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ABSTRACT: Here we report for the first time that ion
current rectification (ICR) can be observed at the
micrometer scale in symmetric electrolyte solution with
polyimidazolium brush (PimB)-modified micropipets,
which we call micrometer-scale ion current rectification
(MICR). To qualitatively understand MICR, a three-layer
model including a charged layer, an electrical double layer,
and a bulk layer is proposed, which could also be extended
to understanding ICR at the nanoscale. Based on this
model, we propose that when charges in the charged layer
are comparable with those in the bulk layer, ICR would
occur regardless of whether the electrical double layers are
overlapped. Finite element simulations based on the
solution of Poisson and Nernst—Planck equations and in
situ confocal laser scanning microscopy results qualitatively
validate the experimental observations and the proposed
three-layer model. Moreover, possible factors influencing
MICR, including the length of PimB, electrolyte
concentration, and the radius of the pipet, are investigated
and discussed. This study successfully extends ICR to the
micrometer scale and thus opens a new door to the
development of ICR-based devices by taking advantage of
ease-in-manipulation and designable surface chemistry of
micropipets.

Ion current rectification (ICR) is a physical phenomenon by
which ion current in one direction is greater than that in the
other, which can be attributed to uneven transport of anions
and cations across a biological or nanostructured channel.'”>
ICR by solid-state nanopores and nanochannels has recently
attracted much attention because of its potential applications in
fluidic logic circuits (ie, iontronics),“_6 nanoionics,7 and
biosensors.®™'° Hence, ICR has been investigated in various
nanosystems,' " including nanopipets,'"> conical polymer
pores,s’Ar conical glass pores,13_16 SiN nanochannels,'” and
protein channels."”® However, ICR has so far been observed
mostly at nanometer scales, and it is difficult to achieve when
the pore diameter is 10 times larger than the Debye length.”’
There are quite limited reports on observing ICR at a
micrometer scale mainly by introducing more asymmetric
factors.”' ~** For example, Mayer et al. demonstrated a method
to generate ICR at micropipets with diameters ranging from 10
nm to 2.2 ym by using asymmetric electrolyte solution, and
assigned the main driving force for ICR to the electroosmotic
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flow.”" Shao et al. and Zhu et al. observed ICR at a micrometer
scale by using PEI-coated or biconical pipets.””** To the best of
our knowledge, no efforts have been made on polyelectrolyte
brush-modified micropores to realize ICR, although polyelec-
trolyte brushes have been used to tailor the inner surface of
nanopores in literature.”*~>*

Herein, we find that micrometer-scale ICR (MICR) can be
easily obtained at polyimidazolium brush (PimB)-modified
micropipets. PimB-modified micropipets were controllably
fabricated by surface-initiated atom transfer radical polymer-
ization (SI-ATRP, Supporting Information S1) at their inner
surfaces. As shown in Figure 1A, a standard linear current—

B

Figure 1. (A) I-V curves obtained at a bare micropipet (black curve)
and PimB-modified pipet (red curve) in 10 mM KClI solution. The
voltage sweep was in the direction from —1 V to +1 V. Scan rate, 50
mV/s. (B) SEM image of a PimB-modified micropipet. Scale bar, S
pum.

voltage curve consistent with previous reports was obtained at
bare pipets (i.e., without PimB modification) of S ym in radius
(black curve) in 10 mM KCl solution, because the pipet radius
was much lar?er than the thickness of the electrical double layer
(ca. 3 nm).""* Interestingly, a typical nonlinear current—
voltage curve (that is, the current in positive potential window
was far greater than that in negative potential window) was
observed in 10 mM KCl solution after the micropipet was
modified with PimB (red curve). The scanning electron
microscopy (SEM) image shows the orifice of a PimB-modified
pipet with a radius of ca. S um (Figure 1B), essentially
demonstrating that inner modification with PimB did not
change the pipet diameter. In other words, MICR occurred at
the PimB-modified micropipet even though the thickness of the
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electric double layer (i.e, k™' ~ 3 nm) was much smaller than
the radius (ie, @ & S um) of the pipet (ie, ka = 1670).

