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ABSTRACT: Electrochemical resistive-pulse (ERP) sensing with conductive carbon nanopipettes (CNPs) has recently been developed
and employed for detection of single liposomes, biological vesicles, and analysis of redox molecules contained in such vesicles.
However, the origins of different shapes of current transients produced by translocation of single vesicles through the CNP remain
poorly understood. Herein, we report extensive finite-element simulations of both portions of an ERP transient — the current block-
age by a vesicle approaching and passing through the pipette orifice and the faradaic current spike due to oxidation/reduction of
redox species released from a vesicle on the carbon surface —for different values of parameters defining the geometry and dynamics
of the vesicle/CNP system. The effects of the pipette geometry, surface charge, transport, vesicle trajectory, and collision location
on the shape of current transients are investigated. The possibility of quantitative analysis of experimental ERP transients produced
by translocations of liposomes and extracellular vesicles by fitting them to simulated curves is demonstrated. The developed theory
can enable more reliable interpretation of complicated ERP signals and characterization of the size and contents of single biological

and artificial vesicles.

Many biologically important molecules are stored in and re-
leased from vesicles, such as synaptic vesicles® 2 and exo-
somes.? A typical example is oxidative stress components, i.e.,
reactive oxygen and nitrogen species (ROS/RNS) produced in
phagolysosomes of macrophage cells.* Revealing the physico-
chemical features of vesicles, including the size, surface charge,
and the nature and concentration of encapsulated species, is
essential for understanding and regulating cell functions and
important physiological and pathological processes. Single
vesicle analysis rather than bulk measurements is required to
characterize the heterogeneity of vesicle population and as-
sess the variability of their properties.>®

Along with the optical and microscopy techniques, various
single entity methods, including resistive-pulse sensing,’ col-
lision techniques,®!® nanopipette-based electrochemical sen-
sors,** 1> and their combinations*® " have been used to detect
and quantify single lipid vesicles either in solution or in living
cells. The size and surface charge of a vesicle can be found
from the resistive-pulse signal, while the amounts of encapsu-
lated redox species can be evaluated from electrochemical col-
lision current spike. We have recently introduced electro-
chemical resistive-pulse (ERP) sensing with conductive carbon
nanopipettes (CNPs) for detection of a single vesicle and anal-
ysis of redox molecules contained in its cavity.'® By using a CNP
as a scanning electrochemical microscopy (SECM) tip*'81°, one
can insert it inside a living cell to detect intracellular vesicles®
or position near a cell surface to probe the extracellular vesi-
cles?! produced by a specific cell.

The hypothesized mechanism of the vesicle translocation
though a CNP and collision with the carbon-coated inner pi-
pette wall is shown in Scheme 1A. Once a CNP is put in the
solution containing a redox mediator, the combination of its
spherical diffusion to the pipette orifice with the fast thin-layer
mass-transfer inside the pipette cavity results a steady-state
faradaic current.?> 2 Assuming a vesicle contains the reduced
form of redox species (R), the current transient in this case is
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Scheme 1. Electrochemical resistive pulse sensing of single ves-
icles with a carbon nanopipette. (A) A vesicle containing redox
species translocates through the CNP orifice and collides with
its inner wall. (B) A transient decrease in the diffusion current
(4i;) by the vesicle blocking of the CNP orifice and a faradaic
current spike (Aif) produced by oxidation/reduction of the re-
dox species released after its rupture. Not to scale.



expected to include a current blockage (green peak in Scheme
1B) and a faradaic current spike caused by oxidation of R re-
leased during the collision (purple peak).*

The amplitude of the ERP (4i,) and the faradaic charge(Q)
can be correlated to the vesicle size and the amount of encap-
sulated redox species, respectively; while the concentration of
vesicles in solution can be evaluated from the frequency of the
current transients.”?2* The half-width of the ERP (t;) is related
to the translocation velocity,? and the amplitude of the fara-
daic spike (4is) depends on dynamics of cargo release from the
vesicle inside the CNP.%* 27 Although the feasibility of ERP
measurements of single vesicles has been demonstrated,?% 28
no comprehensive theoretical description of current transients
is currently available. In the simplified model (Scheme 1) used
for experimental data analysis in earlier publications,*2! a ves-
icle enters the pipette in the center of its orifice, and its cargo
is released through the complete and instantaneous mem-
brane rupture. Other possible translocation/release scenarios
result in a variety of shapes of current transients that remain
poorly understood.

