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ABSTRACT

Resistive-pulse sensing is a technique widely used to detect single nanoscopic entities such
as nanoparticles and large molecules that can block the ion current flow through a nanopore or a
nanopipette. Although the species of interest, e.g., antibodies, DNA, and biological vesicles, are
typically produced by living cells, so far, they have only been detected in the bulk solution since
no localized resistive-pulse sensing in biological systems has yet been reported. In this report,
we used a nanopipette as a scanning ion conductance microscopy (SICM) tip to carry out
resistive-pulse experiments both inside immobilized living cells and near their surfaces. The
characteristic changes in the ion current occurring when the pipette punctures the cell membrane
are used to monitor its insertion into the cell cytoplasm. Following the penetration, cellular
vesicles (phagosomes, lysosomes, and/or phagolysosomes) were detected inside a RAW 264.7
macrophage. Much smaller pipettes were used to selectively detect 10 nm Au nanoparticles in
the macrophage cytoplasm. The in situ resistive-pulse detection of extracellular vesicles released
by metastatic human breast cells (MDA-MB-231) is also demonstrated. Electrochemical
resistive-pulse experiments were carried out by inserting a conductive carbon nanopipette into a
macrophage cell to sample single vesicles and measure reactive oxygen and nitrogen species

(ROS/RNS) contained inside them.
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INTRODUCTION

Direct detection, sampling and analysis of nanoscale objects in living cells, including
nanoparticles (NP) and biological vesicles, are of great importance to several areas of biomedical
research ranging from nanotoxicology, to neurochemistry, photodynamic therapy, and
immunology.' A number of biologically important species are stored and released in biological
vesicles, such as synaptic vesicles*¢ and lysosomes.” Counting, sampling, and analyzing
contents of individual vesicles inside the cell is a major challenge in bioanalytical chemistry.*
Carbon nanofibers with a small tip radius®® and platinized nano-disk electrodes'® have recently
been applied to electrochemical measurements of neurotransmitters and reactive oxygen/nitrogen
species in single biological vesicles.*!! A somewhat related problem is the detection and
analysis of extracellular vesicles'” released from biological cells that have shown potential for
cancer diagnostics.!*!* Most reported efforts focused on measuring extracellular vesicles in
blood and other body fluids,'>!® although monitoring and sampling single vesicles secreted by a
specific cell near its surface may be advantageous for research and diagnostics.

Florescence microscopy and related techniques have been widely employed for detecting
and monitoring NPs in living cells.!”!® It was noticed, however, that surface-bound fluorescent
labels may affect native cellular recognition events.!” Label-free optical techniques are typically
suitable for the detection of relatively large nanoparticles. For instance, scatter enhanced phase
contrast microscopy was used for monitoring the uptake and transport of metal and oxide NPs
down to ~35 nm.!” In situ TEM?° and surface-enhanced Raman scattering?! were used to image
unlabeled gold nanorods inside various living cells.

Resistive-pulse sensing with biological or solid-state nanopores and nanopipettes—a

powerful technique for detecting nanoscale objects, including single nanoparticles and vesicles—



relies on measurements of the ion current flowing through a nanopore.?>?* A nanoparticle
(NP)*>** or a vesicle,>?® entering the nanopore orifice affects its conductance, causing a
transient decrease in the ion current (resistive pulse). Although detecting single nanoobjects in
small spaces (e.g., inside living cells and their organelles) can be useful, all reported resistive-
pulse experiments were carried out in bulk solution. Here we develop methodology for localized
resistive-pulse sensing of vesicles and nanoparticles inside and near single biological cells.