To investigate the influence of polyelectrolyte swelling in salt
solution on MICR, we prepared PimB-modified silica nano-
particles (SiNPs) and characterized the size of as-prepared
PimB-modified particles by SEM in a dried state and dynamic
light scattering (DLS) in 10 mM KCI. The difference in the size
of PimB-modified SiNPs obtained from SEM imaging (i.e., 186
+ 4 nm) and DLS (i.e,, 216 + 4.84 nm) indicates a ca. 30 nm
swelling of the polyelectrolyte 1n 10 mM KCl (Supporting
Information S2, Figure SI1A, ,B),*® which was negligible as
compared to the pipet radius, further excluding an overlap of
electrical double layers in Figure 1A (red curve). Although
previous studies have pointed out that a complete overlap of
the double layers is not necessary for ICR,*>*"** the
occurrence of ICR at such a large xar value has never been
observed for a polyelectrolyte brush-modified channel. To
confirm this phenomenon, we fabricated the micropipets in
different radii—150 nm, 1 pm, and 10 ym—and found that all
pipets showed nonlinear current—voltage (I-V) curves (ie,
MICR) (Supporting Information S3, Figure S2).

The occurrence of MICR was considered to originate from
the charge of the polyelectrolyte brush, which was then
confirmed by the reversed rectification when the negatively
charged polyelectrolyte brush was used to modify the pipet
(Supporting Information S4, Figure S3). The main difference
between nanoscale ICR and MICR appeared to be associated
with the difference in the charge density on the inner surface of
the pipets: for nanoscale ICR with glasses or polymers, the
surface charge density varied from 1 mC/m? to several tens of
mC/m?, while for MICR in our case, the space charge density
in the polyelectrolyte layer was estimated to be 4.3 X 10’ C/m”.

To qualitatively understand MICR, a three-layer model was
proposed, as shown in Figure 2. As we all know, the ionic

Figure 2. Schematic illustration of the proposed three-layer model
including a charged layer (CL), a double layer (DL), and a bulk layer
(BL).

current through a nanochannel or nanopore is dominated by
the ionic concentration near the orifice of the pore at a specific
potential.'>*" There are three kinds of ions contributing to the
total ionic current in the present system: the counterions in
PimB (defined as charged layer (CL), green zone in Figure 2,
right panel), the ions in the electrolyte diffusion layer (defined
as the electrical double layer (DL), pink zone in Figure 2, right
panel), and the ions in the middle of the pipet, which are
unaffected by the surface electrostatic field (defined as the bulk
layer (BL), blue zone in Figure 2, right panel). For a nanopore,
the cross-sectional area at the opening can be used to estimate
the possibility of ICR, as demonstrated by Bard et al.''
However, both simulation and experiments show that the
distribution of ions at the pore opening is nonuniform.’' ™
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Therefore, we proposed to use the total amounts of ions (i..,
quantity of electrical charges) to predict the occurrence of ICR.
Governed by the rule of electric neutrality, the total amount of
ions in CL and DL when no potential was applied across the
pipet could be estimated on the basis of the surface charge of
PimB obtained from the following equation:

Q, = pNzefrL(2a + L tan 6) (1)

where p is the inner surface grafting density, N is the degree of
polymerization, z is the charge number of the monomer, e is the
elementary charge, f is the dissociation of PimB, L is the
effective length of the pipet, « is the orifice radius, and @ is the
half cone angle of the pipet. The surface charge (Q,) was
calculated to be 1.65 X 1077 C under the present conditions
(Supporting Information SS).

