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Abstract
Solution-phase ion transport during electrospray has been characterized for nanopipettes, or glass capillaries pulled to nanoscale
tip dimensions, and micron-sized electrospray ionization emitters. Direct visualization of charged fluorophores during the
electrospray process is used to evaluate impacts of emitter size, ionic strength, analyte size, and pressure-driven flow on
heterogeneous ion transport during electrospray. Mass spectrometric measurements of positively- and negatively-charged pro-
teins were taken for micron-sized and nanopipette emitters under low ionic strength conditions to further illustrate a discrepancy
in solution-driven transport of charged analytes. A fundamental understanding of analyte electromigration during electrospray,
which is not always considered, is expected to provide control over selective analyte depletion and enrichment, and can be
harnessed for sample cleanup.
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Introduction

The impact of Bomics^-related fields [1–3], has rightfully
earned mass spectrometry high acclaim. However, aspects of
quantitative analysis with MS remain challenging. For in-
stance, proteomics studies are generally biased toward analy-
sis of proteins with high sample abundance, and some analytes
may not be measured at all due to ion suppression, neutral
charge state, or size-incompatibility with the chosen detector
[4]. Further, tendency of the ionization technique to enhance
or deplete one analyte over others can lead to results that do
not reflect true sample distribution. Electrospray ionization
(ESI) processes, such as Taylor cone formation [5], droplet
size distribution [6], and analyte ionization [7–10], that occur
after sample leaves an ESI emitter have attracted significant
attention. Additional considerations prior to these events,
namely, migration of ions preceding and during ionization,
are also present and play a significant role in ESI when emitter

tip size is reduced to nanoscale dimensions. Migration effects
in nanoscale ESI emitters provide an intriguing opportunity to
either avoid or exploit quantification bias that may exist.

Electrospray ionization has been likened to a two-electrode
electrochemical cell [11–14], and undergoes heterogeneous
solvent changes due to electrolysis during operation. Well-
studied examples of heterogeneity during ESI include buildup
of potential gradients [15–17], change in pH due to proton
production in positive-ionization mode [18, 19], and analyte
electromigration [20–22]. Although detrimental to quantita-
tion, heterogeneity within the emitter can be advantageous.
For instance, electromigration during electrospray can be used
to separate analytes, or to clean up samples in complex matri-
ces [21–23]. Electromigration can be induced with a step-
voltage, where high positive potential is used to separate ma-
trix from analyte, followed by a step to lower positive poten-
tial during which electrosprayed sample is analyzed [22], al-
though a recent study [21] suggests polarity-reversal is a better
mode for signal enhancement and analyte separation.

In polarity-reversing high-voltage nanoelectrospray ioniza-
tion (PR-nESI), a short duration of high negative potential is
applied to an electrode in contact with the sample, followed by
a switch to positive potentials, under which analyte signals are
collected. In principle, for positively-charged large molecules
(e.g. protein standards), negative applied potentials attract
both analyte molecules and Na+ toward the working electrode,
which induces migration away from the emitter tip. Larger
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molecules with lower mobility travel more slowly away from
the emitter tip than small salt cations. Upon switching back to
positive applied potentials, initial spectra show decreased salt
adduction, due to this separation. Conversely, for negatively-
charged large molecules, analytes can be enriched at the emit-
ter tip under negative applied potentials, while Na+ migrates
away from the tip to effectively desalt analytes when ESI
polarity is reversed [21].

Benefits to nanoESI have also been realized through use of
tips with smaller openings, and include enhanced S/N ratios
[24] and increased salt tolerance [25]. As popularity of small
ESI emitters increases, however, researchers need to be aware
of the differences that come with working at the nanoscale.
For instance, as the electrical double layer (EDL) thickness
approaches the size of the tip opening, ion transport deviates
from macroscale behavior. These phenomena are embodied
through ion current rectification and concentration polariza-
tion [26–29]. Such EDL effects are highly dependent on elec-
trolyte concentration, which brings special consideration to
nanoESI emitters that might be employed for ESI in native
state [30, 31] or low salt conditions. Although ion concentra-
tion polarization has been investigated for small electrospray
emitters [32], and electromigration effects have been charac-
terized for nanoESI [20–22], these studies have relied solely
on interpretation of mass spectrometry results to explain ob-
servations of heterogeneity during electrospray ionization.

