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Abstract: Electrospray ionisation (ESI) is renowned for its ability to ionise intact proteins for sensitive
detection by mass spectrometry (MS). However, the use of a conventional direct current ESI voltage
can result in the formation of relatively large initial droplet sizes, which can limit efficient ion
desolvation and sensitivity. Here, pulsed nanoESI (nESI) MS using nanoscale emitters with inner
diameters of ~250 nm is reported. In this approach, the nESI voltage is rapidly pulsed from 0 to
~1.5 kV with sub-nanosecond rise times, duty cycles from 10 to 90%, and repetition rates of 10 to

beck 350 kHz. Using pulsed nESI, the performance of MS for the detection of intact proteins can be
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improved in terms of increased ion abundances and decreased noise. The absolute ion abundances
and signal-to-noise levels of protonated ubiquitin, cytochrome C, myoglobin, and carbonic anhydrase
II formed from standard denaturing solutions can be increased by up to 82% and 154% using an
optimal repetition rate of ~200 kHz compared to conventional nESI-MS. Applying pulsed nESI-MS to
a mixture of four proteins resulted in the signal for each protein increasing by up to 184% compared
to the more conventional nESI-MS. For smaller ions (<1032 m/z), the signal can also be increased by
the use of high repetition rates (200-250 kHz), which is consistent with the enhanced performance
depending more on general factors associated with the ESI process (e.g., smaller initial droplet
sizes and reduced Coulombic repulsion in the spray plume) rather than analyte-specific effects

(e.g., electrophoretic mobility). The enhanced sensitivity of pulsed nESI is anticipated to be beneficial
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1. Introduction
Publisher’s Note: MDPI stays neutral

Electrospray ionisation (ESI) is well known for its ability to form intact protein ions for
sensitive detection by mass spectrometry [1]. For large biomolecules, a key characteristic of
ESl is the formation of a distribution of highly charged ions [2,3]. This multiple charging
effect has many advantages. High charging extends the effective mass range of instru-
ments with upper m/z limits, such that proteins can be detected on essentially any type of
ESI-equipped mass spectrometer [4]. For charge-sensitive mass analysers, the instrument
response increases linearly with the charge state of the ion and thus, more highly charged
ions can be detected with higher sensitivity and lower detection limits [5]. Moreover, pro-
tein ions that are formed with higher ion abundances and more extensive charging typically
yield richer product ion spectra, corresponding to increased information regarding the
sequence of the protein and any post-translational modifications. For example, in electron
capture dissociation (ECD) [6-8], electron transfer dissociation (ETD) [9,10], and some
types of ultraviolet photodissociation (UVPD) [11,12], the extent of the ion dissociation and
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sequence coverage can increase significantly with both the charge state and the abundance
of the precursor ion.

In ‘top-down’ MS, intact protein ions are often formed from denaturing solutions
that are acidified and contain an organic modifier. Such solutions facilitate the elongation
of the protein ions’ conformations, which have higher surface areas and more exposed
basic sites and can thus accommodate higher charge states than protein ions formed from
more ‘native-like” solutions [13]. However, a challenge with top-down MS is that, in ESI,
charge state distributions tend to be broad, which effectively distributes the protein signal
across multiple detection channels [8]. Moreover, the use of ECD, ETD, and/or UVPD
can result in the formation of hundreds of product ions, further partitioning the ion signal
and reducing signal-to-noise levels [14]. Thus, methods that can be used to increase the
abundances of whole proteins formed by ESI are desirable.

In ESI-MS, the extent of ion charging, sensitivity, and detection limits depends on
many factors including solution composition, emitter size and geometry, and instrumental
factors. For example, the use of chemical additives in ESI solutions have been demonstrated
to increase the charge states of proteins and peptides, which can improve the efficiency of
MS-based proteomic workflows, in an approach termed ‘supercharging’ [2]. A number of
different supercharging additives have been reported, including m-nitrobenzyl alcohol [15],
dimethyl sulfoxide (DMSO) [16], sulfolane [17], and cyclic alkyl carbonates [7,9,14,18-20]
such as 1,2-butylene carbonate (C2). Our group has demonstrated that the latter class of
additives can be used to form positively charged proteins in higher charge states than by
use of other additives [4,6], and such highly charged protein ions are sufficiently reactive
that they can protonate Ar (g) and Nj (g) in thermal, ambient temperature ion—-molecule
reactions [18]. Kuster and co-workers reported that DMSO can be doped into the eluent
in LC-MS/MS to significantly increase the number of proteins and peptides identified in
whole-cell digests by 10-25%, resulting in an improvement of the signal for peptide ions in
bottom-up proteomics by up to ten fold [19].