Nanopipette-based resistive-pulse and electrochemical techniques provided several
promising approaches to single-entity measurements.?6-*! A nanopipette possesses a small
physical size (down to a few nm at the tip) and shape that makes it suitable as a scanning ion
conductive microscopy (SICM) or scanning electrochemical microscopy (SECM) tip. In this
way, a nanopipette can be inserted into a living cell or positioned close to its surface. The
possibility of resistive-pulse experiments in a living cell is, however, counterintuitive because the
ion current flowing through a nanopipette is very sensitive to the medium and often exhibits
instabilities even in aqueous solutions with low level of impurities and no added surfactants.
Plugging of the pipette orifice by lipids, proteins, and other biomolecules inside a cell may
preclude meaningful resistive-pulse measurements. The present work not only showcases the
possibility of localized resistive-pulse sensing in biological cells, but also demonstrates that
nanopipettes with a wide range of radii can detect different kinds of nanoobjects inside living
cells and near their surfaces.

We have recently introduced a new version of the resistive-pulse technique based on the
use of conductive carbon nanopipettes (CNP), where the current produced by electrochemical
oxidation/reduction of redox molecules at the carbon surface responds to the particle

translocation.*? In addition to counting single entities, this technique enables qualitative and



quantitative analysis of the electroactive material they contain. Here we insert a CNP inside a
living macrophage cell by using it as a SECM tip and carry out electrochemical resistive-pulse
experiments to measure reactive oxygen and nitrogen species (ROS/RNS) contained in
macrophage vesicles. Four types of resistive-pulse experiments performed with either quartz
nanopipettes or CNPs inside living cells are shown schematically in Fig. S1.
EXPERIMENTAL SECTION

Fabrication and characterization of quartz, carbon, and platinized carbon
nanopipettes. Nanopipettes with the tip diameter from 25 nm to 400 nm are prepared by pulling
quartz capillaries (1.0 mm o.d., 0.5 mm i.d.) with the laser pipette puller (P-2000, Sutter
Instruments). A layer of carbon was deposited on the inner surface of the nanopipette by
chemical vapor deposition (CVD) at 950 °C, using methane as carbon source and argon as
protector (methane/argon: 5/3), as described previously.*® The appropriate protection was used
to avoid electrostatic damage to the nanotips.** The size and geometry of the tips were
characterized by TEM (JEOL TEM-2100 Instrument) with a relatively low electron beam
voltage of 80 kV used to avoid damage to the pipettes (Fig. S2).

Platinized CNP were produced by electrodepositing Pt onto the inner carbon wall at -80 mV vs.

Ag/AgCl, as described previously.!®3? Briefly, The platinizing solution contained 130 uL

hexachloroplatinic acid (8 wt. %) and 0.216 mg lead(Il) acetate trihydrate in 4.87 mL PBS (10 mM). The
deposition was stopped after the current began to grow slowly but before the sharp increase in current.>

A TEM image of a typical platinized CNP is shown in Fig. S2D .

Instrumentation and procedures. The SICM and SECM experiments with

immobilized cells were performed inside a Faraday cage with a previously described home-built

t10,35

instrumen set on an optical table. A plastic 60-mm culture dish with cells was mounted on

the horizontal stage of Axiovert-S100 microscope (Zeiss) that was set on the same optical table,



and the nanopipette tip was positioned directly above a single cell. SICM approach curves were
obtained by slowly moving the quartz pipette tip vertically down to the cell surface (at 0.5 um/s)
and penetrating the cell. The voltage, V"= 0.4 V was applied between the internal and external
Ag/AgCl reference electrodes. After the nanopipette entered the cell, the approach was stopped
and the applied voltage adjusted to the value required for resistive-pulse measurements. SECM
approach curves were obtained similarly, except that a CNP (either bare or platinized) was used
as a working electrode, and the tip current was produced by oxidation of the redox species (1
mM ferrocenemethanol (FcMeOH) and 10 mM Ks[Fe(CN)g]) at the carbon surface near the
orifice. The tip potential was sufficiently positive (0.4 V vs Ag/AgCl) for the SECM feedback to
be governed by diffusion.

