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Modulation of electrophoresis, electroosmosis and
diffusion for electrical transport of proteins
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Nanopore probing of molecular level transport of proteins is strongly influenced by electrolyte type,
concentration, and solution pH. As a result, electrolyte chemistry and applied voltage are critical for
protein transport and impact, for example, capture rate (Cg), transport mechanism (i.e., electrophoresis,
electroosmosis or diffusion), and 3D conformation (e.g., chaotropic vs. kosmotropic effects). In this
study, we explored these using 0.5-4 M LiCl and KCl electrolytes with holo-human serum transferrin
(hSTf) protein as the model protein in both low (£50 mV) and high (400 mV) electric field regimes.
Unlike in KCl, where events were purely electrophoretic, the transport in LiCl transitioned from
electrophoretic to electroosmotic with decreasing salt concentration while intermediate concentrations
(i,e., 2 M and 2.5 M) were influenced by diffusion. Segregating diffusion-limited capture rate (Rgi¢) into
electrophoretic (Rqifrep) and electroosmotic (Rgitreoc) components provided an approach to calculate the
zeta-potential of hSTf ({hst) with the aid of Cr and zeta potential of the nanopore surface ({pore) With
(€pore=CnsT) governing the transport mechanism. Scrutinization of the conventional excluded volume
model revealed its shortcomings in capturing surface contributions and a new model was then
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Introduction

Nanopores are nanofluidic apertures spanning an impervious
membrane that separates two electrolyte reservoirs. When an
appropriate voltage bias is applied across the membrane,
a molecule translocates from one chamber (cis) to the other
(trans), perturbing the open pore current and generating resis-
tive pulses that are characteristic of the molecule under anal-
ysis. The applications of nanopores span a wide range of fields
such as genomics,"? proteomics,** glycomics,”® virology,”** and
lipid nanoparticles.””* Analyte transport generally occurs
through electrophoresis, electroosmosis, dielectrophoresis or
diffusion mechanisms."*™® Nanopore and analyte surface
charges play an integral role in electrophoresis and electroos-
mosis driven transport.'*** Depending on the surface charge of
the nanopore and the analyte, electrophoretic and electroos-
motic forces (Fgp and Fgo respectively) can be opposing or
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developed to fit the translocation characteristics of proteins.

reinforcing. Electrophoresis is mainly dictated by the analyte
charge (pH-dependent) and applied voltage whereas electroos-
mosis primarily relies on the nanopore surface charge (pH-
dependent), electrolyte concentration and applied voltage. The
nanopore surface charge is a complex interfacial property due to
the nanopore's restricted volume and depends on a host of
factors such as pH,* surface head groups,>* and fabrication
method.”®*” For charge-neutral molecules, electroosmosis is
imperative for translocations to occur.®*® Moreover, it has been
shown that in case of charged particles, electroosmosis can
capture particles against electrophoresis, the key factors being
the nanopore surface (for electroosmosis) and particle charge
(for electrophoresis) which are dependent on the solution
pH.'**® The electrolyte concentration also plays a vital role in
the electroosmotic transport mechanism.**?** For example, at
higher electrolyte concentrations, the electrical double layer
(EDL) which has been established to come to the fore in the
electroosmosis-dominant transport mechanism, would be more
compact and vice versa at lower concentrations. The activation
of surface charge effects by electrolyte tuning is also evident by
the deviation of the expected open-pore conductance from the
observed values at low electrolyte concentrations if surface
contributions are not accounted for properly.**** Thus, by
tuning the electrolyte concentration, one can tune the magni-
tude of the contribution of EO to the overall transport and
thereby, the capture rate (Cg) and direction/magnitude of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecular transport depending on whether Fpo opposes or
reinforces the Frp and their relative magnitudes. Electroosmosis
can be minimized through nanopore surface modifications
where the surface remains charge-neutral over a range of pH
values.”* In our previous work, we have shown that a simple
change to the electrolyte chemistry during pore fabrication
(using controlled dielectric breakdown, CDB) yields nanopores
with considerably different surface chemistry compared to the
conventional CDB nanopores. The surface charge density of
these chemically tuned CDB (CT-CDB) nanopores do not change
appreciably up to pH ~8.” Since the surface charge of a CT-CDB
nanopore at pH ~8 is (slightly) negative, for a negatively
charged analyte, if Fgp > Fgo, the translocation would occur
under positive voltage polarity and at opposite polarity if Fgo >
Fp.