In this manuscript, fluorescence microscopy of charged,
fluorescent analytes is employed to directly probe solution-
phase ion transport under electrospray conditions. Variables
such as emitter size, solution ionic strength, and pressure-
driven flow are investigated and contributions to
electromigration from high electric fields or concentration po-
larization are reported. Knowledge of experimental parame-
ters is especially critical for understanding sample and tech-
nique limitations, to either exploit or curtail heterogeneity
within electrospray ionization.

Experimental section

Chemicals/materials

Solutions with different concentrations of potassium chloride
(VWR, Radnor, PA) were prepared with 18MΩ∙cmH2O from
a Milli-Q water purification system (EMD Millipore,
Billerica, MA). Adjustment of pH was performed through
addition of hydrochloric acid (EMD Millipore, Billerica,
MA) or sodium hydroxide (Mallinckrodt Chemicals, St.
Louis, MO). Solutions were passed through 0.22 μm PTFE
filters (Fisher Scientific, Pittsburgh, PA). Sulforhodamine B
and fluorescein sodium salt were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received. Rhodamine B
(0.2% in isopropyl alcohol, Sigma-Aldrich) was dried under

nitrogen gas, then reconstituted in a KCl solution. Sulfate
beads were obtained from Thermo Fisher Scientific
(Fluospheres™, 0.02 μm, yellow-green fluorescent (505/515
nm), Waltham, MA). Lysozyme and ubiquitin were obtained
from Sigma-Aldrich for mass spectrometry experiments.

Nanopipette fabrication/characterization

Quartz capillaries (Q100-70-7.5, Sutter Instruments, Novato,
CA) with 1.0 mm outer diameter (o.d.) and 0.7 mm inner
diameter (i.d.) were pulled with a laser-based pipette puller
(Sutter Instrument) to tip diameters from 60 to 140 nm. All
capillaries were piranha cleaned prior to pulling. (CAUTION:
Bpiranha^ solution reacts violently with organic materials
and must be handled with extreme care.) New Objective
PicoTips (BG-10-58-2-N-20) were obtained from Scientific
Instrument Services, Inc. (Ringoes, NJ) and consisted of un-
coated borosilicate glass with 1.0 mm o.d. and 0.58 mm i.d.
PicoTips were used as received. Emitters were characterized
with electron microscopy (scanning electron microscopy,
SEM, and scanning transmission electron microscopy,
STEM) before and after experiments (Quanta FEG 600F,
FEI, Hillsboro, OR).

Both emitter types (nanopipettes and micron-sized
PicoTips) were backfilled through use of a MicroFil needle
(World Precision Instruments, Sarasota, FL). For solutions
that contained small molecules, centrifugation was used to
drive fluid to the nanopipette tip. Centrifugation of
FluoSpheres™, however, often resulted in a cluster of parti-
cles at the nanopipette tip, thus nanopipettes filled with
FluoSpheres™ were subjected to a 100 psi back-pressure for
2-10 minutes until the tips were wetted, as determined by
optical microscopy. PicoTips were backfilled only; no addi-
tional steps were required to wet the tip, as the PicoTips had a
filament throughout the capillary body.

Instrumental setup

To monitor fluorescence during electrospray, emitters were
filled with fluorescent solutions and laid side-on under the
objective of a Nikon Eclipse microscope (E800, Nikon
Instruments, Melville, NY), equipped with a mercury lamp
(Model HB-10101AF, Nikon) and FITC and TRITC filters.
A Pt wire (0.127 mm, Alfa Aesar, Ward Hill, MA) was back-
inserted into the pipette for potential application from a 500 V
power supply (PMC500-0.1A, Kikusui, Santa Clara, CA) and
the resultant current to a floating stainless steel coupon was
measured via a Keithley 410A (Keithley Instruments,
Cleveland, OH). For larger (micron-sized) emitters, a high
voltage power supply (Electrospray Control Unit, Fisons
Instruments, Ipswich, United Kingdom) was employed.
Images were acquired with QCapture Pro 6.0 (QImaging,
Surrey, BC, Canada) software.
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Most experiments were performed with self-aspirated flow,
however, a syringe pump (NE-1600, New Era Pump Systems,
Inc., Farmingdale, NY) was used to conduct pressure-driven
flow experiments for comparison of fluorophore movement.
For this setup, pipettes were connected to a Hamilton gastight
syringe pump (#1750, Hamilton Company, Reno, NV)
through a segment of PE tubing and a union (dual small hub
RN coupler, Hamilton Company). Potential was applied to a
stainless steel segment of tubing ca. 6^ in length.