Here we use liposomes—spherical lipid bilayer structures
with an inner cavity—as a model of biological vesicles to inves-
tigate various features of ERP transients and develop a more
complete theory for this method. Liposomes are often em-
ployed as a model of biological vesicles because they can be
precisely controlled, manipulated, and loaded with a wide
range of cargo molecules.? They have also attracted a signifi-
cant interest because of their applications to drug delivery.®®
We carried out finite-element simulations of ERPs and faradaic
current spikes produced by single liposomes loaded with redox
species and compared our computational results to experi-
mental current transients to elucidate the effects of CNP size,
half-cone angle, surface charge, transport direction, and lipo-
some/CNP collision (i.e., collision location and either complete
rupture or partial opening of the vesicle).

Experimental Section

Chemicals and materials. Pegylated remote loadable lipo-
somes were purchased from Avanti Polar Lipids and stored at
-20 °C. Aqueous solutions were prepared using deionized wa-
ter from the Milli-Q Advantage A10 system (Millipore Corp.)
equipped with Q-Gard T2 Pak, a Quantum TEX cartridge and a
VOC Pak with total organic carbon (TOC) < 1 ppb. Phosphate
buffered saline tablet and potassium ferrocyanide (KsFe(CN)g)
were obtained from Sigma-Aldrich.

Fabrication of CNPs. CNPs were fabricated according to a
previously reported protocol.'®?? Briefly, a quartz capillary was
pulled into two open nanopipettes using a laser pipet puller (P-
2000, Sutter Instrument). The chemical vapor deposition was
carried out to deposit a thin layer of carbon on the nanopipette
inner wall in a mixed gas atmosphere of methane and nitrogen
for 20 min at 950 °C.

Preparation of liposomes containing redox molecules. Sim-
ilar to the previously reported protocol,’® 25 pL pegylated re-
mote loadable liposomes (Avanti Polar Lipids) was mixed with

2.5 mL aqueous solution containing 100 mM KsFe(CN)s and 5
mM PBS in a glass vial. The mixture was then incubated at 55 °C
for 4 hours. After cooling to room temperature, it was filtered
through a PD-10 desalting column (Cytiva) using 10 mM PBS
buffer to elute the K;Fe(CN)s in the external solution.

Electrochemical resistive pulse sensing of liposomes. In ERP
experiments, a small amount of solution was drawn into the
CNP by capillary forces. A two-electrode setup included a CNP
serving as the working electrode and an Ag/AgCl external ref-
erence electrode (Scheme 1). ERP experiments were carried
out with a patch clamp amplifier (Multiclamp 700B, Molecular
Devices Corporation) in the voltage-clamp mode. A Digidata
1550A analog-to-digital converter (Molecular Devices) was
used to digitize the signal at a sampling frequency of 100 kHz
and a 2 kHz low pass filter. The data was analyzed by pClamp
10 software (Molecular Devices).

After ERP experiments, the size and geometry of CNPs were
characterized by TEM (JEOL TEM-2100 Instrument) with a rel-
atively low-energy electron beam (80 kV voltage). A nanopi-
pette was attached to the TEM grid (PELCO SynapTek™ DOT
Grids, 1 x 2 mm slot, Beryllium-Copper). The tip of the pipette
was positioned to be visible within the central hole of the grid,
and the remaining portion of the pipette was subsequently cut
off.

Simulation methods. Finite-element simulations of ion
transport processes in electrochemical and resistive pulse
sensing experiments were performed using a commercial soft-
ware package COMSOL Multiphysics 5.4 with a 3D-model. The
mass transport processes in solution were described by the
Nernst-Planck equation:

Ji = =DiVc; = Dve,vg (1)

where J;is the total flux, D;, ¢;, and z; is the diffusion coefficient,
concentration, and valence of ionic species i, respectively. F is
the Faraday constant, R is the gas constant, T is the tempera-
ture, and ¢ is the solution potential. The potential distribution
in solution is calculated busing the Poisson equation:

V2(goerd) = —F X zic; (2)
where g, €,.are the relative permittivity of the vacuum and
medium respectively. Initially, the concentration of the elec-
troactive species (cg) inside the liposome is set as 500 mM,
while that outside the liposome was 10 mM.

At the electrode/solution interface, the flux of the redox

molecules follows the Butler-Volmer equation with Frumkin
correction®:

! !
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where k% = 10 cm/s is the standard rate constant and £% = 0.1V
is formal potential for the ET process. f = zF/RT, and a is the
transfer coefficient. E = 0.5 V is the applied potential here.