Electrolytes are known to have a complex effect on the 3D
structure of proteins through interactions with, for example,
unpaired charged side chains (e.g., crosslinking through
multivalent ion binding) and the dipole peptide bonds.*
Destabilization of the protein occurs if ions bind preferentially
to the non-native state over the native state.** The electrolyte
type, according to the Hofmeister series - originating from the
work of Franz Hofmeister nearly 130 years ago - can either have
salting-in (chaotropic; destabilizing effects) or salting-out (kos-
motropic; stabilizing effects) effects on protein stability.*® The
work of Green et al. suggests that the Hofmeister effects are
prominent at high salt concentrations (0.5-3 M)*® - the range
where a host of nanopore-based protein profiling experiments
are done. More recently, Medda et al. showed that these effects
are present at physiological concentrations as well.*” Thus, the
electrolyte chemistry plays an important role in both intra- and
inter-protein interactions and ultimately on the protein 3D
structure.

To test the transport mechanism in response to electrolyte
type and concentrations, we used the holo form of hSTf as the
model protein. The hSTf is a blood glycoprotein comprised of
679 amino acids, with a molecular weight of ~80 kDa that binds
to iron with a high affinity constant (1020 M) at physiological
pH.*® This protein is critical for iron homeostasis with iron
release from hSTf clefts taking place at lower endosomal pH. In
a previous study, we observed hSTf to be dominantly trans-
locating via the electrophoretic mechanism at pH ~6 and ~8
while diffusion was seen to play a key role at pH ~4.* These
observations were inextricably linked with the pI of hSTf (~5.2-
5.6), which is also the case with most other nanopore-based
protein studies.'®® However, that study was done at a rela-
tively high salt concentration (2 M KCl), diminishing the
possibility of electroosmosis dominating the transport mecha-
nism due to charge screening. In this study, we used 0.5-4 M
LiCl and KCI (mostly in 0.5 M steps, buffered at pH ~ 8) across
an appreciably wide voltage range (£50 mV to £800 mV) to
enable the study of Cg, transport mechanism and 3D confor-
mation (e.g., chaotropic vs. kosmotropic effects). A shift in
responsive voltage polarity correlated to a transition in the
transport mechanism from electrophoresis (typically at higher
electrolyte concentrations) to electroosmosis through a diffu-
sion phase at intermediate electrolyte concentration levels.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Although, in most studies, the applied voltage is chosen arbi-
trarily to be in high (diffusion-limited) or low (barrier-limited)
electric field regime, our results reveal the shortcomings of
such choices because Cr was observed to have a voltage
threshold where the behavior was considerably different on
either side of the said threshold. This is thought to be
a combination of voltage driven unfolding coupled with
chaotropic/kosmotropic effect of ions in the electrolyte and the
magnitude and direction of Fgp and Fgo. To understand the
transport direction, the zeta potential of both the nanopore
surface ({pore) and holo-hSTf ({nere) were calculated. Since
conventional zeta potential measurements (using a Zetasizer at
relatively higher hSTf concentrations) proved to be inadequate,
we resorted to measuring the Cgr of holo-hSTf as a function of
pore to estimate {ngry. Since Cg is dependent on the resultant of
competing forces generated by electrophoresis and electroos-
mosis, when the two forces are equal, the capture rate could be
anticipated to approach zero, from which {,sr¢ was calculated.

Methods section
Nanopore fabrication and size estimation

Nanopores were fabricated on nominally ~12 nm thick silicon
nitride (Si,N,) membranes (NBPX5001Z-HR) purchased from
Norcada Inc. using the CT-CDB method” with 2:9 sodium
hypochlorite (425044, Sigma Aldrich): 1 M KCI (P9333, Sigma-
Aldrich) buffered at pH ~7 using 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma-Aldrich, H0527).
In brief, an electric field of <1 V nm™ ' was applied until an
abrupt increase in the leakage current was observed which is
indicative of a pore formation. After the initial pore-formation,
voltage pulses were applied until the pore-size of interest was
reached. To measure the final pore size, all content was thor-
oughly exchanged with 1 M KCl buffered at pH ~7 and
a current-voltage (I-V) curve was obtained. The diameter of the
fabricated pores was calculated using the slope of the I-V curve
with a formulation that included bulk, surface, and access
resistance contributions,

(Gt o)
B Gbulk + Gsurface Gzlccess

-1

=k o2 u!i } 27, + : ,u,|a ‘ (1)
0 p 0 p
T X 7 0(><2V0+6>< K

where G, ry, L, K, 05, u, « and § are the open pore conductance,
nanopore radius, membrane thickness, electrolyte conductivity,
nanopore surface charge density, mobility of counter-ions
proximal to the surface and model-dependent parameters
(both set to 2).>”*° Contribution of the access resistance to the
overall resistance become significant for pores with low thick-
ness to diameter ratios. For example, this is true for cases where
the thickness is comparable or smaller than the pore opening.
In our case, the thickness and the pore diameter are comparable
and access resistance should be accounted for as shown in eqn
(1). We would like to direct the interested readers to ref. 40 for
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further details on the origin and contribution of the o and
B parameters to the overall conductance in eqn (1).