Resistive-pulse experiments were carried out with a patch clamp amplifier (Multiclamp
700B, Molecular Devices Corporation) coupled with the above SECM instrument in the voltage-
clamp mode. The signal was digitized using a Digidata 1550A analog-to-digital converter
(Molecular Devices) at a sampling frequency of 100 kHz and a 2 kHz low pass filter frequency.
The data was analyzed using pClamp 10 software (Molecular Devices). 10 mM PBS with pH
7.4 (10 mM NaxHPOg4, 2.7 mM KCl and 137 mM NaCl) was used in resistive-pulse sensing of
cellular vesicles and EVs. The solution containing 10 mM PB, 10 mM KCI and 5% glucose was
used in resistive-pulse sensing of 10 nm AuNPs.

AuNPs were characterized using dynamic light scattering (DLS). A Malvern Zetasizer,
Nano-ZS (Malvern Instruments, UK) employing a 173° scattering angle and a 4 mW incident
He—Ne laser (633 nm) was used to measure particle sizes (hydrodynamic diameter), size

distributions, and zeta potentials at 25 °C.

RESULTS AND DISCUSSION



Controlled penetration of macrophage cells with quartz nanopipettes. A quartz
nanopipette was inserted into an immobilized RAW 264.7 murine macrophage cell, as shown in
Fig. 1. The voltage, V= 0.4 V was applied between the Ag/AgCl electrode inside the
nanopipette and the Ag/AgCl electrode in the bulk solution. The nanopipette served as a SICM
tip, and the measured ion current was inversely proportional to the resistance between the
internal and external reference electrodes. When the nanopipette approached the cell surface,

this resistance increased with decreasing separation distance between its orifice and the

A

membrane.
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Fig. 1. Controlled cell penetration with a quartz nanopipette used as a SICM tip. (A) Schematic
diagram of the pipette tip approaching the cell (1), pushing the membrane (2), and penetrating
inside the cell (3). (B) SICM approach curve obtained with a 150 nm diameter nanopipette
approaching an immobilized RAW 264.7 macrophage in 10 mM PBS solution. The
experimental data (symbols) are fitted to the theory for negative SICM feedback (solid line *°).
The approach velocity was 0.5 pm/s. V'=0.4 V.



The SICM current vs. distance curve includes three distinct regions shown schematically
in Fig. 1A and labeled by corresponding numbers in Fig. 1B. The ion current (i) is essentially
independent of the pipette tip position until the distance between the orifice and cell membrane
(d) becomes comparable to the pipette radius (a) (region 1). The experimental i — d curve
initially fits the theory (solid line calculated from Eq. (1) in ref. 35) and deviates from it when
the pipette tip begins to push the cell membrane (region 2; positive d corresponds to the tip
approaching the membrane; negative distances correspond to the tip pushing the membrane and
then penetrating the cell). When the tip punctures a hole in the cell membrane, the resistance
between the internal and external reference electrodes decreases abruptly, causing a sudden
increase in the measured current (d/a = —19; Fig. 1B). This feature, which was reproducibly
observed with a number of different pipettes and cells, corresponds to the moment when the tip
penetrates the cell membrane and enters its cytoplasm. The subsequent slower decrease in the
current is due to the membrane sealing around the wall of the pipette (region 3). After the
penetration was detected, the pipette was stopped, and resistive-pulse recordings were obtained.
(If the pipette continues to travel downward, the current eventually decreases to zero when its
orifice reaches the bottom of the cell; data not shown). Somewhat similar approach curves were
obtained previously for a metal SECM tip penetrating a macrophage, but the change in the
current was due to impermeability of the membrane to the redox mediator species (see below).!”

Resistive-pulse sensing of vesicles inside a macrophage cell. A resistive-pulse
recording in Fig. 2A obtained with a 140-nm-diameter quartz pipette inside a macrophage at
J'=0.4 V shows a large number of current blockages. Macrophages are known to contain
different biological vesicles (lysosomes, phagosomes, phagolysosomes) whose size may vary

from nanometers to micrometers.”"!%*¢ Accordingly, the scatter plot in Fig. 2B shows a wide