The use of ESI at low flow rates (mid-to-low nL/min) and with narrow ion emitter
capillaries (i.e., nanoelectrospray ionisation, nESI) in MS can be highly beneficial in the
analysis of biomolecules [20-22]. The use of lower solution flow rates and narrow emitters
in the range of nL/min can be used to form initial droplets that are an order of magnitude
smaller than those in more conventional ESI [23,24]. The use of narrower tips lowers
the voltage required to initiate ESI by more effectively concentrating the electric field at
the emitter tip, and it reduces sample consumption resulting in initial ESI droplets with
very high surface-to-volume ratios [25,26]. Such droplets can more readily desolvate and
be transferred through narrow conductance apertures to under the vacuum of an atmo-
spheric pressure interface to a mass spectrometer, thereby improving its sensitivity [27,28].
Moreover, the use of nanoscale ion emitters with inner diameters of less than 1 um can
significantly reduce the extent of the adduction of non-volatile salts and non-volatile
molecules to protein ions [29,30], including those of protein-ligand complexes formed
from native-like solutions, which can facilitate the accurate measurement of ligand—protein
binding constants [31-33]. In addition, a number of instrument modifications have been
developed to increase the efficiency of the transfer of ions from atmospheric pressure to the
low vacuum required for MS detection, which include different types of capillaries [34-36],
skimmers [37,38], electrodynamic ion guides [39,40], and ion funnels [41-44]. Although
these strategies can be highly effective, new approaches that can be used to enhance ion
signal further are desired.

In ESI, typically a direct current (DC) high voltage potential is applied to the ESI
solution relative to a capillary entrance to the mass spectrometer to initiate and maintain
the stable formation of a plume of highly charged droplets. ESI droplets formed from DC
ESI can have a natural pulse frequency (generally around 1-2 kHz) owing to the physics
of the droplet formation process, which depends on the sample flow rate, applied DC
voltage, and properties of the solution [45]. However, externally pulsed ESI-methods
have the advantage that extremely small droplets (~30 fL) can be formed from relatively
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large capillaries (e.g., ~11 um) compared to those formed using DC ESI [46], which can
potentially enhance the sensitivity via a more efficient ion desolvation. Externally pulsed
ESI can result from either pulsing a high voltage continuously through a sample solution
that is flowing through a capillary emitter [47], or by applying a constant DC voltage to
sequentially dispense discrete droplets of a sample solution [48,49]. Traditionally, high
frequency pulsed ESI refers to frequencies of ca. 1 kHz, whereas low frequency pulsed ESI
corresponds to frequencies of 1-100 Hz [45]. In addition to externally pulsed ESI, the use of
very high frequency alternating current (AC) ESI (up to 400 kHz) has been reported [50-52].
In AC ESI [50-52], and likely externally pulsed ESI, the Taylor cone can be significantly
‘sharper” and longer than in DC ESI, which is an effect that has been attributed to the
entrainment of low mobility species in the capillary meniscus that are rapidly charged and
discharged owing to the high electrophoretic mobility of protons. After multiple cycles,
the low mobility species (e.g., protein ions) are enriched within the Taylor cone, which
substantially elongates at a half angle (~12°) that is significantly lower than that formed by
DC ESI (~47°) [53,54]. Although the optimal conditions for DC ESI generally resulted in
higher ion abundances than those of AC ESI—owing primarily to the far lower electrical
breakdown limit of AC vs. DC for the same maximum applied voltage [50]—the formation
of a sharper Taylor cone should result in the production of smaller initial ESI droplets than
those formed by DC ESI and less radial dispersion of the resulting aerosol plume. These
two effects should in principle improve the efficiency of ESI-MS particularly for narrower
bore nESI emitters in which the electrical breakdown limit (<1 kV) is substantially lower
than that of larger bore ion emitters.

