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Abstract

Tonic current measurements through solid state nanopores consistently show a power spectral density that
scales as 1/f% at low frequency f, with an exponent a ~ 0.5 — 1.5, but strikingly, the physical origin of
this behavior remains elusive. Here we perform simulations of particles reversibly adsorbing at the surface of
a nanopore, and show that the fluctuations in the number of adsorbed particles exhibit low-frequency pink
noise. We furthermore propose theoretical modeling for the time-dependent adsorption of particles on the
nanopore surface for various geometries, which predicts a frequency spectrum in very good agreement with
the simulation results. Altogether, our results highlight that the low-frequency noise takes its origin in the
reversible adsorption of ions at the pore surface combined with the long-lasting excursions of the ions in the
reservoirs. The scaling regime of the power spectrum extends down to a cut-off frequency which is far smaller
than simple diffusion estimates. Using realistic values for the pore dimensions and the adsorption-desorption
kinetics, this predicts the observation of pink-noise for frequencies down to the hertz for a typical solid-state

nanopore, in good agreement with experiments.

The fluctuations in the ionic current across a nanopore
or nanochannel usually exhibit an anomalous low fre-
quency dependence, in contrast to the expected white
noise (flat) spectrum?!. Experimentally, the noise spec-
trum is measured typically to scale as S(f) ~ 1/f¢
at low frequency f, with an exponent o ~ 0.5 — 1.5.
This behavior was reported in artificial nanopores and
nanotubes with various shapes and materials®'!, but
also in biological membranes!'?!3. This low-frequency
noise does reduce the signal-to-noise ratio and impedes
translocation measurement methods relying on the de-
tection of the modulation of an electrical ionic current
accompanying the passage of a macromolecule through
a nanopore 1%, Such translocation methods are now
applied for fast protein detection, genome mapping,
or DNA sequencing'”?® and the low frequency noise
reduces the sensitivity of these translocation measure-
ments®2. Reversly, understanding the origin of this
noise is of fundamental importance since it can be a
precious source of information??, for example in electro-
chemical processes?® 3, on the protonation of ionization
sites3!, the dynamics of adsorption®?, the transport of
sugars 1333735 ATP36 and antibiotic molecules®”, the
impact of nanobubbles on the ionic current??, or as a
probe for the measurement of mass flow3”.

The origin of this low-frequency contribution in ionic
current has remained elusive. Recent theoretical works

have put forward the role of ion correlations*! as well
as hydrodynamic interactions*?, as a source of low fre-
quency noise. On the experimental side, low frequency
noise measured in carbon and boron-nitride nanotubes 2’
showed dependence on the surface charge. This sug-
gests that surface effects and charge adsorption on the
channel surface play an key role for the low-frequency
spectrum. A usual result of the experiments is that
the level of current noise obeys the so-called Hooge’s
low S(f) = A x (I)?/f, with (I) the mean current,
and the coefficient A being inversely proportional to
the number of charge carriers in the sample®2543. This
points to the fluctuations of the channel conductance, G,
as the source of the noise spectrum. Indeed the current
fluctuation 41 is related to the conductance fluctuations
§G according to (612)(f) = <5?G§§f) x (I)?, in line with
Hooge’s law 1925, Now, the ionic conductance is propor-
tional to the number of charge carriers in the pore, so
that its fluctuations originate in the fluctuations of the
number of ‘free’ ions in the channel.

In this work we accordingly explore the role of
adsorption-desorption kinetics of particles (charged
and neutral) on the surface of nanopores: individual
particles diffuse in the bulk of a nanopore, and possibly
in the reservoirs, and experience adsorption-desorption
processes on the nanopore surface. Using molecular
simulations and theoretical modeling, we calculate the
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Figure 1: (A) Sketch of a cylindrical nanopore of length L,
radius R,, and connected to two half spherical reservoirs of
radius H,. The disks represent co-ions (green) and counter-
ions (blue). (B) Snapshots of the molecular dynamics system “°.
The blue and green disks are the ions and the red disks are the
traps. Solid flat walls are highlighted in gray. (C) PSDs of
the number of bounded particles at the adsorbing surface as
function of the frequency f for a charged system (full disks),
as well as for a neutral system (open squares), uncorrelated
Brownian particles (black dots), and effectively infinite cylinder
(full squares). The dashed line highlights the exponent as f~°.
PSDs have been vertically shifted for clarity. (D) Corresponding
PSDs of the number of free particles within the nanopore. The
PSD for the infinite cylinder is not represented.

frequency spectrum of free and bounded particles in
the nanopore. We explore how the geometry affects the
low frequency spectrum, as well as the impact of the
presence of reservoirs connected to the nanopore.