Electrolyte preparation

All electrolyte solutions, KCI and LiCl (213233, Sigma Aldrich),
were prepared using ultra-pure water (ARS-105 Aries high purity
water systems, resistivity of >18 MQ cm). All LiCl electrolytes
were buffered with 10 mM Tris buffer (J61036, Fisher Scientific).
The pH was adjusted by adding concentrated HCl (H1758,
Sigma-Aldrich) or KOH (306568, Sigma-Aldrich) dropwise and
measured with an Orion Star™ pH meter.

Electrical measurements

Axopatch 200B (Molecular Devices LLC) was used for electrical
measurements. A PCIe-6321 (controlled through a custom
LabVIEW script (version 2016, National Instruments)) con-
nected to a BNC 2110 (National Instruments) was used to digi-
tize the output for I-V measurements. Signal digitization was
carried out using a Digidata 1440A (Molecular Devices LLC) for
translocation experiments. Current traces were acquired at
a sampling frequency of 250 kHz and lowpass filtered at 10 kHz
using the in-built Bessel filter of the Axopatch 200B.

Nanopore-based biomolecule measurements

After nanopore fabrication, baseline profiles (before the addi-
tion of hSTf to the cis side) were obtained for each electrolyte
concentration of LiCl and KCI across all operational applied
voltages (50 mV to £800 mV). All baseline profiles were free of
any resistive pulse-like perturbations. The hSTf was purchased
from Sigma Aldrich (T0665). The hSTf stock solution was stored
at ~5 °C and used within 7 days from preparation. The hSTf was
added to the cis side to a final concentration of ~100 nM. The
experiments were carried out using 500 mM (~4.1 Sm™'), 1 M
(~74Sm ), 1.5M (~11.1Sm™ ), 2 M (~12.4 Sm™ "), 2.5 M
(~13.8Sm™"),3M (~15.2Sm ") and 4 M (~17.6 Sm~ ") LiCl or
500 MM (~5.9Sm '), 1 M (~11.1Sm™ '), 1.5 M (~15.9 S m™ 1),
2M (~20.9Sm ),2.5M (~27.9Sm '), 3 M (~32.9S m ') and
4 M (~40.7 S m™ ") KCI buffered at pH 8. Single nanopores of
~14 nm diameter fabricated on ~12 nm thick silicon nitride
membranes were used for translocation experiments. Events
were analyzed using a custom script written in MATLAB (version
9.4). Three key parameters were extracted for a given event:
baseline current (I,), the magnitude of current perturbation (Al)
and event duration (A¢). The At was calculated using the full
width at the half maximum (FWHM) approach as discussed in
ESI Section 1.}

Zeta potential measurements

Measurements were obtained using a Zetasizer Nano ZS (Mal-
vern Instruments) using the procedure described in our
previous work.? The hSTf was dissolved to a final concentration
of ~25 UM in 50 mM LiCl (0.573 S m™*), 50 mM KCI (0.729 S
m ") and KCl at 0.573 S m ™" (conductivity equivalent of 50 mM
LiCl). The refractive index, dielectric constant and viscosity were
selected as 1.662, 80.4 and 0.87 cP for LiCl and 1.488, 80.4 and
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0.89 cP for KCI, respectively. The data were treated with the
Smoluchowski model in the operating software. A total of 10
cycles were performed for each electrolyte type.