range of translocation time values (1, i.e. the width at half peak height) ca. 3 - 10 ms and a very broad
distribution of the resistive-pulse amplitude (Aimax) from <1% of the base current (ip) to almost
complete current blockages. This Aimax/io range corresponds to the vesicle diameters from 40-50
nm to ~140 nm.*”** Although larger vesicles may have been present inside the macrophage,
they could not translocate through the pipette. It was shown recently that liposomes with a
diameter significantly larger than that of the pipette orifice do not produce measurable resistive
pulses.®? To check for the presence of smaller vesicles, controlled experiments were carried out
with much smaller pipettes (e.g., 32 nm diameter; Fig. S3). No resistive pulses were recorded
with this nanopipette (and similarly sized pipettes; not shown), suggesting that phagosomes and
other vesicles in a macrophage cell are larger than ~30 nm. No current spikes were also
observed outside of the macrophage cell either before the pipette insertion (Fig. S3A) or after its

withdrawal from the cell (Fig. S3C).
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Fig. 2. Resistive-pulse sensing of cellular vesicles within a RAW 264.7 macrophage cell with a
140-nm-diameter quartz pipette. (A) Current-time recording with the nanopipette inside the cell.
(B) Scatter plot of the normalized maximum current change vs. peak width for transients shown
in A. (C) Blowup of the transient labeled by the red asterisk in A. (D) Current-time recordings
obtained with the same nanopipette before its insertion into the cell (curve 1) and after the

withdrawal from the cell (curve 2). V'=0.4 V.



A typical translocation transient (Fig. 2C) is an asymmetrical peak with the sharp initial
decrease in current followed by a longer tail.?>?® While the shape of the peak is similar to those
measured recently with liposomes in aqueous solutions, the mean translocation time (t = 6.2 ms)
is much longer than t < 1.5 ms obtained in those experiments.>* The difference may be due to
significantly slower diffusion in more viscous and crowded cytoplasm than in water and vesicle

interactions with biological structures inside the cell.*

The average translocation frequency is
22.4 5! for the 5 min recording. No resistive pulses were recoded with the same nanopipette
positioned near the cell surface either before its insertion into the cell (curve 1 in Fig. 2D) or
after the withdrawal (curve 2 in Fig. 2D). The base current in curve 2 is higher than that
measured inside the cell (c¢f. Fig. 2A) but ~20% lower than that in curve 1, indicating that some
material from the cytoplasm entered the pipette during the intracellular measurements.

In a conceptually similar experiment, a CNP was employed for resistive-pulse sensing of
vesicles in a macrophage (Fig. S1B). A current-time recording obtained in such an experiment is
shown in Fig. S4A. The inner surface of quartz pipettes and CNPs is negatively charged,** and
so the duration of resistive pulses obtained with CNPs (Fig. S4B) and the shape of a typical
translocation transient (Fig. S4C) are comparable to those measured with a similarly sized quartz
pipette. No currents spikes were obtained outside of the cell before the CNP insertion (curve 1 in
Fig. S4D) and after its withdrawal from the cell (curve 2 in Fig. S4D). The use of CNPs is
essential for electrochemical resistive-pulse sensing in macrophages (see below).

Resistive-pulse sensing of Au nanoparticles (AulNPs) inside a macrophage cell. The
data in Fig. S3 shows that no mobile nanoscale objects in the cytoplasm of a macrophage cell

possess the right size (i.e., ~10 - 30 nm diameter) to produce resistive-pulse signal measurable

with ca. 30-nm-diameter pipettes. Thus, it may be possible to use such a pipette to detect



nanoparticles pre-accumulated within the cell. We employed as a model system commercial
citrate-stabilized 10 nm AuNPs that have previously been detected in resistive-pulse experiments
with quartz nanopipettes.’®*! The total electrolyte concentration in refs. 38 and 41 was ca. 10-20
mM because AuNPs may aggregate at a significantly higher ionic strength. The electrolyte
concentration in experiments with living cells is typically much higher because of the cell-
solution osmotic equilibration. The effective diameter of AuNPs either in water or in 10 mM PB
containing 10 mM KCI was ~20 nm from DLS measurements (Table S1), i.e. about twice the 10
nm nominal AuNP diameter confirmed by TEM (Fig. S5). Both numbers are in close agreement
with the previous report,*! where DLS was found to significantly overestimate the mean NP size.
However, the apparent AuNP diameter measured by DLS in 10 mM PBS containing 0.137 mM
NaCl (612 £21 nm; Table S1) points to extensive NP aggregation.