Mass spectrometry experiments were performed on a
Bruker Daltonics micrOTOF (Billerica, MA) in positive ion
mode at 190°C. Emitters were positioned 1-2 mm away from
the capillary inlet. Spectra were acquired from m/z 500 –
2500 at a rate of 1 Hz. After 0.2 minutes, a potential of
+1.2 kV or +1.8 kV was applied to nanopipette or micron-
sized emitters, respectively, by biasing the mass spectrometer
inlet at negative potential and holding the pipette electrode at
ground. Potential was held constant over a 10 minute period,
or until spray had stopped, as determined by a drop in total ion
current intensity. Prior to analysis, the instrument was calibrat-
ed with 20 mM sodium trifluoroacetate (Sigma-Aldrich) in a
50:50 methanol:acetonitrile solution.

Data analysis

Images were processed with ImageJ (National Institutes of
Health, Bethesda, MD). Line scans of fluorescence intensity
were taken axially across a pipette body over several frames of
a movie. Fluorescence of an area off the pipette was also
measured to obtain a blank value. Fluorescence intensities
were recorded if values exceeded three times the blank value,
otherwise a zero value was input. Next, a matrix of fluores-
cence intensities across distance for all frames of the movie
was compiled. The maximum value from the matrix was de-
termined and all values were normalized against the maxi-
mum fluorescence intensity.

To determine distance of the fluorescence signal from the
pipette tip, an arbitrary threshold of 15% maximum fluores-
cence was chosen, such that the distance at which fluores-
cence values met or exceeded 15% was recorded as the
Bdistance from the tip^ (vide infra, Figures 2 and 3).

Results and discussion

Small molecule electromigration

Migration of fluorophores during electrospray was initially
performedwith small molecules. For a given ion in a low ionic
strength solution (e.g. 500 μMKCl) and at neutral pH, move-
ment due to electromigration results from both electroosmotic
flow (EOF) and electrophoretic migration. EOF for an emitter
with a negatively-charged wall will occur from anode to

cathode, viz., toward the emitter tip for positive applied po-
tentials and away from the emitter tip at negative applied po-
tentials. Electrophoretic migration for anions will oppose
EOF, while cations will migrate in the same direction as
EOF. If electrophoretic forces are sufficiently large relative
to EOF, anion migration toward the emitter tip will occur
under negative potential application, and migration away from
the emitter tip will occur under positive potential application,
while cations will migrate in an opposite fashion; away from
the emitter tip during negative potential application and to-
ward the emitter tip during positive potential application. For
a given system with an anionic fluorophore and non-
fluorescent supporting electrolyte, fluorescence microscopy
would result in observed enrichment or depletion in fluores-
cence at the emitter tip, for negative or positive applied poten-
tials, respectively, depicted theoretically in Figure 1a and b.
Cations and anions in supporting electrolyte are effectively
invisible.

Fluorescence of sulforhodamine B was monitored during
electrospray at both positive and negative polarities.
Sulforhodamine B was chosen due the anionic nature of the
analyte across a broad pH range (2–12) [33]. In Figure 1c, a
solution of 200 μM sulforhodamine B with 500 μM KCl
(unbuffered, at pH = 7.0), was filled in an ~80 nm pipette
and subjected to a positive potential of magnitude large
enough to induce electrospray, as monitored by electrospray
current. Gradual depletion of fluorescence from the emitter tip
was observed, with the majority of fluorescence signal migrat-
ing ~500 μm from the emitter tip after ~80 s. The polarity
applied was then switched and fluorescence was again moni-
tored over time. Migration of sulforhodamine B toward the
emitter tip occurred, and after ~80 s, fluorescent signal was
distributed evenly throughout the emitter, as shown prior to
the application of potential. If the order of experiments was
reversed, and positive potentials were applied initially, enrich-
ment of sulforhodamine B at the emitter tip was observed,
however such high local concentrations were typically accom-
panied by a large spike in current, after which the emitter tip
was broken (data not shown).