Simulations.

We start with the description of the process using
Molecular Dynamics (MD) simulations. MD simulations
are performed using LAMMPS*. A typical system is
shown in Fig. 1 A and consists of a cylindrical nanopore
(here with radius R, = 2nm and length L, = R,)
connected to large half-spherical reservoirs (here with
radius H,, = 20nm). The index ‘n’ stands for ‘nanopore’.
Charges are homogeneously distributed among the wall
atoms at the surface with a surface charge ¥. A number
N = 27R, L, xX/e of monovalent counterions is initially
placed in the nanopore in order to assure electroneutral-
ity (here N =5 corresponding to ¥ ~ 32mC/m?); see
Fig. 1 B. Monovalent ions of concentration ¢; = 15 mM
are added to the reservoir. The temperature of the ions
is fixed to 300 K thanks to a Langevin thermostat with
a damping time 7 = 23fs*°, leading to a diffusion coeffi-
cient D =~ 1.5 x 1075 cm?/s. The equations of motion
are integrated using the velocity Verlet algorithm %,
with a time-step equal to 2fs. Long-range Coulombic in-

teractions are calculated by means of a particle-particle
particle-mesh (PPPM) solver®”. In addition, particles
interact through a Weeks-Chandler-Andersen potential
(c=3 A), and the reversible adsorption of particles at
the nanopore surface is introduced by adding a sup-
plementary harmonic potential between fluid and wall
atoms. A counter-ion forms a bond with a wall atom
when the distance of their respective centers is lower
than o. The particle is then trapped to the surface
site by a harmonic potential; the bond however breaks
when the distance between the particle and the wall
atom’s center is higher than ¢. The particle may thus
escape thanks to thermal fluctuations. The depth of the
harmonic potential, similar to the adsorption energy, is
equal to € = 0.5 Kcal/mol. This leads to an adsorption
duration 7" distributed as P(T) = Aexp(—AT), with a
desorption frequency A =~ 0.8 GHz. More details are
given in the Appendix section. We record the number
of bounded counter-ions N at the cylinder surface as a
function of time, as well as the total number of free (non-
bounded) ions within the nanopore, Ng. Let us mention
that the value for A in the simulations was chosen to be
substantially larger than its experimental counterpart,
typically in the range Aexp ~ 102 Hz3!. This allows us to
observe a sufficient number of desorption events within
the range of the simulation time for proper statistics
and quantify the influence of the adsorption-desorption
kinetics in comparison to the theoretical predictions.

We calculate the Power Spectral Density (PSD) of
both signals Np(t) and Ng(t)*8. As shown in Fig. 1C,
the PSD of the number of bounded particles Np scales as
1/f% with a &~ 1.5, for frequency f in between 5-1073
and 5 GHz (Fig. 1 C). Note that the fluctuations of 0Np
are proportional to the fluctuations of the surface charge
density 6%. Fig. 1D then shows the PSD of the number
of free particles Np in the pore. The latter exhibits a
frequency dependence behaving as 1/f%* with a ~ 0.7
in between 5 - 1073 and 0.5 GHz, and a ~ 1.2 for larger
frequencies.