The resulting current is obtained by integrating the flux of
the redox molecules at the carbon electrode surface:



i= [FJpdS (5)
where Fis the Faraday constant, S is the electrode surface.

Additional simulation details can be found in the COMSOL
simulation report (Supporting Information).

Results and Discussion

Simulated dimensionless current vs. displacement curves
(Figure 1A) for a liposome with the radius r; approaching and
entering a carbon nanopipette along its axis (vesicle 1 in Figure
1C) in solution containing the reduced form of redox species
show that the steady-state oxidation current begins to de-
crease at the separation distance, z = 3a (a is the CNP orifice
radius) and returns to the original value at z = -1a, with a vesi-
cle inside the pipette. The translocation produces an ERP with
the minimum current value occurring when the vesicle center
is close to the pipette orifice (z = 0). The current decrease re-
sults from the blockage of the diffusional flux of redox media-
tor toward the carbon surface (Figure 1C). One should notice
the increased flux at the edges of the nanopipette, as the flux
at the carbon ring is the main source of the steady-state cur-
rent at the CNPs.2® As expected, the larger the r;, the larger the
corresponding Ai, value: e.g., a 0.6% decrease (Ai/ip) corre-
sponds to r = 1/4a, while a 56% decrease is obtained when r, =
a. (No liposome with r > a can translocate through the CNP
orifice).
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Figure 1. Simulated current transients for ERP sensing of single lip-
osomes. (A, B) Dependence of the ERP shape on r; for (A) translo-
cating vesicles and (B) vesicles traveling in the plane parallel to the
CNP orifice (z = n). The coordinates of the center of the orifice are
r=0,z=0. (C) Simulated flux distribution for a diffusion-limited
oxidation of reduced redox species at the CNP surface. The trajec-
tories of liposomes translocating through the CNP (1) and traveling
laterally (2) are indicated by arrows. a =140 nm, tan® =0.1, cg =
10 mM, D = 7.6 x 10°® cm?/s; the carbon film thickness is 5 nm. (D)
Histograms of ERP amplitude and half-width time obtained from
experimental type 1 (black points) and type 2 (red points) transi-
ents in the current recording shown in Figure S1 (the experimental
data is from ref. 21). Solution contained 10 mM K4Fe(CN)s and 10
mM PBS. a =207 nm.

The diffusion current blockage can also occur when a vesicle
passes laterally near the CNP orifice without entering the pi-
pette (vesicle 2 in Figure 1C). Larger vesicles are expected to
cause larger current drop (Ai/io; Figure 1B), and the vesicles
with r; > a, can produce significant ERP signal, contrary to the
earlier assumption.?®

Experimental ERP current-time recordings obtained with ex-
tracellular vesicles® comprised two types of current transients:
(1) a resistive pulse followed by a faradaic current spike and (2)
a resistive pulse only. The simulation results in Figure 1 sug-
gest that the type 1 transients were produced by vesicles trans-
locating through the CNP orifice, while type 2 transients repre-
sent vesicles that approached the CNP orifice laterally and did
not translocate. To check this hypothesis, we analyzed the cur-
rent-time recordings obtained with a platinized CNP posi-
tioned near the breast cell surface to detect the released ex-
tracellular vesicles®! (Figure S1; Supporting Information). The
histograms obtained from such recordings (Figure 1D) show
the distributions of the ERP half-width (t;) and the extent of
current blockage for type 1 (black dots) and type 2 (red dots)
transients. As expected from simulations, type 2 transients
display smaller current blockages (-0.18 + 0.06) and shorter t;
(0.4 + 0.5 ms ) than those obtained from type 1 transients (i.e.,
-0.24 £ 0.07 and 2.8 = 0.5 ms, respectively).

We used the experimental ERP data obtained with model
liposomes to show he possibility of evaluating the size of the
vesicles from the ERP amplitude (Ai/io). In Figure 2, three ex-
perimental ERP transients (black curves) were fitted to simu-
lated curves (red dots) by using the liposome radius (r) as the
fitting parameter. With the CNP radius, a = 50 nm, the r; values
found from the fit are within the range 37.5 nm to 50 nm,
which brackets the nominal liposome radius (45 nm) reported
by the manufacturer. Itis worth pointing out the COMSOL sim-
ulations yield ERP current as a function of liposome coordinate.
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Figure 2. Fitting experimental ERPs produced by single liposomes
to the theory. Experimental and simulation parameters: a = 50
nm, tanB = 0.1, carbon film thickness =5 nm, ck =10 mM, D=7.6
x 106 cm?/s; solution contained 10 mM KFe(CN)g and 10 mM PBS.