Sulforhodamine B results indicated electrophoretic mobility
was markedly higher than EOF under employed conditions. To
understand EOF contributions toward electromigration during
electrospray, rhodamine B, a zwitterion at neutral pH that has
been used as a marker for electroosmotic flow [34], was tested.
These control studies, shown in the Electronic Supplementary
Material (ESM) in Fig. S1 for 200 μM rhodamine B with
500 μM KCl (unbuffered, at pH = 7.0), demonstrated no ob-
servable movement of fluorescence signal under either positive
or negative polarity over ~200 s, which confirms expectations
that EOF may not be a key driving force during electrospray at
these conditions.

To understand how emitter surface charge influenced both
EOF and ion transport due to confinement within a narrow tip

Ion concentration in micro and nanoscale electrospray emitters 3641



opening, attempts were made to silanize the inner pipette
walls, to render the quartz surface positively-charged.
Characterization of the tip after silanization was performed
by filling the pipette with a conductive solution and immers-
ing the pipette in a bath of the same solution. A potential
sweep from -1 V to +1 V was applied between a Ag/AgCl
working electrode in the pipette and a Ag/AgCl reference
electrode in bath solution and the resultant current was mon-
itored with a Keithley picoammeter/voltage source (Keithley
6487, Keithley Instruments). Ion current for bare quartz pi-
pettes rectifies in the negative direction, viz., the magnitude of
current that passes under positive applied potential is attenu-
ated relative to the current magnitude at the same potential but
with negative polarity. After pipette silanization, positive rec-
tification was observed, which indicated that the pipette walls
were successfully functionalized. However, these attempts at
reversing the surface charge with silanes were unstable, as
after fluorescence experiments under sufficient potential to
induce electrospray, current–voltage (I–V) curves (measured
in solution, as described above) showed characteristic nega-
tive rectification, which indicated that after subjecting the
modified pipettes to high electric fields, surface charge was
negative, as with un-modified pipettes.

While alteration of surface charge through covalent modifi-
cation is more ideal, pipette surface charge can also be altered
by subjecting the quartz walls to sufficiently acidic conditions.
Fig. S2 (see ESM) shows a solution of sulforhodamine B with
500 μM KCl at pH = 1.5. At this low pH, silanol groups are
protonated and of neutral charge, so migration due to EOF
should be zero. In ESM Fig. S2, no movement of
sulforhodamine B was observed under either polarity, as ex-
pected. One caveat, however, is that the decreased solution pH
is accompanied by an increase in overall solution conductivity,
as result of pH adjustment with acid. Increased conductivity, or

ionic strength, causes screening of charges at the glass wall,
which decreases concentration polarization (discussed further
vide infra). Additionally, at pH = 1.5, a subpopulation of
sulforhodamine B may protonate, causing neutralization of an-
ionic analyte.

To further explore impact of pH on analyte movement,
solutions of fluorescein were tested. Fluorescein (200 μM)
in an unbuffered aqueous solution (500 μM KCl, starting pH
= 7.0) demonstrated depletion for low positive potentials (e.g.
+300 V, with currents < 3 nA), enrichment for high positive
potentials (e.g. +500 V, with currents > 3nA) and depletion for
negative applied potentials (shown in ESM Fig. S3). While
depletion at low positive potentials is similar behavior to
previously-tested anionic fluorophore, sulforhodamine B, en-
richment of anions at higher magnitude of positive potential
opposed theory. One likelihood is that solution pH changes
become significant throughout the experiment, enough to pro-
tonate and neutralize, or even make cationic, fluorescein.
Under conditions employed (low ionic strength, unbuffered
pH), protons are generated due to water electrolysis from the
electrospray process [19] and the rate of electrolysis is higher
for greater positive applied potentials. Since experiments are
performed sequentially (first low positive potentials, then high
positive potentials, then negative potentials), solutions at high
positive potential likely become sufficiently acidic to proton-
ate fluorescein [35], which changes the charge from anionic to
cationic. At higher positive applied potentials, enrichment of
the now cationic species should occur, and subsequent nega-
tive applied potential would result in depletion at the emitter
tip, as observed. To test this, the same concentration of fluo-
rescein in 10mM phosphate buffer at pH = 7.0 was employed.
In general, fluorescein under buffered conditions behaved as
expected for anionic species (enrichment under positive ap-
plied potentials and depletion under negative applied