We compare these results with those obtained by
simulations of three simpler model systems:
(i) We first considered a neutral system, for which the
ions are replaced by a number N = 100 of neutral
particles and a charge-free surface. As shown in Fig.1C,
(open symbols), this leads to almost identical PSD for
the number of bounded particles. However, we find a
substantial difference on the PSD of the number of free
particles as compared to the charged case, since the
scaling of the PSD for the neutral system exhibits a
slightly lower exponent (« ~ 0.5) as compared to the
charged system (Fig. 1 D).
(ii) We also explored simulations of non-interacting
particles, since correlations between ions were shown
to be a potential source of pink noise'. We used a
conventional Brownian dynamics algorithm with over-
damped dynamics, implemented with a homemade C++
code (Method section). Strikingly, Brownian simulations



lead to results very similar to neutral MD simulations
(Fig.1CD), indicating that the observed pink noise
is not a consequence of the correlations between the
particles induced by the WCA potential. In addition,
because Brownian simulations allow for the exploration
of long duration at a low computational cost, the re-
sults reveal a plateau of the PSDs at frequencies below
fo = 4-1073 GHz, for both PSDs of the bounded Ng(t)
and free Np(t) particles. We will refer to fy as the low
frequency cut-off.

(iii) Finally, we explored the PSD in an infinite cylinder,
with a radius equal to that of the nanopore (R, = 2nm,
where ‘¢’ stands for ‘cylinder’), periodic boundary con-
ditions, and an identical adsorption energy (Fig.2A).
Note that in the infinite system, ) Np = —dNp and their
respective PSDs are identical. For high frequencies the
PSD of the bounded particle number show the same
scaling as the one obtained with the nanopore connected
to reservoirs, i.e. 1/f“ with a ~ 1.5. However it ex-
hibits a plateau for frequencies below 0.1 GHz (Fig. 1 C,
pale blue). The low frequency noise is therefore strongly
affected by the presence of the reservoirs, a behavior
which we will analyze more in details below.

o0
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where the outer sum counts the number of desorption
and re-adsorption events, P(t) is the distribution of the
desorption duration, P(t) = Aexp(—At), and Q(t) is the
survival distribution corresponding to the probability
for a particle adsorbed in ¢ = 0 to remain adsorbed at a
time t, given by

a - | Pyt 3)

Finally, J.(¢) is the first-return distribution, defined as
the probability for a particle desorbing at time ¢ = 0
to return to the cylinder surface at t. The Laplace
transform of Cpp(t) allows to perform the sum as a
geometric series, leading to the simple result
CBB(W) = %, (4)
1 — P(w)Jc(w)

where P(w) = A(A +w) ! and Q(w) = (A +w) ! are
respectively the Laplace transforms of P(t) and Q(t),
and w = 27 f.

_ For the cylinder geometry, the first-return distribution
Je(w) is calculated by solving the diffusion equation in

Modeling of the adsorption kinetics.
In order to isolate the origin of the pink noise detected
in both MD and Brownian simulations, let us focus
first on neutral particles reversibly adsorbing at the
surface of an effectively infinite cylinder (Fig.2A). Our
approach extends on the theoretical developments on
number fluctuations in a channel by Bezrukov et al.*”
as well as on the analysis by Levitz et al. on random
flights on planar surface®’:®!. We define a state variable
n'z(t) which is equal to 1 When a particle is bounded on
the surface, and 0 otherwise. The number of bounded
particles at any time ¢ follows as Np(t) = Zfil nis(t).
We assume that particles are uncorrelated among each
other. The auto-correlation function of the total number
of adsorbed particles can be written as a sum

= N2p2B + NpBCBB(t) —

(NB(0)Np(t)) Npg, (1)

where pg is the probability for a particle to be adsorbed
and Cpp(t) the single-ion correlation function, i.e. the
probability for an ion to be adsorbed at ¢ given that
it is adsorbed at t = 0. The correlation function Cgpg
can be calculated exactly in terms of the successive
adsorption-desorption-diffusion processes of the parti-
cles. Explicitly this takes the form in the present case:

cylindrical coordinates
(0 — DA)Ge(r, t|ro) =0, (5)

where G is the radially symmetric Green function and
A= r‘larraT;N Jc(w) is related to G. via the relation
Je(w) = =D0O,.G(Ryp,w|ro = Ry).