Results and discussion

Solid-state nanopore experimental setup and change in
conductance

The holo form of hSTf was added to the cis side of the nanopore
and driven across the pore in response to a voltage (Vapp)
applied to the trans side as seen in Fig. 1a. Fig. 1b shows the
directions of electrophoresis and electroosmosis originating
from the interplay of the nanopore surface charge and positive
Vapp- These directions would be reversed under a negative V.
For a molecule to translocate through a nanopore, it should (i)
diffuse from the bulk to the capture zone of the nanopore, (ii)
funnel (drift dominant) to the pore entrance, and (iii) overcome
entropic (in case of long-chain polymeric molecules) and/or
electrostatic barriers. If the V,p, is not sufficient to overcome
these energetic barriers, the molecule could simply collide with
the pore entrance rather than translocating through it. Gener-
ally, the transport would either be diffusion-limited or barrier-
limited. The diffusion-limited paradigm is typically seen with
long-chain molecules under a high electric field whereas the
barrier limited paradigm is typically observed with short
molecules under a weak electric field. The Cr and V,,, would be
linearly correlated in the case of diffusion-limited transport (i.e.,
Smoluchowski's rate equation) whereas the relationship is
exponential in the case of barrier limited transport (i.e., van't
Hoff-Arrhenius formalism). The V,p, would also dictate the
translocation time (r) and 3D structure (e.g., voltage driven
protein unfolding, soft particle electro-deformation) to a large
extent. Using hSTf as the model molecule, we first investigated
the translocation behavior across an appreciably wide Vi,
range (£50 mV to 800 mV) using the two ubiquitous electro-
Iytes in nanopore technology (LiCl and KCl buffered at pH ~8)
as seen in Fig. 2a-f. The experiments were initially conducted
with 4 M and 1 M of LiCl and 2 M of KCl. Experiments with 4 M
KCI could not be conducted over the entire V,p, range (over-
loads the Axopatch 200B system) while 1 M KCl yielded
extremely poor Cg. At lower electrolyte concentrations, the
contributions from electroosmosis and the analyte-counterions
to the overall pore conductance during confinement increase.
The former (i.e., electroosmosis) opposes the electrophoretic
motion in the case of hSTf and CT-CDB fabricated pores, and
the latter increases the overall ions available for conductance.
These would cause a decrease in Cg and the signal-to-noise ratio
(SNR) of the resistive pulse, respectively. Lower SNR could also
lead resistive pulses to be not detected by the algorithm leading
to a decrease in Cg. Thus, we chose 2 M KCl, 4 M LiCl and 1 M
LiCl for further investigation. A broad range of concentrations
were later investigated as seen in Fig. 3 with a single V,, rather
than a range. The initial investigation with 2 M KCl, 4 M LiCl
and 1 M LiCl was to find a suitable V,,, for the study depicted in
Fig. 3.

Events were only observed for positive V,p, for 2 M KCI, and
4 M LiCl whereas in 1 M LiCl it is the opposite polarity that

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03903b

Open Access Article. Published on 12 July 2021. Downloaded on 11/8/2025 5:24:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) p - = . = )

T

Fig. 1

J (b)

trans

View Article Online

RSC Advances

- r 1
cis trans cis
................. e

7# EO ﬁ EP— @

BT

(a) Schematic of a nanopore setup where the analyte is added to the cis side and transported across the nanopore in response to a voltage

bias applied on the trans side. (b) The electrophoretic and electroosmotic transport mechanisms could be (left) competitive or (right) reinforcing
depending on the surface charge of the nanopore and the net charge of the analyte.

generated events (Fig. S21). The change in response to the V,,
polarity is attributed to the change in the transport mechanism
(i.e., from electrophoresis at high LiCl concentrations to elec-
troosmosis at low LiCl concentrations). In all three electrolyte
conditions, the Cr with V,,, exhibited two distinct linear
regimes (i.e., a breakpoint at ~400 mV). While 2 M KCl (Fig. 2a)
demonstrated a higher sensitivity (i.e., higher slope) after the
breakpoint (~2.5x compared to pre-breakpoint slope), in 4 M
LiCl (Fig. 2b), the sensitivity dropped by ~1.8x after the
breakpoint. Interestingly, with 1 M LiCl (Fig. 2¢) an inverse
relationship between Cr and V,p, was observed after the
breakpoint. The change in conductance due to hSTf trans-
location (AGy ) decreased with increasing V,p;, and plateaued at
~400 mV in 2 M KCl while it continued to drop in the other two
cases (Fig. 2d). The AG, was calculated by fitting a Gaussian
mixture model to the histogram distribution of change in open
pore current (Al) as outlined in ESI Section 3.1 The nonlinear
behavior of AG,¢ with V., is indicative of voltage-driven
unfolding and the plateauing is indicative of maximum
possible unfolding under the experimental conditions.>*' An
unfolded protein is typically more surface charged than its
folded counterpart due to the exposure of charged moieties that
are otherwise hidden due to folding.** According to the Hof-
meister series, Li" is a chaotropic cation while K" is a kosmo-
tropic cation.*® It is possible that with voltage-driven unfolding,
the ions of the electrolyte would have more access to the
otherwise shielded moieties due to the folded structure with
chaotropic cations denaturing and destabilizing the protein
structure compared to kosmotropic cations. Although, the
unfolding plateaus in 2 M KCI (Vapp > 400 mV), the continued
unfolding in both 4 M and 1 M LiCl could be due to these
chaotropic effects of Li*. Taken together, these could provide
explanations to the change in slope after the breakpoint in
Fig. 2a-c: (i) exposure of charged moieties through protein
unfolding would increase the contribution to electrophoretic
movement and thereby increasing the capture probability, (ii)
chaotropic destabilization would reduce the number of detect-
able molecules which would increase with additional unfolding
contributions. For example, an extra degree of unfolding
component could be introduced due to the opposing