Fig. 1 Schematic of (a) depletion
and (b) enrichment of a
negatively-charged analyte under
positive and negative applied po-
tentials, respectively. Analyte is
represented by a red circle, while
supporting electrolyte cation and
anion movement are indicated by
yellow and blue circles, respec-
tively. Fluorescence images of
sulforhodamine B (200 μM with
500 μMKCl, pH = 7.0) under (c)
+500 V applied potential (Vapp)
and (d) -500 Vapp at t = 1.97 s,
39.40 s, and 78.80 s after potential
was turned on. Note: +Vapp ex-
periment in (c) was conducted
immediately prior to application
of -Vapp in (d)
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potentials was observed). However, under negative potential
application, the concentrated fluorescein localized at the pi-
pette tip was observed to precipitate from solution, along with
a corresponding spike in current, which broke the pipette tips.
Subsequent studies of fluorescein were performed only at low
positive potentials, to maintain fluorescein in an anionic state
and also to avoid increasing local concentration too high, as
resulted from negative potential application.

Impact of emitter size on electromigration

Micron-sized emitters were filled with solutions that
contained small molecule fluorophores to observe whether
electromigration effects were size-dependent. Both
micron-sized emitters (New Objective PicoTips, measur-
ing ~3-4 μm) and nanoscale emitters (60-80 nm i.d.) were
filled with the same solution of 200 μM sulforhodamine
B with 500 μM KCl (unbuffered, at pH = 7.0).
Application of a positive potential caused rapid depletion
of fluorescence away from the emitter tip for the
nanopipettes, whereas no noticeable electromigration
was observed for the micron-sized emitters, as shown in
Figure 2. Migration of fluorescence signal could be quan-
titated by measuring a line scan of fluorescence across the
emitter body axially (shown in Figure 2a and b brightfield
images). Fluorescence intensities were acquired for each
frame of a movie, and were normalized to the maximum
fluorescence intensity across all acquired frames, for a
given emitter. Note: fluorescence values higher than 3×
an average fluorescent intensity off the pipette body were
kept, while intensities below this threshold were assigned

a zero value. Distribution of fluorescence signal across the
pipette body over time shows that for nanoscale emitters,
rapid depletion of anionic fluorophore occurs under posi-
tive applied potentials, with depletion almost to the edge
of the acquired frame within ~90 s (Figure 2e). For
micron-sized emitters, however, there is minimal change
over a period of 200 s (Figure 2f). A frame-by-frame
comparison over a range from 2 s to 90 s after initial
potential application is shown in Fig. S4.

Similarly, solutions of fluorescein (200 μM in 500 μM
KCl, unbuffered at pH = 7.1) demonstrated rapid depletion
for nanoscale emitters and minimal change for micron-
sized emitters under positive potentials (Fig. S5).
Differences in analyte electromigration for different sized
emitters may stem from two effects: (i) electric field dif-
ferences between micro- and nanoscale emitters and (ii)
contributions of the electrical double layer to alter ion
transport at the emitter tips. Previous reports have shown
that small electrospray emitters support much higher elec-
tric fields, which are localized at the highest aspect ratio
of the emitter tip [24]. Herein, both emitter sizes were
evaluated at a constant distance (ca. ~1 mm) between
the emitter and floating, conductive plate, from which cur-
rent was measured. Potential was ramped until a stable
spray was achieved, as indicated by a non-fluctuating
electrospray current. Thus, for the same distance between
the emitter and plate, electric fields (Es) were nearly an
order of magnitude larger for the nanopipette versus the
micron-sized emitter (1.26×108 V/m for the 2.87 μm emit-
ter vs. 1.64×109 V/m for the 80 nm emitter for
sulforhodamine B, and 9.53×107 V/m for the 3.64 μm

Fig. 2 Bright field images of (a) nanopipette (inner diameter, i.d. = 83
nm) and (b) PicoTip (i.d. = 2.87 μm) prior to electrospray of 200 μM
sulforhodamine B with 500 μM KCl, pH = 7.0. Applied potential was
+504 V and +960 V for nanopipette and PicoTip, respectively.
Corresponding fluorescence images of (c) nanopipette and (d) PicoTip.