The diffusion equation is complemented by the ini-
tial condition G.(r,t = O|rg) = d(r — r9)/27r, and the
boundary condition on the pore surface which writes
—DO,Ge(r, t|ro)|r=r. = k Gc(Re,t|ro), where we intro-
duced the effective adsorption rate k (m/s). This leads
to an expression for the first-return distribution for an
infinite tube of radius R,

Jw) =14 VwD I (Rey/w/D)
¢ k Iy(Re/w/D)’

where Ip(x) is the modified Bessel functions and
OyIo(x) = I(2)%. Further details of the derivation
are given in the Supplementary Information. The PSD
follows as

(6)

S(w) = Cpp(iw) + Cpp(—iw), (7)

with i the imaginary unit, and Cpp from Eq. (4).
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Figure 2: (A) Particles (blue disks) within an effectively infinite
cylinder of radius R. and length L. with adsorbing boundary
(red surface). (B) Particles in between two effectively infinite
flat planes of lateral dimension L, separated by a distance 2R,.
(C) Particles within a sphere of radius Rs. (D) PSD of the
number of bounded particles at the adsorbing surface of an in-
finite cylinder as function of the frequency f for a tube radius
Rc = 20 nm and a desorption frequency, respectively from bot-
tom to top, A = 100 (red disks), A = 10 (gray triangles) and
A = 0.01 GHz (blue squares). Dashed lines are guides to the
eyes < f~%, full lines are the analytical calculations (Eq. (7)),
and dotted line is fo, see text for details. PSDs have been verti-
cally shifted for clarity. (E) Measured inverse cut-off frequency
fot as function of the cylinder radius Rc for three different
values of ), the black line is R2/D with D the diffusion coeffi-
cient of particles. Green stars are neutral MD simulations. (F)
PSD for a planar system with separation 2 x R, = 40nm and
a desorption frequency A = 100 GHz. (G) PSD for a sphere
radius Rs = 20nm and a desorption frequency A\ = 100 GHz.

We compare this prediction to the results of Brownian
simulation in Fig. 2D, using three values of the effective
desorption frequency, A = 0.01, 10 and 100 GHz and a
radius R, = 20nm. Note that the value for the effective
adsorption rate k = 22m/s is directly measured from
the simulations: k is obtained in terms of the average
surface concentration, ¢s (molm~2), and bulk concentra-
tion in particles, ¢, (molm~3), according to k = Acg/cp.
Overall, the agreement is shown to be excellent. For a
large desorption frequency, A = 100 GHz, corresponding
to particles quickly returning to diffusing after being
adsorbed at the surface, the PSD shows three distinct

regimes: a plateau at low frequency (f < 4-1073 GHz),
a decrease in 1/f“ with o ~ 1.5 at high frequency
(f > 10GHz), and in between a decrease in 1/ with
a =~ 0.5. As the desorption frequency A\ decreases, the
intermediate regime eventually disappears and only two
distinct scaling regimes remain (Fig. 2D). Note that a
similar impact of the desorption frequency on the scaling
of the PSD of confined molecules alternating between
diffusion and adsorption has already been reported by
Levitz et al.®'. Regardless of the desorption frequency
A, the low frequency cut-off fy is given by the diffusive
characteristic frequency fo = fp ~ D/R2, as indicated
by both Brownian and neutral MD simulations (Fig.
2E).

The results obtained for cylinders can be generalized
to alternative geometries (Fig. 2B, C), with planar and
spherical confinement and adsorbing surfaces. On the
theoretical side, for the sphere, the previous framework
still holds, with the first-return distribution Je(w) re-
placed by those calculated for spherical geometry Jq(w)
(Supplementary Information, Eq. (S45)). For the planar
geometry, the equations are slightly more complicated
because one must account for particles desorbing from
one surface and re-adsorbing to the other (Supplemen-
tary Information, Eq. (S59) to Eq. (S86)). As before,
the agreement with the simulations is found to be excel-
lent for both the planar geometry of Fig. 2 B, with the
particles diffusing in between two adsorbing plates, see
Fig. 2F, and for the spherical geometry of Fig. 2 C, see
Fig.2G.