© 2021 The Author(s). Published by the Royal Society of Chemistry

electroosmosis (dominant transport mechanism) and electro-
phoresis mechanisms in the case of 1 M LiCl (Fig. 2¢) which
would further destabilize the protein structure and by extension
the detectable molecules. The increase in the molecular length
of hSTf caused by voltage-driven unfolding would also minimize
fast translocations that defy the electronic limitations of the
Axopatch system (i.e., more molecules are detected) and would
also lead to an increase in t with V,p;, as seen in Fig. 2f and has
been observed previously as well.> As expected, the opposing
electroosmotic and electrophoretic forces lead to a higher 7 in
1 M LiCl as evident by Fig. 2f (blue trace). However, we note that
the bandwidth limitations of the Axopatch 200B amplifier may
cause ballistic events to be not detected and only those that are
delayed through interactions with the pore to be detected as
noted by previous work in the literature.** To affirm the missed
events, we first calculated the effective capture radius (reg) using
retf = Cr/2wDC where D and C are bulk diffusion coefficient
(estimated using the Stokes-Einstein equation and was found
to be ~7.6 x 10~7 cm® s™" for hSTf) and hSTf concentration
(~100 nM) respectively. The r.s at £400 mV was found to be
~1nm, ~0.6 nm and ~0.9 nm in 2 M KCI, 4 M LiCl and 1 M LiCl
respectively which is at least 14 x smaller than the pore radius.
While high bandwidth equipment would permit to detect fast
moving protein events, as noted by Tabard Cossa et al., we ob-
tained statistically significant data (>1000 events) across all
events to draw conclusions based on events slowed down
through interactions with the pore.**

At higher electric fields, experiments with 0.5 M LiCl were
not possible for two reasons: persistent clogging and poor Cr at
high electric fields. Moreover, as mentioned, hSTf continues to
unfold beyond 400 mV in 4 M LiCl and 1 M LiCl while AG,¢
plateaus at ~400 mV in 2 M KCl. Furthermore, the capture rate
in 1 M LiCl drops at voltages higher than 400 mV. Taking the
above observations of the voltage-dependent study into
account, we decided to conduct further studies at £400 mV for
the electrolyte concentration range from 1-4 M. The resistive
pulses (also called events) in response to +400 mV applied
voltages are shown in Fig. 3a and b for 1-4 M LiCl and KCl
(buffered at pH ~8), respectively. The corresponding scatter
plots are shown in Fig. 3¢ (LiCl) and Fig. 3d (KCI). Selected

RSC Adv, 2021, 11, 24398-24409 | 24401
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Fig.2 (a—c) capture rate (Cg), (d) conductance change (AGy ). (€) open-pore current change (Al ¢), and (f) translocation time () originating from
hSTf translocation as a function of applied voltage in 2 M KCl (black), 4 M LiCl (magenta) and 1 M KCl (blue) respectively. All experiments were
conducted at pH ~8 using ~14 nm diameter pores. Note that all voltages corresponding to 1 M LiCl are in negative polarity whereas the rest (i.e.,
2 M KCl and 4 M LiCl) are in positive polarity. Solid lines in (a—c) are linear fits to raw data points (on either side of the red vertical line). Three
independent runs to replicate experiments were performed with new samples across two unique nanopores of similar size. Full length of each

error bar corresponds to the standard deviation of the replicated measurements.
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change in conductance because of analyte transit with the corresponding translocation time for4 M, 3M, 2.5 M, 2 M, 1.5 M, and 1 M of (c) LiCland
(d)4 M, 3M, 25 M and, 2 M of KCl buffered at pH ~8. All experiments were conducted using ~14 nm diameter pores.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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extended current traces are shown in Fig. S3 and S4,f which
showecase the stability of CT-CDB nanopores and their resilience
to lengthy experiments spanning a considerable number of
sensing conditions (Fig. S5 shows the response at £50 mV for
0.5-4 M LiCl and KCIl with selected extended current traces
shown in Fig. S6 and S7t). Thus, the concentration analysis was
limited to 1-4 M at +400 mV. Interestingly, as seen in Fig. 3b,
KCI showed events only for +400 mV across all concentrations
whereas LiCl (Fig. 3a) showed a transition from being solely
responsive to +400 mV at higher concentrations
(electrophoresis-dominant transport mechanism), to both
polarities at intermediate concentrations and solely responsive
to —400 mV at lower concentrations (electroosmosis-dominant
transport mechanism). The zeta potential of the protein (hSTf in
this case) and the nanopore for each electrolyte type and
concentration is believed to play a vital role in the transport
direction. Considering the zeta potential of hSTf ({,srf) and that
of the nanopore wall ({ore), the resultant drift velocity of hSTf
can be expressed as vpsrs = M
are average electric field strength, solution permittivity and
viscosity of the medium, respectively.*> The quantity {nsre —
{pore Would to a large extent determine whether the mechanism
is electroosmotic ({nsre < Cpore) OF electrophoretic (Cnsre > pore)
dominated and is more broadly discussed below.