Here, 10 to 350 kHz externally pulsed nanoelectrospray ionisation (pulsed nESI) with
nanoscale ion emitters is demonstrated for use in whole protein MS. During the course
of this project, Ninomiya and Hiraoka reported the use of a high frequency pulsed nESI
source with microscale ion emitters (4 um i.d.), in which a DC voltage of up to ~1500 V
was superimposed onto a pulsed waveform of up to ~4000 V to initiate and maintain
nESI [55]. However, a direct comparison between the analytical performance of such a
source to conventional direct current nESI was not reported. Here, we report the use of
high frequency pulsed nESI with nanoscale ion emitters can be used to efficiently ionise
molecules by rapidly increasing the voltage from 0 to ~1.0 kV with pulse widths that
range from 2.85 to 100 us (duty cycles ranging from 10 to 90%) and frequencies from 10 to
350 kHz. As a proof of concept, four prototypical test proteins were selected as test analytes
of relevance to top-down MS (ubiquitin, Ubgq; cytochrome C, Cyt C; myoglobin, Myo; and
carbonic anhydrase II, CAII). By the use of pulsed, high frequency nESI with nanoscale ion
emitters, the performance of MS for the detection of protein ions can be improved in terms
of an enhanced sensitivity and decreased background chemical noise.

2. Materials and Methods
2.1. Materials and Sample Preparation

Angiotensin II (Ang > 95%), ubiquitin from bovine erythrocytes (Ubq > 98%), myo-
globin from equine heart (Myo > 90%), and carbonic anhydrase isozyme II from bovine
erythrocytes (CAII > 3000 W-A units/mg protein) were purchased from Sigma Aldrich
(St. Louis, MO, USA). Cytochrome C from equine heart (Cyt C > 90%) was obtained
from Alfa Aesar (Ward Hill, MA, USA). Methanol (>99.9%) was obtained from Honeywell
Inc. (Charlotte, NC, USA). Acetic acid and chloroform were purchased from Merck Pty
Ltd. Deionized water (18 M(2) was obtained using a water purification system (MilliQ,
Merck, Darmstadt, Germany). Stock solutions of Ang, Ubq, Cyt C, Myo, and CAII were
prepared in 100% deionized water at a concentration of 200 to 500 uM. The stock solutions
of Ang, Ubq, Cyt C, Myo, and CAII were diluted into 47.5:47.5:5 methanol:water:acetic
acid to prepare solutions for ESI-MS at a concentration of 1 to 5 pM. A solution mixture
containing 20 uM of each of the four proteins in 47.5:47.5:5 methanol:water:acetic acid was
also prepared.
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2.2. Mass Spectrometry

Most of the mass spectrometry experiments were performed using a linear quadrupole
ion trap mass spectrometer (LTQ XL, Thermo Fisher Scientific, San Jose, CA, USA), which
is modified with an electrodynamic ion funnel (Heartland Mobility, Wichita, KS, USA).
The stainless-steel capillary entrance was heated to 120 °C. The ion funnel conditions were
optimized for a ‘maximum’ ion signal for DC nESI prior to pulsed nESI. Specifically, the
RF frequency and ‘drive’ were tuned between 700-900 kHz and 10-24 a.u. corresponding
to a sinusoidal RF waveform of 100-400 V... Voltages applied to the MS inlet and the ion
funnel electrode were set between 100-250 V. A second LTQ XL with an unmodified ion
source (i.e., with the stock capillary—skimmer source) was used for nESI-MS experiments
with the protein mixture. Nanoelectrospray ionization emitters were pulled from glass
capillaries (1.0 mm o.d.; 0.78 i.d., Harvard Apparatus, UK) to an inner diameter of ~250 nm
using a Flaming/Brown micropipette puller (Model P-97, Sutter Instrument, Novato,
CA, USA). The inner diameters of emitters were confirmed by use of scanning electron
microscopy as described elsewhere [34]. The nanoelectrospray emitter was positioned
about 2-5 mm from the capillary inlet to the MS. A platinum wire with a diameter of
0.005” (SDR Scientific, Chatswood, NSW, Australia) was inserted into an uncoated glass
capillary filled with ~15 pL of sample solution. A DC voltage of ~1.5 kV was applied
to the platinum wire relative to the capillary entrance to the MS to initiate and maintain
electrospray for conventional nESI-MS experiments. For pulsed nESI, the experiment was
performed using the same conditions, except that a pulsed voltage of 0.8 to 1.5 kV was
applied to the platinum wire.