Line scans (e and f, for nanopipette and PicoTip, respectively) show
normalized fluorescence intensity versus distance from the emitter tip
over time. Line scans were taken axially through the pipette body,
depicted by the dotted lines in (a) and (b)
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emitter vs. 7.69×108 V/m for the 104 nm emitter for fluo-
rescein, as determined from the analytical equation, Eq. 1
[36].

E ¼ AV
rln 4d=rð Þ ð1Þ

where A is an empirically-derived constant of 1.499 [37,
38], V is potential between the emitter tip and floating,
conductive plate, r is the emitter radius, and d is distance
between the emitter tip and floating, conductive plate.

Second, for small emitter size, the electrical double layer
thickness occupies a greater percent of the cross sectional area,
which, for a negatively-charged wall surface, hinders anion
transport through the tip opening (discussed more vide infra).
For instance, EDL thickness, δ, for a 500 μMmonovalent 1:1
electrolyte at 298 K is ~14 nm. For a 100 nm i.d. tip, the EDL
would occupy ~50% of the cross sectional tip opening, where-
as for a 3 μm tip, only ~2% of the tip opening would be
occupied by the EDL. Hence, heterogeneity of ion transport
at the tip is of greater impact for emitters with small tip size.

Influence of ionic strength
on electromigration/concentration polarization

EDL thickness decreases with increased ionic strength, due to
charge screening by ions in solution. Thus, contributions to
hindered anion transport should be decreased for high ionic
strength solutions. For low ionic strength solutions and nano-
scale pores, EDL overlap can occur, although complete over-
lap is not necessary for significant changes to occur in ion
transport. In literature, concentration polarization and ion cur-
rent rectification have been investigated experimentally
[26–29]. Fluorescein movement can be used to understand
concentration polarization for nanoscale emitters filled with
low ionic strength solution. When a pipette filled with an
electrolyte solution that contained fluorescein was immersed
in a bath solution and potential was scanned between an elec-
trode in the pipette and a reference electrode in the bath solu-
tion, ion current and fluorescence microscopy illustrated al-
tered ion transport under positive and negative polarities [29].
Both enrichment of fluorescence in the nanopipette tip and
enhancement of ion current were observed under negative
potential application, while fluorescence depletion and atten-
uation of ion current were observed for positive applied po-
tentials. These effects, namely, the asymmetry between ion
current at different polarities with the same magnitude of po-
tential (i.e. ion current rectification), and local concentration
polarization of the anionic fluorophore, have been attributed
to a discrepancy between anion/cation transport at the nano-
scale when EDL thickness is significant, relative to ion trans-
port in bulk solution [26]. Similarly, when solutions of fluo-
rescein with higher supporting electrolyte concentration were

tested under the same setup, ion currents were not rectified
(current magnitudes at positive and negative polarities were
the same), and no depletion or enrichment of fluorescein was
observed. These studies were expanded to our electrospray
setup, to determine what impact ionic strength has on
electromigration of analytes during electrospray.

Due to complexities surrounding small molecules (i.e. pH-
dependent charge, described vide supra), highly-charged,
fluorescent nanoparticles, FluoSpheres™, were employed
for the remaining studies. The 20 nm particles have sulfate
surface groups, which provide a negative charge at neutral
pH. A solution of 0.94 μM Fluospheres™ with either
500 μM (low ionic strength) or 50,000 μM (50 mM, high
ionic strength) KCl (unbuffered, at pH = 7.0) were backfilled
into nanoscale emitters and observed with fluorescence mi-
croscopy under positive bias. For both solutions, depletion
of the anionic particles occurred. However, depletion for the
lower ionic strength solution (500 μM KCl) occurred much
more rapidly, as shown in the frame-by-frame comparison in
Fig. S6 (see ESM).