The pH 7.4 solution containing 10 mM PB, 10 mM KCI and 5% glucose is essentially
isotonic with the cell cytoplasm without causing significant AuNP aggregation (the mean NP
diameter measured by DLS is 17.7 = 0.4 nm; Table S1). Well-defined resistive pulses of
translocations of 10 nm AuNPs through a 30 nm quartz nanopipette recorded in this solution are
shown in Fig. S6A. The related scatter plot (Fig. S6B) and the shape of a representative current
spike (Fig. S6C) are similar to those reported previously.*® By contrast, the current—time
recordings obtained with 0.47 nM AuNPs in 10 mM PBS solution exhibit no resistive pulses
(Fig. S6D).

For intracellular detection of NPs, adherent RAW?246.7 macrophage cells were incubated
with 10 nm AuNPs for 4 h,*> washed three times with buffer, and then transferred to fresh buffer
solution of the same composition for resistive-pulse experiments. The current-time recording

(Fig. 3A) shows translocations of 10 nm AuNPs through the 30 nm pipette inside the cell driven

10



by positive voltage (0.4 V vs. external Ag/AgCl reference). No resistive-pulse spikes were
obtained with a negative voltage, -0.4 V, applied to the pipette. The scatter plot for AuNP
translocations (Fig. 3B) and a typical current spike (Fig. 3C) show that the current blockages
inside a cell are significantly longer than those recorded in solution (t = 4.8 ms vs. 0.5 ms in Fig.
S6). The likely reasons for this difference are the slower mobility of AuNPs due to the more
viscous cytoplasmic environment and adsorption of biomolecules on the nanoparticle surface.
Importantly, the absence of spikes in current recordings obtained with the same nanopipette
positioned near the cell surface either before entering (curve 1 in Fig. 3D) or after withdrawing
from the macrophage (curve 2 in Fig. 3D) suggest that only AuNPs accumulated inside the cell

are detected by localized resistive-pulse measurements.
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Fig. 3. Resistive-pulse sensing of 10 nm AuNPs in a RAW 264.7 macrophage cell. Current-
time recordings were obtained with a 30 nm quartz nanopipette at /' =0.4 V (A) inside the cell
and (D) near the cell surface before penetration (curve 1) and after withdrawal from the
macrophage (curve 2). (B) Scatter plot of the normalized maximum current change vs. peak
width for transients shown in A. (C) Individual resistive-pulse spike labeled with the red asterisk

in A. Solution contained 10 mM PB, 10 mM KCl and 5% glucose.
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In agreement with an earlier report,*? the mean frequency of translocations measured
inside a macrophage incubated with 10 nm AuNP for 4 h (15.6 + 6.7 s!; 500 s recording time,
six cells) is higher than the frequency measured after the 30-min-long incubation (7.7 = 3.6 s71;
500 s recording time, three cells). This proof-of-concept experiment suggests the possibility of
studying kinetics of NP endocytosis by resistive-pulse techniques.

Electrochemical resistive-pulse sensing of vesicles inside a macrophage cell. An
experiment employing a CNP for electrochemical resistive-pulse sensing of cellular vesicles
inside a macrophage is shown schematically in Fig. S1C. In these experiments the CNP serves
as a working electrode, and the measured current is due to the diffusion of the redox species to
the pipette orifice and their oxidation at the carbon surface. To insert the CNP into a
macrophage, it was used as an SECM tip (Fig. S7A). 10 mM PBS solution contained two redox
mediators, ] mM FcMeOH and 10 mM K4[Fe(CN)s]. When the tip approached an immobilized
macrophage, hydrophilic Fe(CN)s* species that could not cross the cell membrane produced
negative SECM feedback response, enabling precise monitoring of the membrane
penetration.'%* The oxidation of hydrophobic FcMeOH at the CNP produced the base faradaic
current for electrochemical resistive-pulse sensing inside the cell. A current-time recording for
vesicle translocations through the CNP (Fig. S7B) and the shape of a representative current
transient (Fig. S7C) are similar to those obtained with quartz nanopipettes (Fig. 2). It was shown
in ref. 32 that electrochemical resistive-pulse experiments can be performed with no redox
species added to solution by using oxygen reduction at the CNP as the source of current. This
approach can be used for intracellular experiments (data not shown), but the detection of the cell