For the BL presumably under no influence of electrostatic
forces, the total amount of ions could be estimated from the
electrolyte concentration by using the following equation:

Q, = 2CyNye (2)

where V, is the volume of the BL, C, is the electrolyte
concentration, N, is the Avogadro constant, and e is the
elementary charge. The total quantity of charges carried by ions
was calculated to be 1.38 X 1077 C when the electrolyte
concentration of KCl was 0.01 M (Supporting Information S6).

When a potential was applied across the pipet, ions in the CL
and the DL were controlled by both electrostatic force and bias
electric field force, while ions in the BL were controlled only by
the bias electric field. The ion concentration in the BL would be
the same in both positive and negative potentials, considering
the same mobility of K" and CI". Therefore, the current
difference at positive and negative potentials was dominated by
free counterions in the CL and the DL (i.e., Q,). When Q, <
Q,, no ICR occurred, and a linear I-V curve was obtained
(Figure 1, black curve). After the micropipet was modified with
PimB, Q, and Qy, determined from the equations above became
comparable, and MICR was observed in terms of the nonlinear
I-V curve shown in Figure 1 (red curve). Taking these
together, we proposed that when Q; is larger than or
comparable with Qp, ICR would take place.

Based on this three-layer model (Figure 2), the current at a
specific potential can be reduced to calculate the resistance in
each part at steady state. Note that, in the present system, we
only considered the CL and the BL to simplify the calculation,
since we believe that the DL bears the same variation trend of
resistance with the CL. By dividing the resistance of each zone
into massive infinitesimal parallel-plate resistance, the current
was given by the following equation (for derivation see
Supporting Information S7):

a+L tan@
=20/ Z

a+L tan 6

/
Za: (3)

where C,, and G, are the concentration of counterions in the
CL and the concentration of the bulk solution in a specific
infinitesimal unit (), respectively.

When the positive potential was applied, C, increased due to
the accumulation of ions (ie., CI7) at the CL and DL by ion
movement from the high charge density area to the low charge
density area, resulting in the high conductive state (Figure 34,
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Figure 3. (A) Schematic illustration of the ion distribution at negative
and positive potentials based on the three-layer model proposed in
Figure 2. (B) Simulated I-V curve of a S-um-radius pore with a 300-
nm-length polyelectrolyte brush layer. The space charge density was 4
X 10° C/m’. Inset, the total ion distribution at the junction of the
polyelectrolyte brush layer and the bulk layer.

inset in positive potential). Conversely, C; decreased due to the
depletion of ions in both the CL and DL when the negative
potential was applied, and the resulting low conductive state
was observed (Figure 3A, inset in negative potential; for
derivation see Supporting Information S8).

To validate the proposed model, finite element simulation
was carried out based on solution of the Poisson—Nernst—
Planck equation for symmetric KCl solution (10 mM) within a
positively charged polyelectrolyte-modified micropipet (Sup-
porting Information S9). As shown in Figure 3B, the
numerically simulated I-V response for the micropipet with a
radius of S pm mainly supports our experimental observation
that rectification occurred upon inner surface modification by
polyelectrolytes. Moreover, the ion concentration in the middle
part was almost the same as that in the bulk solution (Figure
SS). Close inspection of the vicinity of the inner wall suggests
three kinds of layers, corresponding to the CL, the DL, and the
BL, as proposed in our model. To validate the role of Q,, the
space charge density of the polyelectrolyte layer (p.) and the
length of the polyelectrolyte brush (L.) were investigated
(Figures S6 and S7). With increasing p. and L. (ie., Q,), the
rectification ratio (RR) was increased. When p_ was very small,
that is, Q, < Qy, no obvious rectification occurred (Figure S6).
When Q, was comparable with or larger than Q,, rectification
occurred. Furthermore, in situ confocal laser scanning
microscopy results experimentally highlighted the role of the
polyelectrolyte brush in anionic enrichment (Supporting
Information S10, Figure S8, and movies 1—6).