Fig. 3 (a) Ionic strength influence. Depletion of negatively-charged sul-
fate-Fluospheres™ (0.94 μM) under +Vapp occurs faster for a 500 μM
KCl vs. a 50,000 μMKCl solution. Pipette sizes shown here were 95 nm
i.d. and 77 nm i.d. for the 500 μM and 50 mM ionic strength data sets,
respectively. (b) Depletion of negatively-charged sulfate-Fluospheres™
(0.94 μMwith 50 mMKCl, pH = 7.1) under +Vapp for self-aspirated (n =
10, pipette size: 98 ± 19 nm i.d) and pressure-driven (n = 5, pipette size:
121 ± 14 nm i.d.) electrospray. A syringe pump flow rate of 15 nL/min
was used for pressure-driven flow
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Fluorescence depletion could be quantified over time by
taking line scans axially across the pipette body. When fluo-
rescence signal met or exceeded an arbitrarily-chosen thresh-
old of 15% maximum fluorescence, the distance from the
pipette tip was recorded. This distance was acquired across
all frames and plotted as a function of time. The resultant plots
(in Figure 3a) show the dramatic difference in fluorescence
depletion for the solutions with high and low ionic strengths;
full depletion (>520 μm from the pipette tip) was observed
within 30 s for the low ionic strength solution, while depletion
had only reached ~270 μm from the pipette tip at 300 s for the
high ionic strength solution. Pipettes remained intact through-
out experiments, as demonstrated via comparison of scanning
transmission electron microscopy images prior to and after
experiments (ESM Fig. S7).

Electromigration under pressure-driven flow

In practice, nanoESI emitters are commonly coupled to a sy-
ringe pump for pressure-driven flow. For an anion under pos-
itive potentials, pressure-driven flow would oppose electro-
phoretic movement in solution. To understand whether con-
tributions from pressure-driven flow would overcome
electromigration away from the emitter tip, a comparison be-
tween self-aspirated and pressure-driven conditions was per-
formed for nanopipettes filled with a solution of 0.94 μM
FluoSpheres™ with 50 mM KCl (unbuffered, at pH = 7.1).
NanoESI emitters of ~100 nm have only recently gained

popularity, hence, optimization of pressure-driven flow has
not been reported in literature. A flow rate of 15 nL/min was
chosen, scaled-down from a survey of literature for common
flow rates used with larger emitters. Pipettes were equilibrated
for one minute after initiation of pressure-driven flow from the
syringe pump and prior to potential application. A comparison
of fluorescence depletion over time for 10 self-aspirated pi-
pettes to 5 pressure-driven flow pipettes is shown in Figure 3b.
While error bars are large, due to pipette-to-pipette variation,
there was no significant difference between pipettes
electrospraying via means of self-aspiration or pressure-
driven flow. At high enough flow rates, one would expect
net movement of solution toward the tip would overcome
depletion of anions, however such high flow rates may prove
detrimental to tip survival after experiments.

Emitter size dependence for mass spectrometric
acquisition of proteins

To further demonstrate the impact small emitters have on
analyte selectivity during electrospray, mass spectrometric
experiments on positively- and negatively-charged pro-
teins were performed. Solution that contained 10 μM ly-
sozyme, 10 μM ubiquitin and 500 μM KCl at pH = 7.5
was loaded into nanopipette and micron-sized emitters.
Due to the isoelectric points of lysozyme (11.3) [39] and
ubiquitin, (6.7) [39], lysozyme should be cationic and
ubiquitin should be anionic under employed conditions.
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Fig. 4 Mass spectra of 10 μM
lysozyme, 10 μM ubiquitin,
500 μM KCl at pH = 7.5 from a
nanopipette (a, b) and micron-
sized emitter (c, d). Potentials
were applied and held constant.
Mass spectra represent an 8-scan
average at (a) 0 min and (b) 5 min
after a +1.2 kV potential was ap-
plied to a 109 nm i.d. emitter and
at (c) 0 min and (d) 2.5 min after a
+1.8 kV potential was applied to a
5.9 μm o.d. emitter. Peak assign-
ments are in red for lysozyme and
blue for ubiquitin
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Thus, under a positive applied potential, we expect lyso-
zyme should migrate toward the emitter tip and ubiquitin
should migrate away from the emitter tip (toward the
working electrode). A +1.2 kV or +1.8 kV potential (to
the nanopipette or micron-sized emitter, respectively) was
applied 0.2 minutes into data acquisition and the potential
was held constant for 10 minutes, or until loss of spray, as
determined by drop in total ion current.