2.3. Pulsed Nanoelectrospray lonization

The pulsed nanoelectrospray ion source setup consisted of an external high voltage DC
power supply (TSA4000-1.2/240SP; Magna-Power Electronics, Flemington, NJ, USA), a fast
high voltage square wave pulser (Model FSWP 51-02, Behlke, Germany), an oscilloscope
(200 MHz, Wavesurfer 3024, Teledyne Lecroy, Ramapo, NY, USA), a waveform generator
(20 MHz; DG1022, Rigol, Beaverton, OR, USA), a stabilised power supply (model 272A,
BWD Electronics, Melbourne, Australia), and a control panel and a picoammeter (Keithley
6485 Picoammeter, Beaverton, OR, USA). In Figure S1, the electrical circuit that was used
to generate high voltage pulses is shown. A DC high voltage potential was applied to
the internal circuit of the high voltage pulser, which included a logic control circuit, an
isolated DC/DC converter for gate driver, and a bridge leg. A positive 5 V was connected
to the input of the isolated DC/DC converter and the logic control circuit. The isolated
power supply generated two isolated voltages for the dual channel isolated gate driver
that drove the switching devices, S1 and S2, of the bridge leg on and off. S1 and 52 were
operated in the complementary mode, with only one switch turned on at any time. When
S1 was on and S2 was off, the output of the generator was connected to the positive rail of
the HV DC power supply supplying a high voltage to the source. The time that S1 was
on corresponded to the pulse width (Tp) (Figure 1). In contrast, when S1 was off and S2
was on, the output of the generator would connect to the ground, resulting in zero voltage
applied to the source, which corresponded to the space width (Ts); i.e., the delay between
high voltage pulses. The sum of Tp and Ts corresponded to a full cycle; i.e., a single pulse
period (T) (Figure 1). The high voltage pulses were generated by applying a frequency and
duty cycle of 10 to 350 kHz and 10 to 90%, respectively.

2.4. Data Analysis

Mass spectra were collected using Xcalibur™ (Thermo Fisher Scientific, Waltham, MA,
USA) and exported to Excel for calculating the average background chemical noise (N¢)—
which refers to the total chemical background signal not assigned to the signal arising from
the analytes—and signal-to-chemical background noise (5/N¢) in terms of the measured
ion signal of the analyte of interest divided by the chemical background [56,57]. The signal
and S/N¢ values were obtained from the average of three replicate measurements with
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three different emitter tips. p-values were obtained using the standard T-test for two
independent means (two tailed) at a 95% confidence interval. UniDec (Version 4.4.1) was
used to calculate the average charge states of protein ions [58].
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Figure 1. Diagram of pulsed nanoelectrospray ionization mass spectrometry. (a) A borosilicate
capillary emitter pulled to an inner diameter of ~250 nm. The emitter was filled with a sample
solution (blue); a thin platinum wire was inserted to apply the spray voltage into the solution. (b) A
pulsed, positive polarity high voltage potential was applied to the emitter relative to the capillary
entrance to the mass spectrometer (MS), which had sub-nanosecond rise times, pulse widths (Tp)
from 2.85 to 100 us, and a delay between pulses (Ts) of 0.25 to 90 ps.

3. Results
3.1. Pulsed Nanoelectrospray lonization Increases Signal-to-Background Chemical Noise

Nanoelectrospray ionization mass spectra were obtained for solutions containing Ubq,
Cyt C, Myo, and CAII at concentrations of 3 to 5 uM. ‘Optimal’ pulsed nESI mass spectra
in terms of their ion abundance were obtained for each test analyte using frequencies and
duty cycle values ranging from 10 to 350 kHz and 10 to 90%, respectively. Lower duty
cycles were not investigated because no ion signal was readily detected below a duty cycle
of 10%. In general, pulsed nESI resulted in the same type of ions being formed as that for
direct current nESI as expected; i.e., protonated ions were readily formed in both pulsed
and direct current nESI-MS in comparable charge states (Figure 2). However, at the optimal
frequencies and duty cycles, pulsed nESI-MS resulted in an increase in ion signal and a
decrease in background chemical noise (N¢) levels. For example, the average ion signal
for Ubq, Cyt C, Myo, and CAII increased by 12, 62, 82, and 37% respectively using pulsed
nESI-MS compared to when direct current nESI-MS was used (Figure 2). The N¢ also
decreased for all samples by up to 46%. Such an increase in the absolute ion abundance and
decrease in N¢ by pulsed nESI resulted a significant increase in S/N¢ across all samples by
up to 154% compared to when direct current nESI-MS was used (Figure 2; Table 1).