The study of diffusion of particles within a confined
geometry with adsorbing boundaries, either in pla-
nar, cylindrical, and spherical, all lead to the same
results: the fluctuations of the number of bounded
particles exhibits pink noise, with a PSD scaling as
1/f* with « € [0.5,1.5], for frequencies above a cut-off
fixed by the inverse duration of diffusion trajectories
fo = fp ~ D/R2, where R, is the characteristic dimen-
sion of the considered system, i.e. cylinder or sphere
radius, or plate separation. The origin of the pink
noise is the diffusive return trajectories to the surfaces,
combined with the reversible adsorptions. However,
the value of the cut-off frequency remains extremely
large: indeed even for a large nanopore with radius
R, = 100nm, fy = fp ~ 10*Hz for typical ions. This
is in contradiction with experimental results, which
exhibit pink noise down to extremely small frequencies
in the range of Hz. Furthermore, our previous numerical
results for the complete system including reservoirs
exhibited pink noise down to frequencies which are far
smaller than fp, see Fig.1CD. We thus extend the
analysis to explore the effect of reservoirs connecting
the pore.

Reservoir effects.
In order to obtain insight on the cut-off frequency in the
presence of reservoirs, we study a simplified geometry



where an adsorbing system is connected to a single large
reservoir. Accordingly we focus on a system made of
two concentric spheres of respective radius Res and Heg,
with Hes > Res, as sketched in Fig. 3 A. The surface
of the inner sphere is adsorbing, and the surface of
the outer sphere is reflecting. Particles are located in
between R.s and H.s. The limit R.s > Hs is expected
to mimic, at least roughly, a nanopore connected to
large reservoirs. This geometry captures the elementary
process at play when ions escape the nanopores, while
keeping analytical calculations tractable.

In order to calculate the analytical expression for the
PSD, we solve the diffusion equation in spherical co-
ordinates, (0; — DA,)Gs(r,t|rg) = 0, where Gy is the
radially symmetric Green function and A, = r=29,720,.
The initial condition Gs(r,t = 0|rg) = &(r — 7o) /4mr?
and the boundary condition on the surface at r = R
now writes (k 4+ DO,)Gs(r,t|ro)|r=r.. = 0. In the limit
of large reservoir, H.s > R.s, we obtain the first return
distribution of particles onto the inner sphere

vwD
R + % (8)

~ D
Jes(w) ™t =1+

Further details are given in the Supplementary Infor-
mation. The calculation of the PSD of the number of
bounded particles at the inner sphere surface then follows
along the same lines as above. The Laplace transform
of the correlation function writes
Ow) o)
1 — P(w)Jes(w)’

CBB (w) =
with Jes from Eq. (8), and the PSD S(w) is deduced as
S(w) = C’BB(iw) + C’BB(—iw). To assess the validity of
the calculations, we compare to numerical simulations
in Fig.3. The inner sphere radius is R.,s = 8nm, and
the outer sphere radius is H.s = 10 X Rcs, which is large
enough to ensure that the outer sphere has no impact
on the measurement, as confirmed by convergence tests.
We performed simulations of uncorrelated Brownian
particles. For a large desorption frequency, A = 100 GHz,
the PSD of the number of bounded particles at the sur-
face of the inner sphere, Ng(t), is qualitatively similar
to the PSD obtained with confined geometry. The PSD
possesses three distinct regimes: a flat PSD at low
frequency, a PSD ~ f~3/2 at high frequency, and an in-
termediate regime with PSD ~ f~1/2 (Fig. 3B). As the
desorption frequency decreases, the intermediate regime
disappears. The agreement of the theoretical predic-
tions with the simulation results is excellent, see Fig. 3 B.