E where E, ¢ and

Transport mechanism and capture based zeta potential
measurement

To quantitatively assess the transport mechanism, {,srr must be
compared against {,ore. At high salt concentrations (smaller
Debye length compared to pore radius), {pore could be calcu-
lated using an approximate extension of Grahame equation (see
ESI Section 47 for further information),

e = k! @
where « !, ¢ and ¢, are Debye screening length, relative
permittivity, and vacuum permittivity, respectively. To deduce
o}, the open-pore conductance (G) of ~13.5 & 0.5 nm diameter
pores were measured as a function of the electrolyte concen-
tration and fitted with eqn (1) as shown in Fig. 4a (in LiCl) and
4b (in KCl). The ¢}, in LiCl (0}, 1ic1) and KCl (o, xc1) were found to
be ~ —84.1 + 6.1 mC m > and ~ —78.9 + 9.9 mC m™ > respec-
tively. This indicates that o, does not change appreciably with
the electrolyte type and the observed differences between hSTf
transport in LiCl and KCI electrolyte could be mainly due to
hSTf-electrolyte interactions. One must also be attentive to the
fact that {,.r. depends on the process chemistry by which the
membranes are fabricated and by extension the host of physi-
ochemical factors that underscore the origin of {yore. Thus, it is
prudent to construct figures resembling 4a and b even for pores
that are fabricated through the same membrane-type using
different methods since the fabrication method has been shown
to affect the final pore chemistry.”” These o, values were then
used to calculate {pocusing eqn (2) for each of electrolyte
concentrations of KCI and LiCl (see Table S17 for the calculated
values).
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Cnste Was also estimated using a Zetasizer (see Methods
section for more details).***® The measured values are shown in
Table S2+ and support the notion of LiCl shielding the charge of
the charged biomolecules compared to KC1.** Although these
values are in agreement with what we have obtained previously,*
it only satisfy the {nsrr < {pore cOndition which suggests that the
transport mechanism should be electroosmosis-dominant
across all electrolyte concentrations (see Table S1t for tabu-
lated {pore values). However, as seen in Fig. 3a, this is not the
case where a clear shift in the mechanism from electrophoresis
to electroosmosis was observed with decreasing LiCl con-
certation (with KCl been purely electrophoretic). Thus, even
when providing the correct sign, the magnitude of zeta-
potential measurements may not be accurate to describe the
observed results. Although nanopore-based zeta potential
calculation is possible,**** missed events arising from the
bandwidth limitation of the Axopatch 200B impede the proper
estimation of electrophoretic mobility essential for such calcu-
lations. Our efforts to calculate {grr through the translocation
time based nanopore methods outlined in literature corrobo-
rated this notion where the calculated values in 2 M KCland 4 M
LiCl were in unrealistic sub-uV regime (calculations not shown).
Due to the shortcomings of the {,sr¢ estimation through above
methods, we present a Cgr vs. {pore method to calculate {pgry.
Interestingly, the Cg of hSTf in KCI (unlike LiCl) drops at higher
concentrations as seen in Fig. 4c while Cg in LiCl showed
a linear dependence. This result also supports the notion that
electrolyte chemistry and V,,, should be chosen with utmost
care since proteins, unlike rigid particles and DNA undergo
significant molecular level changes especially with V,,,. Here-
after, we limit the discussion to LiCl. To quantify the observed
capture rates, we resorted to the diffusion-limited capture rate

2
(Raigr) which is given by y AV > The electrophoretic mobility

(u) can be expressed using apparent zeta potential and the
) as gd(thTf - Cpore) s

dielectric constant of the medium (g4
n

Thus, Rgircan now be expressed as,

7 ; AV 3)

Rir =

Using each of the linear fit lines shown in Fig. 4d, one can
calculate the ngrr when Ry approaches zero (Rgir — 0). The
zeta potential of hSTf at Ryier — 0 point ({ngre ™~ %) was found
to be —26.2 mV (black trace, electrophoresis dominant fit) and
—25.2 mV (magenta trace, electroosmosis dominant fit): both
yielded appreciably close zeta potential values that are much
greater than those obtained from the Zetasizer. A zeta poten-
tial <—30 mV generally indicates an unstable solution where
analytes tend to aggregate irreversibly®® and given the fact
Chse ™% ~ —30 mV, hSTf may be stable under the experi-
mental conditions of Fig. 4d. Since LiCl produced statistically
significant event counts across all electrolyte concentrations,
Rgisr — 0 may not be the best way to determine {,sr. Eqn (3) can
be separated into electrophoretic and electroosmotic components