3.2. Effects of Frequency and Pulse

In Figure 3, mass spectra of Myo that were obtained by conventional direct current
nESI and pulsed nESI at a frequency of 50, 100, 200, and 300 kHz are shown. To investigate
the effects of the waveforms used in pulsed nESI, mass spectra were first obtained at a
frequency ranging from 10 to 350 kHz using a fixed duty cycle of 50% to determine the
‘optimal” frequency (Figure 4a). With increasing frequency from 10 kHz, the absolute
ion abundance of Myo generally and steadily increased to a maximum at 200 kHz and
then decreased as the frequency increased further to 350 kHz. Mass spectra were then
obtained using the optimal frequency, but with different duty cycles. The signal intensity
increased as the duty cycle increased, resulting in a peak at a duty cycle of 60% followed
by a gradual decrease with higher duty cycles (i.e., >70% to up to 90%; Figure 4c). The
optimal frequency of 200 kHz and duty cycle of 60% were used to collect all other proteins’
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spectra and compared to those collected from the conventional direct current nESI method

(Figure 2).
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Figure 2. Mass spectra of ubiquitin (3 uM) (a,e), cytochrome C (5 uM) (b,f), myoglobin (5 uM) (c,g),
and carbonic anhydrase (5 uM) (d,h) obtained from pulsed (a-d) and conventional direct current
nESI (e-h), respectively. The pulsed nESI spectra were collected at an ‘optimum’ frequency of 200
kHz. T The heme group of myoglobin; * peaks corresponding to the chemical noise that are present
in the solution blank.

Table 1. Background chemical noise (N¢), signal-to-background chemical noise (S/N¢), and average charge state for
angiotensin II, ubiquitin, cytochrome C, myoglobin, and carbonic anhydrase II calculated from pulsed and conventional
direct current nESI mass spectrometry.

Analvt Nc? S/INc? Average Charge State ?
na es
y Pulsed nESI nESI % Decrease P Pulsed nESI nESI % Increase P Pulsed nESI nESI
Ub 105 + 3.99 155 +£10.5 32.5% 2334+ 714 1406 + 117 66.0% 12.1 +0.54 119 +0.33
Cyt 206 + 52.2 273 +35.2 24.4% 1313 + 143 615 + 66.2 114% 15.6 + 0.42 159 + 0.40
Myo 158 +9.63 185+ 11.3 14.6% 709 4+ 23.9 461 +17.9 53.8% 22.0+0.34 20.6 +0.36
CAIlL 272 +48.0 504 4+ 102 46.1% 518 + 128 204 + 66.9 154% 37.5+0.44 36.5 +0.47
Heme 148 £ 7.63 181 £9.31 18.2% 124 + 8.32 89.1 £591 39.2% N/A¢€ N/Ac€
Ang 92.1 +7.31 165 + 8.37 44.2% 3943 + 103 2082 +24.7 89.3% 2.08 +£0.09 1.97 £ 0.10

2 Values correspond to the mean + standard deviation of at least three replicate measurements; ® p-value < 0.05; ¢ Not applicable.

The use of pulsed nESI resulted in an increase in the average charge state distributions
of the two larger protein ions (Figures 2 and S2, Table 1). For example, the average
charge state distribution of Myo increased from 19.5 £ 0.07 to 20.6 & 0.09 as the frequency
increased from 10 to 200 kHz and then decreased slightly as the frequency decreased
further (Figure S2). Likewise, the most abundant charge state of Myo shifted from the 20+
for DC nESI to the 23+ for pulsed nESI at 200 kHz (Figure 2¢,g). For CAII, the average
charge state increased slightly from 36.5 &= 0.47 for DC nESI to 37.5 & 0.44 for pulsed nESI at
200 kHz (Table 1). Such a shifting to a higher charge state distribution at a higher frequency
is consistent with results reported previously for protein ions formed from denaturing
solutions using AC and pulsed ESI [52,55].