To experimentally explore the effect of the total surface
charge on MICR, we prepared a series of PimB-modified
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micropipets with different polymerization times. For ATRP
reaction, the length of the polymer brush was mainly controlled
by polymerization time when other conditions were kept the
same according to previous reports.””*> As shown in Figure 4A,
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Figure 4. (A) Dependence of the rectification ratio (RR) on

polymerization time of PimB. (B) Dependence of RR on KCl
concentration for the PimB-modified micropipets.

with increasing polymerization time, the length of the polymer
brush (ie., the total surface charge) increased, resulting in an
increase of RR (i.e., the current ratio at the opposite voltage) at
pipets with the same radius. When the polymerization time was
long enough so that the monomer concentration in solution
became the rate-limiting factor, the length of the polymer brush
stopped increasing as time prolonged, and RR leveled off to
yield a plateau in Figure 4A, which was consistent with the
results on the SiNPs surface (Figure S1C) and previously
reported results.”® This result experimentally demonstrated the
dominance of MICR by the total surface charge (Q,), further
validating the proposed three-layer model.

The dependence of RR on the electrolyte concentration was
also investigated at the PimB-modified micropipet. As shown in
Figure 4B, a peak-shaped curve was drawn between RR and the
logarithmic concentration of KCl, and the largest RR was
obtained at 10 mM KCl solution for the S-ym-radius
micropipet. This is a result of a synergistic combination of
various factors. One is the thickness of the DL, which is also the
dominant factor in nanoscale ICR,® and another is the length of
the polymer brush that shows a complex change with the
electrolyte concentration.’® Moreover, the dissociation degree
of the polymer brush at different salt concentrations would also
affect RR.”’ Different from ICR at a nanopore, MICR could be
clearly observed at relatively high electrolyte concentrations up
to 1 M KClI (ie, ka &~ 16700) (Figure 4B), suggesting that
microdevices based on MICR may be used in high-salt systems
(e.g, serum or brain microdialysate). Moreover, the MICR at
the PimB-modified micropipets was almost pH-independent
(Supporting Information S11, Figure S9).

In summary, we have observed ICR at the polyelectrolyte
brush-modified micropipet, essentially extending the knowledge
of ICR from the nanoscale to the microscale (MICR).
Compared with ICR at the nanoscale, MICR bears the
following unique properties: (1) the thickness of the electric
double layer is much smaller than the orifice radius; (2) MICR
can be obtained in high-salt solutions; (3) MICR can be
modulated by tuning the polyelectrolyte length and, as such,
the type of polyelectrolytes; (4) the diversity of polyelectrolyte
essentially endows MICR with more designability; and (5) the
relatively large size of the micropipets makes MICR-based
devices easier to handle, which is particularly useful for practical
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applications, such as in vivo sensing, and will thus pave a new
avenue for nanoionics and iontronics.
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Experimental details, Scheme S1, and Figures S1—S9
(PDF)

Movie 1, real-time concentration change of PimB-
modified micropipet in 10 mM KCI containing 1 yM
S-carboxyfluorescein at an applied potential of —3 V
(AVI)

Movie 2, real-time concentration change of PimB-
modified micropipet in 10 mM KCl containing 1 M
S-carboxyfluorescein at an applied potential of +3 V
(AVI)

Movie 3, real-time concentration change of bare
micropipet in 10 mM KCl containing 1 uM 5-
carboxyfluorescein at an applied potential of —3 V
(AVI)

Movie 4, real-time concentration change of bare
micropipet in 10 mM KCIl containing 1 yM §-
carboxyfluorescein at an applied potential of +3 V
(AVI)

Movie S, real-time concentration change of PimB-
modified micropipet in 10 mM KCI containing 1 yM
Rhodamine B at an applied potential of —3 V (AVI)
Movie 6, real-time concentration change of PimB-
modified micropipet in 10 mM KCI containing 1 M
Rhodamine B at an applied potential of +3 V (AVI)
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