penetration by CNP is harder without a redox mediator.
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We used platinized CNPs* (Fig. S2D) to combine electrochemical resistive-pulse sensing with
electroanalysis of single vesicle contents (Fig. S1D). Unlike experiments performed with an
unmodified CNP (Fig. S7), both downward and upward spikes can be seen in the current-time
recording obtained with a platinized CNP inside a macrophage cell (Fig. 4A). The current
blockages produced by vesicle translocations are similar to the resistive pulses in Fig. S7 (cf.
Figs. 4B and S7C). The current upsurges (Figs. 4A and 4C) are caused by oxidation of
ROS/RNS contained in the vesicles during their collisions with the carbon surface. These
transients are only produced by vesicles entering the CNP rather than by blockages of the CNP
orifice from the cytoplasm side or collisions of vesicles with the carbon ring exposed to the
cytoplasm.*? (The recordings obtained with pipettes whose orifice diameters were smaller than

that of the vesicles showed no current spikes; see Fig. S3 and also Fig. S4 in ref. 32).
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Fig. 4. Electrochemical resistive-pulse sensing of ROS/RNS inside cellular vesicles within a
RAW 264.7 macrophage cell. (A) Current-time recording obtained with a 210 nm platinized
CNP. (B) Individual resistive-pulse spike labeled with a red asterisk in A. (C) Representative
vesicle collision transient labeled with a blue asterisk in A. CNP potential was 0.8 V vs.
Ag/AgCl. (D) Dependence of the mean vesicle collision charge on CNP potential. 10 mM PBS
solution contained 1 mM FcMeOH and 10 mM Ka[Fe(CN)g].
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All four primary ROS/RNS produced in macrophages (i.e. H2O>, ONOO~, NO"and NO;")
get oxidized at platinized CNPs biased at 0.8 V vs. Ag/AgCL.!° Unlike ref. 10, where
measurements performed with a nanoelectrode inserted inside a phagolysosome characterized the
production rate of ROS/RNS on the long experimental time scale (minutes), the integration of
the current under each spike in Fig. 4A yields the charge corresponding to the total amount of
ROS/RNS oxidized during a specific collision. To estimate contributions of individual
ROS/RNS to the measured charge, the current-time recordings were obtained with the same
platinized CNP biased at different potentials. The potential program developed by the Amatore
group consisted of four potential steps roughly corresponding to the oxidation of H>O> (300 mV
vs. Ag/AgCl), HO, and ONOO™ (450 mV), H,0,, ONOO™ and NO* (620 mV), and all four

species (800 mV).*

The average values of charge passed during a single vesicle collision (Fig.
4D) were calculated from current-time recordings obtained with the same platinized CNP at

these potential values (Fig. 4A and Fig. S8). With the number of transferred electrons, ny,o, =
nno,~ = 2 and ngnoo- = Nino = 1, the corresponding amounts of ROS/RNS in a vesicle (pmol)
are: 1.1x10® (H20y), 1x10° (ONOO’; this number is too low for reliable analytical determination),
6.7X10% (NO"), and 1.1x107 (NO>). Very small amounts of hydrogen peroxide and peroxynitrite
(as compared to NO" and NOy’) contained in a vesicle may be related to low production rates of
these species reported earlier,'” but direct comparison may not be meaningful because the
experiments in ref. 10 were done with immunostimulated macrophages. (The total ROS/RNS
contents of individual phagolysosomes in resting and activated macrophages were recently
evaluated.!') Interestingly, the vesicle collision frequency was much lower when the CNP
potential was 450 mM or 300 mV (Figs. S8B and S8C) than at 620 mV or 800 mV (Figs. S8A

and 4A). Apparently, among the heterogeneous population of vesicles probed in our

14



experiments, a larger fraction contains NO>™ and/or NO® species than H>O> and ONOO'".
Additional experiments are needed to clarify this issue.