But these results are mostly interesting to obtain
further insights on the cut-off frequency, which is the
question at stake here. As highlighted by the simulations,
see Fig. 3B, a crucial difference between the concentric
spheres and confined system is that the low frequency
cut-off is pushed down to much lower frequency as
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Figure 3: (A) Concentric spheres of respective radius Rcs and
H.s, with adsorbing boundary in red and reflecting boundary
in gray. (B) PSD of the number of bounded particles at the
adsorbing surface of concentric spheres as function of the fre-
quency f for spheres of respective radius Res = 8nm and
H.s = 80nm, and a desorption frequency, respectively from
bottom to top, A = 100 (red disks), A = 1 (gray triangles)
and A = 0.01 GHz (blue squares). Dashed lines are guides
to the eyes PSD o f~¢, full lines are the analytical calcula-
tions (Eq. (9) with the result (8)). PSDs have been vertically
shifted for clarity. (Ca) Inverse of the low frequency cut-off
f(;l as measured from simulations for Res = 8 nm (symbols),
as a function of the inverse desorption frequency A~ 1. The full
line is Eq. (10), with kK = 22m/s. (Cb) Inverse of the low fre-
quency cut-off f as function of the inner sphere radius Rcs for
A = 100 (red disks), A = 1 (gray triangles) and A\ = 0.01 GHz
(blue squares), and for k = 22m/s. (Cc) Inverse of the low fre-
quency cut-off fo as function of the effective adsorption bound-
ary k for Res = 8nm and A = 1 GHz.

compared to the diffusive one when the desorption fre-
quency decreases. The diffusive cut-off fp = D/(2nR%,)
takes the value fp =~ 4 x 1073 GHz, but for the lowest
desorption frequency A, the scaling behavior PSD oc f¢
is preserved down to ~ 1075 GHz (Fig. 3 B). This echoes
the results obtained with a nanopore connected to large
reservoirs in Fig. 1 CD. Physically, our results indicate
that the typical duration of the correlations occurring
in the system is much longer in a system connected to
reservoirs, as compared with a confined geometry.

The dependency of the cut-off frequency wy as a func-
tion of the desorption frequency A, ‘pore size’ R, and
effective adsorption coefficient k is shown in Fig. 3 C.
This is compared to the analytical prediction obtained
from the calculation of the PSD above. The predicted
low frequency cut-off fo = wy/27 is deduced from

ot =1t A (10)



where fp = D/(2rR2,) and

A/ 2w

P T kD) -

where the index ‘A’ refers to the dependency in the
desorption frequency A. These predictions do match the
simulation results with varying desorption frequency A
and varying inner sphere radius R.s (Fig. 3Ca,Cb). In
order to test further the validity of Eq. (10), we also
explored the effect of an artificial increase of the effective
desorption rate k = Acs/cp. To do so, we have added a
radial force to the particles forcing them to return to the
surface of the inner sphere, hence increasing the average
fraction of particles adsorbed at the inner sphere surface
(Appendix section). For a variation of k from 1.5m/s to
980m/s, the agreement between simulation and Eq. (10)
is also excellent.

Back to the nanopore.

These results allow us to discuss more in depth the
results for the realistic nanopore in Fig. 1. Indeed, while
the above geometry is simplistic, it does capture the
elementary process of particle return which is at play
in the reservoirs of the realistic nanopore in Fig. 1. The
above Eq. (10) predicts a cut-off of fo = 4 x 1073 GHz
for the system in Fig. 1, which agrees well with the mea-
sured cut-off. Note however that in Fig. 1, the cut-off is
only clearly visible for the Brownian simulations and not
from MD due to numerical limitations at low frequencies.

To validate further Eq. (10) when applied to the case
of nanopore, we performed MD simulations using a
charged nanopore of varying radius R, = L,, with
H, = 10R,. The surface charge is ¥ = 60 mC/m? and
salt concentration is ¢, = 20 mM. In order to make the
cut-off fy detectable given the limitation of the simula-
tion, we use a high desorption frequency A = 100 Ghz.
The cut-off predicted by Eq. 10 gives an excellent agree-
ment with simulations, using the value of k = 22m/s
(Fig.4 A). MD simulations of neutral systems and Brow-
nian simulations of uncorrelated particles also fall on the
same curve. To further confirm the validity of Eq. 10, we
also vary the desorption frequency A for a nanopore of
radius R,, = 1 nm and find again an excellent agreement
between simulations and Eq. (10) (Fig. 4 B).