Appl. Sci. 2021, 11, 10883

7 of 12

1.1 4.1 0.06
a 2+
) 20+ f 0.03 3*
0.6 25+ 21 0.00
f o\ LLL L 300 310 320 330 340 350
00 l '} I. ; L l L X 1 n
550 700 850 1000 1150 300 500 700 900 1100
1.1 4.1
b) a)
0.6 24+ 20+ 2.1
sl ol 7
Ex 0.0 1 1 |. L | L L L L " 0. I
550 700 850 1000 1150 300 500 700 900 1100
2 1.1 4.1
g 'lc Nn
b ) 21+ )
p=1
3 0.6 25+ L L 2.1 o4
E 0.0 1 \. L |. ; L In L L . 0.0
£ 550 70023 850 1000 1150 300 500 700 900 1100
= +
3 119 a1,
<
0.6 26+ t 2.1 2+
s
00 l \l ll A, ll .1_ 1 n 0_0 n
550 700 850 1000 1150 300 500 700 900 1100
1114 a1y, 2 506 3+
294 0.03
0.6 25+ 2.1 O —
b\ l [ L 300 310 320 330 340 350
0. i L I.L II L L 0.0 |
550 700 850 1000 1150 300 500 700 900 1100
miz

Figure 3. Mass spectra of myoglobin (5 uM) (a—e) and angiotensin II (1 uM) (f—j) obtained from

pulsed and conventional direct current nESI methods. (a,f) Conventional direct current nESI mass

spectra of myoglobin and angiotensin II. (b—e) Pulsed nESI mass spectra of myoglobin obtained using

a frequency of 50, 100, 200 and 300 kHz, respectively. (g—j) Pulsed nESI mass spectra of angiotensin II

obtained using a frequency of 50, 100, 200, and 250 kHz, respectively. All pulsed nESI experiments

were conducted using a duty cycle of 50%. T The heme group of myoglobin.
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Figure 4. Absolute ion abundance of myoglobin (5 uM) (a,c) and angiotensin II (1 uM) (b,d) as a

function of frequency (a,b) and duty cycle (c,d) in pulsed nESI-MS. The spectra were collected at a

frequency ranging from 10 to 350 kHz (duty cycle of 50%) and a duty cycle ranging from 10 to 90%

(frequency of 250 and 200 kHz for angiotensin II and myoglobin, respectively).
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3.3. Pulsed Nano Electrospray lonization of Protein Mixture

Pulsed and DC nESI mass spectra of a solution mixture containing all four proteins
are shown in Figure 5. These data were collected using an LTQ XL with an unmodified ion
source; i.e., a skimmer—capillary atmospheric pressure ion source rather than a capillary—
ion funnel interface. The use of pulsed nESI-MS resulted in a respective increase in the ion
counts for the most abundant charge states of Ubq, Cyt C, Myo, and CAII of 158%, 74%,
47%, and 184% compared to when DC nESI-MS was used (Table 2). The extent of protein ion
charging was comparable to that obtained using the ion funnel interface (Figure 2). Overall,
these results indicate that the enhanced signal obtained by use of pulsed nESI-MS compared
to DC nESI-MS under these conditions is likely to apply more generally to additional types
of atmospheric pressure ion sources and more complex mixtures of proteins.

18+ 09O+

800 900 1000 1100 1200 1300 1400

Absolutete lon Abundance (x10°)
~l
o
o

. 700 800 900 1000 1100 1200 1300 1400
miz

Figure 5. Pulsed (a) and direct current nESI (b) mass spectra of a mixture of ubiquitin (e), cytochrome
C («€), myoglobin (A), and carbonic anhydrase II (») formed from a solution containing 20 pM
of each protein. The frequency and duty cycle of the pulsed high voltage was 200 kHz and 60%
respectively.

Table 2. Most abundant charge state, ion count of the most abundant charge state (arbitrary units), percentage increase in

ion count, and average charge state of ubiquitin, cytochrome C, myoglobin, and carbonic anhydrase II obtained from pulsed

and conventional direct current nESI mass spectra of a solution mixture containing all four proteins. Refer to Figure 5 for

the corresponding mass spectra.