Representative mass spectra, and total and extracted ion
chromatograms are shown in Figures 4 and 5. Initially, at t =
0 min after potential application, both emitter sizes show a
distribution of lysozyme peaks (from +7 to +11 for the
nanopipette, and from +7 to +10 for the micron-sized emitter)
and a ubiquitin +5 peak with extensive alkali-adduction,
shown in more detail in ESM Fig. S8 (Figure 4a and c).
Replicate measurements for micro and nanoscale emitters
can also be found in ESM Fig. S9 (microscale) and ESM
Fig. S10 (nanoscale). Spray from the nanopipette emitters (n
= 6) was stable over >10 minutes, as seen in the total ion
current and extracted ion current for lysozyme +9 at m/z =
1590 (Figure 5a). Moreover, peak distributions were un-
changed over that time period. A mass spectrum averaged
over eight scans (Figure 4b) at 5 minutes after potential appli-
cation shows spectra consistent with t = 0 minutes. In contrast,
spray from micron-sized emitters (n = 5) had higher variation
in total ion chromatogram, with a complete loss of signal well
before 10 minutes. In Figure 5b, for instance, signal intensity
drops to zero at ~2.6 minutes after potential application.

Just before loss in signal, intensity for higher charge states of
ubiquitin increases, as seen in the extracted ion chromatogram

of ubiquitin +7 at m/z = 1224 (Figure 5b). An averaged mass
spectrum, taken at 2.5 minutes after potential application, in
Figure 4d, shows a wider distribution of charges on ubiquitin
than at t = 0 min, with peaks from +5 to +8 charge states
present. This shift at ~1.9 minutes after potential application
may correspond to electroosmotic forces overcoming electro-
phoretic forces that drive the negatively-charged ubiquitin
away from the tip. Contrastingly, nanopipette electrospray of
the same solution over a longer time period (>10 minutes) does
not show an increase in peak intensity for the high charge state
ubiquitin, which indicates that electrophoretic forces in the
small emitters may be higher than for themicron-sized emitters.
While both emitter types demonstrate differences between pos-
itive and negative analyte electrospray at low ionic strength,
nanopipettes completely suppress the ubiquitin signal via de-
pletion away from the emitter tip over the 10 minute period
investigated.

Conclusions

Analyte migration during electrospray has been characterized
via fluorescence microscopy and mass spectrometry for nano-
scale emitters. Contributions both from high electric field at
the nanoscale emitters and from the concentration polarization
phenomenon make nanoscale emitters especially susceptible
to heterogeneous analyte distribution within the emitter tip,
relative to microscale emitters. These effects are pronounced
at low ionic strength, which is especially pertinent for native
mass spectrometry investigations, and occur for both small
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Fig. 5 Total ion chromatogram
(TIC) and extracted ion chro-
matograms (EICs) for 10 μM ly-
sozyme, 10 μM ubiquitin,
500 μM KCl at pH = 7.5 sprayed
from a (a) 109 nm i.d. nanopipette
and a (b) 5.9 μm o.d. emitter.
Potential of +1.2 kVor +1.8 kV
(for nanopipette and micron-sized
emitter, respectively) was applied
at 0.2 minutes and held constant
for 10 minutes, or until spray had
stopped. EIC signal was collected
from the lysozyme +9 peak (at m/
z = 1590) and the ubiquitin +7
peak (at m/z = 1224)
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molecules and particles in solution. Understanding which fac-
tors contribute to, and exacerbate, heterogeneity of solution-
phase ion transport during electrospray is critical for control of
experimental outcome. For instance, high ionic strengths or
larger emitters may be necessary to reduce heterogeneity for
semi-quantitative experiments, such as direct sampling and
subsequent ESI of biological species [40]. In contrast, hetero-
geneity may be exploited for sample cleanup or signal en-
hancement purposes [20–22]. In either case, a fundamental
understanding of experimental variables is integral to
performing informed research.
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