Finally we report the exponent of the PSD for both
the number of bounded Ng and free N particles, where
the exponent « is defined from PSD ~ f=<. MD re-
sults show that o« varies strongly with the bulk salt
concentration cg, in particular the exponent of the PSD
of Np ranges from o ~ 0.15 to ~ 1.3 (Fig.4C). The
exponent also depends on the desorption frequency A
(Fig.4D), which echoes the results obtained with the
two concentric spheres (Fig. 3B). Finally, we did vary
the surface charge from 60 to 360 mC/m?, but did not
observe significant variation of the exponent «, nor
significant variation of the cut-off f; (Supplementary

Information, Fig. S1). However, the measured increase
of k was only by a factor 2 in between ¥ = 60 and
360 mC/m?, which is expected to impact fy by about
10 % according to Eq. (10), hence smaller than the error
bars. Note that we did however observe an increase
of the level of noise with increasing surface charge %
(Supplementary Information, Fig.S1), in qualitative
agreement with the experimental observations in Ref.
25.
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Figure 4: (A) Inverse of the low frequency cut-off fo as func-
tion of the nanopore radius R,, for a charged nanopore with
surface charge ¥ = 60 mC/m?, salt concentration ¢; = 20 mM,
and desorption frequency A = 100 GHz (full symbols). We also
report results obtained with a neutral nanopore (open symbols),
and using Brownian simulations (stars). The solid line is the
prediction in Eq.(10) with & = 22m/s. (B) Inverse of the
low frequency cut-off fy as a function of the inverse desorption
frequency A\™' for a nanopore with radius R, = 1nm. (C)
Slope « of the PSD of the number of free particle (blue disks)
and number of bounded particle (red squares), for a charged
nanopore with surface charge ¥ = 60 mC/m?, desorption fre-
quency A = 0.8 GHz, and nanopore radius R,, = 2nm. Lines
are guides to the eye. (D) Slope « as a function of the des-
orption frequency for a charged nanopore with surface charge
¥ = 60 mC/m?, nanopore radius R, = 1nm, and salt concen-
tration ¢s = 20 mM. Lines are guides to the eye.

Discussion.

In this work we have shown that the fluctuations as-
sociated with particles reversibly adsorbing at a solid
surface lead to a signal with a PSD scaling as 1/, with
an exponent « typically in the range 0.5 to 1.5. We
recall that the conductance fluctuations are expected
to be directly proportional to the PSD-ef-thefreetons
the fluctuations in the number of free ions, so that the
results for the free particles PSD apply to the conduc-
tance as well. A crucial remark though is that this
low-frequency scaling behavior is observed only above



a minimum frequency cut-off fy. Our predictions show
that fy depends not only on the system size and particles
diffusion coefficient, but also on the desorption energy
and adsorption rate. When the adsorption-desorption
process is limiting (k > D/R.), the cut-off frequency
predicted from Eq. (10) is typically

wWo - AD

fo= o 27kR.

(12)

Based on these results, we are now in position to discuss
the experimental observations. While the prediction of
1/f* noise is indeed in agreement with the experiments,

it is essential to assess that—therange—of-observation
for-also-matehesthe-experimental-ones whether the pre-

dicted range for the pink noise also matches experimen-
tal ones. In terms of orders of magnitude, simulations
showed that a cut-off frequency of about 0.004 GHz
is obtained for A ~ 0.8 GHz. While this is still very
high compared to the experimental range, one should
now estimate the cutoff frequency fy for more realis-
tic values of the adsorption-desorption kinetics. First,
the reported values for the experimental desorption fre-
quencies A\ are rather in the range A = 10* — 10°Hz,
as measured for the protonization of a transmembrane
ionic channels®!, as well as on the surface of solid-state
SiN nanopores!?. Also based on the association rate
constant kp ~ 10" — 102 M~1s~! infered for these
experiments, one may obtain an estimate for the param-
eter k (in m.s™!) as k = kr x I', with I' the number
of reactive sites per unit surface (in m~2). Using the
values for SiN'0 (' = 0.4nm~2), one gets k ~ 100m/s.
Altogether, for a typical pore of size R,, ~ 10 nm, Eq.(12)
predicts a cut-off frequency as low as 3 Hz for a solid
state nanopore. Similar estimates for nanotubes such as
those studied in Ref. 25 lead to an even smaller cutoff
in the range of a fraction of Hertz. These estimates
show that for the experimentally relevant values of the
surface adsorption-desorption coefficients, the cut-off fre-
quency may reach sub-Hertz values and thus lower than
the range of frequencies investigated experimentally. In
other words the low frequency scaling for the ionic noise
S(f) ~ f~« is expected to be observed down to very low
frequencies in solid-state nanopore and no white noise
regime is observed. However, it is interesting to note
that the white-noise regime was actually observed in
some measurements performed on protein ion channel®!,
with a pink noise behavior which is observed only above
a cut-frequency of about 5kHz. In this system, pink
noise is also expected to originate from the reversible ad-
sorption of protons at ionizable sites. Using the reported
values for A and kg for this system, one may deduce that
k ~ 10m/s. Using a typical radius of R, ~ 0.5nm for
these pores®3, one gets fo ~ 1.5 kHz from Eq. (12): this
is indeed in the same order of magnitude as the experi-
mentally observed cut-off. These experimental results
hence support the importance of surface adsorption-
desorption processes as the origin of low-frequency pink
noise. As a further confirmation of surface effects, the

