-driven current, the corresponding magnetic field noise associated with the field signals
in Figure 4h would be on the order of approximately 0.5 nT [38]. However, it should be noted that in
single-stranded DNA translocation through biological nanopores such as Mycobacterium smegmatis
porin A, the SNR can be enhanced up to approximately 650 [39]. Thus, the use of protein nanopores
may enable reducing the magnetic field noise down to approximately 15 pT.

Finally, in the present work, we focused exclusively on the magnetic fields induced by monovalent
charge transport governed by MF-level electrohydrodynamics. The breaking of this MF picture by the
presence of multivalent ions is a relevant complication to be considered in future works. Indeed, in our
earlier studies on polymer translocation, it was shown that the strong coupling interactions between
the multivalent ions, the membrane surface charges, and the polarization charges give rise to exotic
electrohydrodynamic behavior, such as the transport of anionic polymers along the external electric
field, the voltage-driven transport of overall neutral polymers via dielectrically induced EO flows,
and the giant amplification of the ionic current signals by multivalent cations during anionic polymer
translocation [26-28]. The prediction of the underlying many-body effects behind these unconventional
phenomena on the induced magnetic fields will provide a more complete characterization of the
mapping between these fields and ion transport under nanoconfinement.
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