© 2021 The Author(s). Published by the Royal Society of Chemistry
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made using egn (1) with o, as the sole free parameter. Full length of each error bar corresponds to the standard deviation of the replicated
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tively. Since the transport direction depends on the difference
in the zeta potential of the nanopore surface and the analyte
(i.e., Chste — Lpore), Wwhen the condition {,ore = {ngsre is satisfied,
the event rate is expected to approach zero provided diffusion
alone does not lead to an appreciable event rate. To check the
validity of this claim, we first calculated the frequency factor
(Rfo) from the barrier penetration using, Ry, = CDA/l where C, D
and A are bulk concentration of hSTf, diffusion coefficient of

Chste (Raigree) and Cpore (Raife,ro) Tespec-

hSTf and the cross-sectional area of the channel.*® For a ~14 nm
diameter pore through a 12 nm thick membrane with 100 nM
hSTf, Ry, was found to be ~12.4 s~ ' (D was estimated using the
Stokes-Einstein equation and was found to be ~7.6 x 107 cm?
s~' for hSTf). Using event rate at the intersection point (~1.2
s~') the activation energy (U) was found to be ~2.4kgT using R
= k % Ry exp(—U/kgT) with Ry, k and kg the activation energy (U)
governed zero voltage capture rate, probability factor (assumed
to be 1) and Boltzmann constant.*>>* Since U > kzT we wouldn't
expect diffusion alone to produce an appreciable Cgr. The
intersection point in Fig. 4d (Rai¢r,rp = Raifr,r0) May in fact be
a better representation of {pgrr. The {,ore at this intersection

© 2021 The Author(s). Published by the Royal Society of Chemistry

point was found to be ~ —25.7 mV ({fert °). The {usre can also
be used to estimate the net charge of the protein assuming
spherical shape of the protein and uniformly distributed
surface charge.>® We used a similar framework at a weaker
electric field (V,pp = +50 mV) from which i was found to
be ~ —25.9 mV (Fig. S111). However, one must understand that
eqn (3) is not properly applicable to weak electric fields. At lower
voltages (i.e., voltage approaching 0 mV), the transport mecha-
nism become barrier limited. In such cases, the Van't Hoff-
Arrhenius formalism is more applicable which is given by Ry, =
k X Rgo exp(—(U — AU)/kgT), where Ry, and AU, are the barrier-
limited capture rate and, activation energy, respectively. The AU
is typically given by gAV where g and AV are the effective charge
of the molecule and applied voltage to the electrodes. Thus,
with increasing applied voltage, the capture rate would expect to
increase exponentially. However, if the limiting case of trans-
location is diffusion, the eqn (3) is applicable and a linear
increase of capture rate with applied voltage is observed.

Modeling of change in conductance

As our previous study with hSTf showed voltage-driven unfold-
ing of protein with increasing applied voltage,®> to minimize

RSC Adv, 2021, 11, 24398-24409 | 24405
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such, we now operated at a low V,pp, (£50 mV) using 0.5-4 M
LiCl.* The change in conductance because of hSTf trans-
locations exhibited a bimodal distribution (see Fig. S12 and ESI
Section 37 for fit details). The lower AG (AG, ) did not show
a significant dependence on the electrolyte conductivity
whereas the higher AG (AGp¢) showed a proportional relation-
ship with electrolyte conductivity (Fig. S13t). The AG, ¢, given
the low applied voltage, could correlate to globular-like trans-
locations since voltage-driven unfolding would be negligible at
weak electric fields (i.e., the protein is closer to its native state).
If we disregard surface contributions - both from pore wall and
particle — the conductance change of the second population
(AGp¢) can be expressed as;

v-A

AGy=K— 12
P LT Lbr)