Resistive-pulse sensing of extracellular vesicles (EVs) released by single breast
cancer cells. Extracellular vesicles released from breast cancer cells, including metastatic
MDA-MB-231 human breast cells, have been studied previously.***’ To explore the possibility
of resistive-pulse sensing of EVs, a 300 nm diameter quartz pipette was used as an SICM tip and
positioned near the surface of an MDA-MB-231 cell (Fig. 5A). Unlike the above intracellular
measurements, our goal here was not to penetrate the cell but to avoid touching its membrane.
Thus, the approach in Fig. SA was stopped when the current decreased by only ~5%, and the
pipette tip was relatively far from the cell top. One should notice that the diffusion time for nm-
sized vesicle crossing a sub-micrometer cell/nanopipette gap is on the millisecond time scale,

allowing us to monitor the EV release in real time.
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Fig. 5. Resistive-pulse monitoring of EVs released by a single MDA-MB-231 cell. (A) SICM

approach curve obtained during the positioning of a 300 nm quartz nanopipette above an
immobilized MDA-MB-231 cell in 10 mM PBS. The approach velocity was 0.4 pm/s.

(B) Current-time recording obtained with the same nanopipette. (C) Scatter plot of the
normalized maximum current change vs. peak width for transients shown in B. (D) Individual

resistive pulse labeled with the red asterisk in B. V=04 V.
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The translocation transients of EVs released by a single living MDA-MB-231 cell are
shown in Fig. 5B. The average frequency of EV translocations, 0.4 s! (total recording time, 9.2
min), is significantly lower than that found for intracellular vesicles in Fig. 2. Fig. 5C shows a
scatter plot of EVs translocations, and a typical translocation transient is shown in Fig. 5D. The
mean pulse width (t = 5.7 ms) is only slightly shorter than that for vesicle translocations
monitored inside macrophage cells (6.2 ms). No resistive-pulse spikes were recorded with the
nanopipette far away from the cell. In situ detecting extracellular vesicles produced by a specific
cell, evaluating their size, and analyzing their contents is potentially useful for diagnostic

applications and for investigating possible role of such vesicles in cell signaling.*®

CONCLUSIONS

Localized resistive-pulse sensing inside biological cells and near their surfaces is a
powerful tool for the detection and analysis of nanoscale objects, such as vesicles and
nanoparticles, in biological systems. Early resistive-pulse experiments employed biological and
synthetic nanopores that combine very small size of the sensing element with much larger
physical dimensions of the device, making this technique most suitable for measurements in the
bulk solution.?>?* By contrast, quartz and carbon nanopipettes employed in this study can be
inserted into biological cells (and subcellular compartments'®) and used to monitor processes
involving vesicles and NPs in real time. The orifice diameter can be varied to match the size of a
specific entity for selective and sensitive detection. In this way, cellular vesicles and EVs
released by breast cancer cells were detected with relatively large quartz pipettes, and much
smaller pipettes were used to monitor the uptake of 10 nm AuNPs by macrophages.

Recently developed electrochemical resistive-pulse technique employing CNPs was

shown to be suitable for intracellular sensing. A platinized CNP was used as an electrochemical
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nanosensor to selectively measure four ROS/RNS inside single vesicles within the macrophage.
This approach is potentially useful for sampling and analyzing physiologically important species

in subcellular compartments such lysosomes®' and synaptic vesicles.*

Supporting Information. Supplementary materials and methods, additional resistive-pulse
recordings, and TEM images of CNPs and NPs, including Figures S1 — S8 and Table S1. This

material is available free of charge via the Internet at http://pubs.acs.org.
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