Most Abundant TIon Count (x10°) for the Most . Average Charee State 3
Analytes Charge State Abundant Charge State 2 _/° Isn_crealsg & 8
in Signa
Pulsed nESI nESI Pulsed nESI nESI 8 Pulsed nESI nESI
Ubq 9+ 8+ 2.83+0.11 1.10 £0.10 158 9.194+0.05 8.99+0.13
CytC 13+ 13+ 1.75 £ 0.08 1.01 £0.10 74.0 132+021 12940.07
Myo 18+ 18+ 3.04 £ 0.09 2.07 £ 0.09 47.1 174 +0.08 17.3 £0.04
CAIl 31+ 34+ 2.024+0.10 0.72 £ 0.06 184 31.8+1.03 34.040.79

2 Values correspond to the mean =+ standard deviation of at least three replicate measurements; b p-value < 0.05.
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3.4. Mechanistic Considerations

The effects of electrophoretic mobility on the abundances of ions formed in pulsed
and direct current nESI was examined for ions with significantly different mobilities.
Proteins have electrophoretic mobilities that are substantially lower than Ang. For example,
the electrophoretic mobilities of Ang and Myo are 6 x 107> cm?/Vs and 1.4 x 107°
cm?/Vs [59,60]. The highest ion signal and S/N¢ values for Ang were obtained at a
frequency and duty cycle of 250 kHz and 50%. The abundance of the singly positively
charged Fe(IlI)-heme prosthetic (i.e., m/z 616) also had a maximum abundance and S/N¢
at 200 kHz and 50%, which was similar to that of Myo (200 kHz and 60%) formed from the
exact same solution and ion emitter tip (Figures 3, 4 and S3). Thus, electrophoretic mobility
alone cannot fully account for the enhanced abundance of these ions. There is a lack of a
significant electrophoretic entrainment effect in pulsed nESI using nanoscale emitters. In
AC ESI with larger bore emitters, the RF amplitudes are higher, volume of the Taylor cone
is larger, and polarity of the ESI waveform is fully reversed every period unlike in pulsed
nESI, which may contribute to the reduced dependence on electrophoretic mobility.

The improved performance by use of pulsed high voltage nESI compared to DC nESI
can be attributed to at least two factors. First, the use of shorter pulses may result in
the formation of smaller sized ESI droplets owing to the lower nESI current. It is well
established that larger initial droplets tend to be formed in ESI using higher currents [61].
The use of shorter pulses lowers the ESI current and in principle should result in the
formation of smaller initial sized droplets. Such droplets should result in more efficient
droplet desolvation and ionisation. Secondly, the use of shorter pulses should reduce
charge—charge repulsion in the nESI aerosol plume, which may improve ion transmission
through the narrow capillary entrance to the mass spectrometer. This may be beneficial to
the detection of lower abundance ions and result in the signal not being linearly dependant
on the duty cycle. It is established that in AC ESI using larger emitter tips with higher
frequencies can result in a significant narrowing of the Taylor cone angle [50-52].

4. Conclusions

The use of high voltage and high frequency pulses in nESI-MS can result in significant
performance gains in terms of the signal intensity, background chemical noise (N¢), and
signal-to-background chemical noise (S/Nc) in the detection of intact proteins compared to
conventional DC nESI-MS. For example, the use of pulsed high voltages from 0 to ~1.5 kV
with sub-nanosecond rise times, a frequency of 200 kHz, and a duty cycle of 50-60% can
increase signal and S/N¢ values by up to 82% and 154%, respectively, while the N¢ can
be decreased by up to 46% compared to DC nESI. The use of pulsed high voltage wave-
forms in nESI-MS can also be used to significantly increase the abundances of protein ions
formed from mixtures of proteins by up to 184% compared to DC nESI-MS. Given that
the abundances of both small molecules (protonated angiotensin II and Fe(II)-heme) and
protein ions with substantially different electrophoretic mobilities peaked at very high fre-
quencies (200-250 kHz), these data indicate that factors other than electrophoretic mobility
contribute to the enhanced performance of pulsed nESI. Alternatively, the use of pulsed
nESI may result in the formation of smaller ESI droplets and less Coulombic repulsion
in the ESI plume, which should result in improved ion desolvation and a more efficient
transfer of ions from atmospheric pressure to under vacuum through the narrow capillary
entrance of the mass spectrometer, thereby increasing the signal. Enhancing the signal for
intact protein ions formed using pulsed nESI should be beneficial in many different types
of tandem mass spectrometry experiments for the quantitative and qualitative analysis of
complex chemical mixtures including the contents of single cells.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app112210883/s1, Figure S1: Electrical circuit to generate high voltage pulses for pulsed
nESI-MS, Figure S2: Effects of frequency and duty cycle on average charge states and signal-to-noise
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ratios, Figure S3: Effects of frequency and duty cycle on average charge states and signal-to-noise
ratios, Figure S4: Mass spectra for angiotensin.
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