Sra 4)
where 4, v, and S, 4 are the excluded volume, shape factor
(assumed to be 1.5 for spheres),® and the correction factor
(dependent on the relative values of the nanopore and molec-
ular radii and assumed to be 1). As seen through the derivation
shown in ESI Section 6,} it is evident, eqn (4) holds only for
spherical particles. However, caution should be exercised when
analyte and pore radii become comparable as eqn (S5) (and by
extension eqn (S6)T) may not hold true. Although it is a common
practice to use eqn (4) to model AG, s, at low salt concentra-
tions, the surface charge effects must be considered to better
estimate AG,.** Furthermore, eqn (4) was initially derived
about five decades ago for micron-scale tubes (eqn (S10)t) but
not for nanopores.”” The numerical assignment for y (1.5) is
purely based on mathematical manipulation (eqn (S11)7)
arising by considering the transiting molecule as a sphere and
therefore assigning a value other than 1.5 needs substantial
shape-dependent refinement for the derivation that leads to eqn
(4) (see ESI Section 6 for a detailed discussion). Therefore,
considering y as a variable in the current form of eqn (4) -
a common practice in literature - is questionable as well.
Detailed information regarding the assumptions related to eqn
(4) and various models used to estimate conductance change
can be found elsewhere.*®* Circumventing the limitations of
eqn (4), AG,¢ for a protein with a radius r, translocating
through a pore with radius r, and length L submerged in an
electrolyte of conductivity K was derived to be (see ESI Section 6+
for the detailed derivation),

=
1 n 2
mry?  ule| 2w
L Keff

AGpvf =G - Keff

o]
Kegr

ax2rg+ B %

(5)

where K.¢ is the effective conductivity for a pore with an insu-
lating sphere in a solution with conductivity K. As shown in eqn
(S15) in ESI Section 6,1 Using Maxwell's approximation, K¢ can

be written in terms of volume fraction (f) of an insulating
3

4r
sphere P
3r02L

) in a solution with conductivity, K can be

=
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Fig. 5 Fits made to AG (corresponding to the histograms shown in
Fig. S1271) as a function of the conductivity of LiCl at pH ~8 using (a)
eqgn (4) and (b) egn (5) with ry, as the free parameter. The fit was done by
having ry as the sole free parameter. In the case of eqn (4), S,.q and y
were set to 1 and 1.5 respectively and 4 was substituted by the volume
of a sphere. Full length of each error bar corresponds to the standard
deviation of the replicated measurements.

fitted with both eqn (4) (S;q set to 1, Fig. 5a) and eqn (5)
(Fig. 5b). The resulting r;, values were ~3.84 (eqn (4)) and ~3.14
(eqn (5)). While both models yielded similar R> values (~0.987),
the r, value produced by our model (eqn (5)) is in close agree-
ment with the reported value for hSTf based on its molecular
volume (~3.2 nm).>*® For simplicity, in eqn (5), we have
neglected contributions from the protein charge as proteins do
not have a uniform charge or shape. Further refinement of eqn
(5), we believe, is beyond the scope of this paper, as it would
require substantial analytical modelling.

Conclusions

In this study, we have demonstrated the responsiveness of the
holo form of hSTf in LiCl and KCI concentrations ranging from
4 M to 0.5 M at pH ~8, using silicon nitride nanopores fabri-
cated through the CT-CDB process. While the responsiveness
was found to be purely electrophoretic for KCl, in LiCl, a tran-
sition from electrophoretic to electroosmotic was observed at
low electrolyte concentrations (typically <2 M) while at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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intermediate concentrations (e.g., 2 M and 2.5 M) events were
observed for both voltage polarities suggesting diffusion plays
a vital role in the translocation mechanism at such concentra-
tions. To further understand this reversal of translocation
mechanism with decreasing electrolyte concentration, the zeta
potential of both the nanopore surface ({,or) and holo-hSTf
($nste) were calculated. The (o Was calculated by surveying
the open pore nanopore conductance (G) with electrolyte
concentration and by fitting the raw data with eqn (1) to obtain
the surface charge density (0},). Then p,or Was calculated for the
range of LiCl and KCI concentrations used herein. The {,sr¢was
measured (Zetasizer) and subsequently calculated using the
correlation between (o and the diffusion-limited capture rate
(Raitr)- We used the relationship between Rgi¢ and {pore as an
alternative way to estimate {nsrs. By extrapolating the Ry to
zero (point where {pore = Cnse)y the Chsre found (Chsrd ™ 0).
Although mathematically R4 can be extrapolated to zero, for
electrolytes such as LiCl, it is not a pragmatic approximation as
events are produced for either voltage polarity under the
concentration range considered in this study. Therefore, we
looked at the event rate components corresponding to electro-
phoresis (Rqit,rp) and electroosmosis (Raif,ro) and determined
the {pore at which the two contributions become equal (the
intersection point of the rate profiles). The {ngrr at the inter-
section point ({herr°) was found to be ~25.7 mV. We then
ventured into modelling the conductance change (AG) because
of hSTf translocations. The conventionally used eqn (4) was
found to have shortcomings for its adaptation to nanopore-
based profiling and a new equation was proposed to quantify
the conductance change due to protein translocation process

(eqn (5))-
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