amplitude of the noise in carbon nanotubes was mea-
sured in Ref. 25 to be strongly dependent on the surface
charge. This result is also in agreement with results
from the simulation, see supplementary Fig. S1
Altogether our theoretical description demonstrates
that the counter-intuitive noise spectrum observed in
nanopores takes its origin in the adsorption-desorption
process on the pore surface coupled in a crucial way to
the long-lasting excursions of the ions into the reservoirs.
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Appendix

Molecular dynamics simulations

We performed Molecular Dynamics (MD) simulations
using LAMMPS#*. The system is a cylindrical nanopore
with radius R, = 2nm and length L,, = R,, and con-
nected to large half-spherical reservoirs with radius
H,, =20nm (Fig. 1 AB). The solid surfaces are made of
a combination of fixed atoms and a solid flat wall that
interacts with the liquid by generating a force on the
atom in a direction perpendicular to the wall. Water
is modeled only in an implicit way, as a medium that
has the dielectric permittivity of water ¢, = 80. The
interaction between the solute and the water molecules
is mimicked by applying a Langevin thermostat on the
ions (temperature 7' = 300 K). The same damping time
7 = 23fs — controlling the amplitude of the viscous drag
in the Langevin model — is imposed for both species,
to ensure that they have the same diffusion coefficient,
with a value D ~ 1.5-107° cm? /s, close to experimental
ones for typical microions. The equations of motion are
integrated using the velocity Verlet algorithm“S, with a
time-step equal to 2 fs. The atomic mass of the species is
chosen to be m,+ = m,_ = 39.1g/mol, and we consider
monovalent ions. A Weeks-Chandler-Andersen potential,
keeping only the repulsive part of the Lennard-Jones
potential, is used, and all particles (ions and solid atoms)
share the same size o = 3 A. Long-range Coulombic in-
teractions are calculated by means of a particle-particle
particle-mesh (PPPM) solver.

Brownian particle simulations

We performed simulation of a random walk using a
home-made c++ code. A number N of particle is ini-
tially introduced within a finite domain at random
position. The domains are either a nanotube connected
to half spherical reservoirs (Fig1 A), an infinite cylinder



(Fig2 A), or two concentric spheres (Fig3 A). The parti-
cles do not interact with each other (particle interaction
potentials set equal to 0). The simulation time is iter-
ated with constant time step At = 1ps, and particles
positions are iterated following Brownian dynamics
(also called overdamped Langevin dynamics) procedure:
a Gaussian random number r is generated, and the
particle jumps are calculated as Ar = vV6DAtr, with
D = 1.5-107° cm? /s the particles diffusion coefficient.
When a particle reaches an adsorbing wall, it adsorbs
with a probability p.ps = 1 for a duration 7" distributed
as P(T) = XAexp(—AT) with A the desorption frequency.
An adsorbed particle is maintained fix at the surface
during T'. Data acquisition starts after an equilibrium
phase. In the case of concentric spheres, if specified, an
additional radial force is added to the particles. The
additional force is included by adding a deterministic
radial velocity to the particles.
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