To fit the experimental ERPs to these curves, the simulated po-
sition values were converted to the time scale using an esti-
mate for the liposome velocity, 148 pum/s, which is comparable
to the previously reported values.?> 3 Then, the simulated
steady-state current responses at a given vesicle coordinate
can be used to approximately fit the overall shape of the ex-
perimental current transients. We also used this approach to
evaluate the size of the vesicles released from breast cells (Fig-
ures S1 and 1D). From the average Ai/ip = -0.24, n = 0.9a
(where a =207 nm), i.e., 186 nm.

Other factors, such as the radial coordinate of the liposome
center during its translocation, the pipette inside geometry,
and charge density on carbon surface, may affect the shape of
ERP current transients. The blockage effect of a liposome as a
function of its r coordinate is shown in Figure S3. Qualitatively,
the liposome translocation along the carbon surface should re-
sultin a larger current drop than that along the CNP axis. How-
ever, this effect is relatively small (much smaller than the effect
of the r value; cf. Figure 1A) and should only slightly increase
the variability of ERP transients. The effects of the half-cone
angle (6; Figure S4) and surface charge density of the inner car-
bon layer (Figure S5) on the extent of the current blockage, are
essentially negligible.

Unlike conventional asymmetrical resistive pulses with the
sharp initial decrease in current followed by a slow relaxation
“tail”?> 3435 (see also Figure S6), simulated ERPs are essentially
symmetrical. This difference reflects different origins of con-
ventional and electrochemical resistive pulses: the former are
caused by the increased resistance of the pipette during the
particle translocation, while the latter are due to hindered dif-
fusion of redox species to the CNP orifice. The conical pipette
resistance is largely determined by the inner region adjacent
to its orifice (-0.15a < z < 0); therefore, the half-cone angle,
surface charge density, and solution ionic strength greatly in-
fluence the shape of conventional resistive pulses.? 3337 By
contrast, the ERP signals shown here are mainly determined by
a and r, and the effects of the pipette inside geometry and sur-
face charge density are small, allowing for simpler and more
reliable analysis of the experimental curves.

It was assumed previously®?! that after translocating across

the CNP orifice, a vesicle quickly collides with its inner wall,
bursts, and releases all its cargo (e.g., ROS/RNS), which reacts
at the carbon surface, producing a faradaic current spike.
However, TEM images of CNPs after resistive-pulse experi-
ments with liposomes (Figure 3A) showed that a vesicle may
remain intact inside the pipette and in contact with the carbon
surface. (Long ERP transients with the current dropping to
near-zero due to the complete CNP blockage by a large lipo-
some have been reported previously'®). Thus, a vesicle can
travel a significant distance inside the pipette before opening
and releasing its contents, and the shape of the resulting fara-
daic spike may depend on the collision location relative to the
pipette orifice.

Figure 3B shows faradaic current spikes simulated for differ-
ent d values (d is the z-coordinate of the vesicle center at the
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Figure 3. (A) TEM image of liposomes inside a carbon nanopipette.
(B) Simulated i-t responses for liposome cargo release near the in-
ner CNP wall at different distances from the pipette orifice. (C)
Simulated dependences of the peak current and transferred
charge on the penetration depth at the moment of the vesicle rup-
ture. (D) Experimental dependence of the transferred charge vs.
delay time (black points) obtained from single vesicle transients
(Figure S1) fitted to the simulated data (red line). Simulation pa-
rameters: a = 240 nm, r; = 120 nm, tan® = 0.1, carbon thickness =
5nm, cg=0.5M, D=7.6x10%cm?/s.

moment of its rupture; Scheme 1A). The peak current (Aj) is
significantly lower, and the spike duration is longerif d 20, i.e.,
the vesicle is not entirely inside the CNP when its cargo is re-
leased, because the redox species have to diffuse to the carbon
surface from the outer solution. The spike is much higher and
narrower at d = -a, and its height somewhat decreases with
increasing collision depth because the inner CNP radius in-
creases with increasing distance from the orifice (black curve
in Figure 3C). To simulate these transients, we assumed that
the diffusion coefficient of redox species inside the vesicle is
two orders of magnitude lower than in the buffer solution.3®3°
Although the shape and duration of simulated spikes are con-
sistent with those observed experimentally,'*2! the assumed
diffusion coefficient value is hard to validate because after the
liposome opening its contents mix with the external buffer so-
lution. The simulated Ajs vs d dependence is only semi-quanti-
tative.

The total amount of redox species released from a liposome
can be evaluated from the charge value (Q; Scheme 1B) ob-
tained by integrating the current for the corresponding spike.
If d 2 0, a fraction of the released redox species diffuse away
from the CNP, whereas if a liposome bursts inside the pipette,
all redox molecules reach the carbon wall. Thus Q increases
with penetration depth and then levels off at the value corre-
sponding to the total amount of encapsulated electroactive
molecules (red curve in Figure 3C). As the threshold Q value
represents the total amount of encapsulated electroactive
molecules, it is independent of the pipette size, as confirmed
by the overlapping faradic spikes simulated for different CNP
radii (Figure S7).



Because the d values for experimental current spikes are not
directly accessible, we used the delay time between the block-
age and the current maximum (t, in Scheme 1B, Figure S8
shows the histogram of t, values) as a measure of the collision
depth inside a CNP. Here, only these events with well sepa-
rated negative and positive peaks (to > 2 ms) are used to calcu-
late Q, as the overlap between ERP and oxidation peaks could
alter the Q values. The estimated liposome velocity from Fig-
ure 2 (148 um/s) was used to convert simulated Q vs. d curves
to the time scale (solid curve in Figure 3D). This curve is in good
agreement with experimental data points (symbols in Figure
3D) obtained for vesicles released from a breast cell,?* suggest-
ing that the charge values measured at longer to can be used
to quantify the redox species contained in individual vesicles.

The possibility of slow or partial release of the cargo from
liposomes and biological vesicles (as opposed to the instanta-
neous full rupture) has been discussed in several publica-
tions.1% 26: 27,3840 | gwer amplitude spikes with a longer dura-
tion in ERP recordings?! may represent partial release of vesicle
contents via slow diffusion through a nanopore.*® The cur-
rent-time responses were simulated for a range of pore radii
and locations on the liposome surface relative to the CNP’s in-
ner wall (Figure 4). The angle a defining the pore location (Fig-
ure 4A) varies from 0° (the pore in the liposome faces the car-
bon surface) to 180° (the pore center is at the opposite end of
the liposome diameter perpendicular to the inner wall). As ex-
pected, for a fixed pore radius (e.g., 40 nm in Figure 4A), the
highest and sharpest current spike occurs at a = 0°, and the
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Figure 4. i-t responses simulated for the release of redox species
through the nanopore formed in a liposome touching the inner
CNP wall for (A) the different pore positions and constant radius
of 40 nm, and (B) different pore radii at ¢ = 0°. The a value defines
the position of the pore center relative to the inner wall. a = 240
nm, =120 nm, d =-10a, tan® = 0.1, D = 7.6 X 108 cm?/s, ck = 0.5
M.

current peak becomes lower and broader with increasing a, as
the redox species need more time to arrive to the electrode
surface and get oxidized.

The effect of the pore radius on faradaic current spikes is
shown in Figure 4B. The peak becomes narrower, and its am-
plitude increases as the pore radius increases from 40 nm to
120 nm. Overall, a broader oxidation peak is expected for a
smaller pore in the liposome located further from the carbon
surface. The distribution of oxidation peak half-widths ob-
tained from an experimental ERP current recording (Figure S9)
shows these effects. While the analysis of the experimental
faradaic current spikes is challenging because of the large num-
ber of factors affecting their shape, the total charge obtained
by current integration is independent of pore radius, angle «,
and the collision depth inside a CNP, which enables the quan-
titative analysis of redox species encapsulated in single vesicles.

Conclusions

In conclusion, we used numerical simulations to elucidate
the features of current transients produced by translocations
of single liposomes through CNPs in electrochemical resistive-
pulse experiments. Unlike conventional resistive-pulse sens-
ing, the current blockages in ERP recordings are essentially
symmetrical and almost independent of the pipette inside ge-
ometry, surface charge density, and trajectory of a translocat-
ing vesicle. The extent of current blockage is mainly deter-
mined by the liposome and CNP radii and can be used to eval-
uate the vesicle size. By contrast, the complicated shape of
spikes produced by the electrolysis of redox species released
from a single vesicle is influenced by several factors, including
the depth of collision position, the mechanism of cargo release
from the vesicle (i.e., full rupture vs. nanopore formation), and
mass-transfer rate, which hinder quantitative analysis of cur-
rent transients. The total charge transferred during the elec-
trolysis of released redox species is largely independent of
those factors and suitable for quantifying the contents of sin-
gle liposomes and biological vesicles.
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