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ABSTRACT: Efficient ionization is a necessary condition for mass
spectrometric analysis, but many compounds fail to ionize well enough
to yield sufficient detection limits. Triboelectric nanogenerators
(TENG) coupled to nanoelectrospray ionization (nanoESI) mass
spectrometry (MS) are a highly effective approach to high sensitivity
MS analysis. Here, we report on new, large-area TENG that
constructively leverage the relationship between electrode size, created
charges, and open-circuit voltage, leading to wider chemical coverage.
Large-area TENG were found to also promote electrospray gas-phase
oxidation reactions that enabled double bond position pinpointing for
unsaturated lipids and species-specific lipid quantitation. Furthermore,
large-area TENG MS of proteins was observed to yield higher charge
state distributions (i.e., supercharging) without the need for high surface
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he pioneering experiments of Yamashita and Fenn

published in 1984' first suggested the role that
electrospray ionization (ESI) coupled to mass spectrometry
(MS) would later have as a powerful characterization tool.
Nowadays, both ESI and nanoESI MS” have matured as part of
essential bioanalytical platforms and are central to fields such
as metabolomics and proteomics.” Continuous research
efforts directed at improving ESI and its open air “ambient”
counterparts such as desorption electrospray ionization
(DESI) and nanoDESI°™” have led to increased sample
throughput, better tolerance to complex matrices, and
extended chemical coverage.*™ "

Typically, ESI, DESI, and even ion sources for imaging MS
such as laser ablation electrospray ionization (LAESI)'" are
powered by high voltage DC supplies. As an alternative, both
static electricity’*" and triboluminescence'*'® have been
proposed as simpler, gentler, and safer alternatives for driving
MS ionization. Demonstrated advantages of these new
approaches include added simplicity, ion kinetic energies that
preserve noncovalent complex structures,'” and improved
sensitivity for both peptides and proteins."’

Triboelectric nanogenerators (TENG), first introduced by
Wang et al. as mechanic motion-harnessing devices to power
electronics, are one of the most effective means of static
electricity utilization.'®™"” In TENG, different dielectric
materials and designs are used to generate electricity based
on triboelectrification and electrostatic induction.”” TENG are
capable of producing hundreds of #C m™ per cycle and open-
circuit voltages in the several kilovolt range, with proved
stability of up to millions of cycles with minimal degradation.”!
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Our team recently described the first use of contact separation
(CS) and sliding freestanding (SF)-TENG as nanoESI power
sources,”” and their application to the analysis of counterfeit
medicines.”’ Among the tested configurations, SF-TENG
showed excellent sensitivity and reproducibility, with much
improved detection limits.

One of the special characteristics of TENG is that their
open-circuit voltages and amount of charges generated per
cycle are based on the choice of electrode materials and size, so
larger area TENG produce higher amounts of delivered
charges to the ion source, potentially resulting in unexplored
analytical advantages. In this work, a large-area TENG-driven
nanoESI ion source is characterized in terms of the polarity
range of ionizable metabolites, gas-phase reactions at the
emitter tip, droplet size distributions, and extent of analyte
charging. Results indicate significant improvements for
difficult-to-ionize analytes, the noteworthy capability to enable
rapid double bond pinpointing in unsaturated lipids, and the
ability to induce protein supercharging without additives.

B EXPERIMENTAL METHODS

Materials and Chemicals. Optima LC—MS grade
acetonitrile (ACN), acetone, 2-propanol, methanol (MeOH),
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and chloroform (CHCIl,) (Fisher Chemical, Suwanee, GA)
and ultrapure 18.2 MQ:-cm deionized water (Barnstead
Nanopure Diamond, Van Nuys, CA) were used for preparing
all solutions. Human serum was purchased from Sigma-Aldrich
(Saint Louis, MO). Fatty acid (FA) extraction from such
sample was performed using a HybridSPE-phospholipid
removal cartridge (30 mg, Sigma-Aldrich, Saint Louis, MO),
followed by liquid/liquid extraction with chloroform:metha-
nol; a detailed extraction procedure is provided in the
Supporting Information. Ammonium hydroxide (NH,OH)
(20—30%), trifluoroacetic acid (TFA), ammonium acetate
(NH,Ac), and ammonium bicarbonate (NH,Bic) were
purchased from Fisher Chemical (Suwanee, GA). Inosine,
pyrene, cholesterol, a-tocopherol, naphthalene, bisphenol A,
oleic acid, cis-vaccenic acid, linoleic acid, a-linolenic acid,
heptadecanoic acid, sucrose, cytochrome ¢ from bovine heart,
myoglobin from equine skeletal muscle, and ubiquitin from
bovine red blood cells were purchased from Sigma-Aldrich
(Saint Louis, MO).

TENG-MS. Experiments were carried out using a manually
actuated large-area SF-TENG that powered a nanoESI ion
source coupled to a Q-Exactive hybrid quadrupole-Orbitrap
mass spectrometer (Thermo Scientific, San Jose, CA). For DC
nanoESI experiments, the spectrometer’s own power supply
was used, with a voltage of 1.5 kV. Glass emitter tips (Econo
12, New Objective, i.d. = 0.69 mm, o.d. = 1.2 mm, part no.
ECONO 12N) were employed in all cases. The nanoESI
emitters were mounted on an x, y, z manual linear stage
(Thorlabs, Newton, NJ) to control position with respect to the
mass spectrometer capillary inlet; unless specified otherwise,
the emitter tip was held 8—10 mm away from the capillary
inlet. A 1.5 mm diameter silver wire was inserted into the
emitters to provide electric contact with the sample solution.

The following instrumental conditions were used for Q-
Exactive MS experiments unless specified otherwise: capillary
temperature: 150 °C, S-lens radio frequency level: 50,
maximum injection time: 50 ms, automatic gain control: 5 X
10%, mass resolution: 17500 for small molecules and 70000 for
protein analysis. For tandem MS experiments, a resolving
power of 17500 and fragmentation energy of 35 NCE units
were used.

The large-area SF-TENG consisted of two static electrodes
(Cu film deposited onto FEP as two rectangles separated by an
uncoated rectangular region, mounted on acrylic) of 135 and
121 cm?, and a movable slider (Nylon mounted onto a foam
square supported by an acrylic piece) of 127 cm® In all cases,
TENG were actuated manually for mechanistic studies, as
sufficient reproducibility was obtained without the need for
electrical actuators. The smaller movable slider electrode used
in some comparative experiments was similar to the one
previously used by our group,”” and was built with cooper foil
deposited on a 3575 cm® acrylic piece. A linear motor
(LinMot USA, Inc.) or a URS robotic arm (Universal Robots,
Inc.) was used to operate the movable slider electrode in
experiments where automation was implemented.

NanoES| Spray and Emitter Imaging. Electrospray
images were collected using a mobile phone camera and a
line laser (532 nm, S0 mW, class I, BESS32-L, Apinex,
Montreal, Canada), positioned at 90° with respect to the
nanoESI emitters. The laser was used to illuminate the plume
generated at the tip. NanoESI tip emitter images before and
after TENG operation were captured using a Hitachi SU8010
ultrahigh resolution scanning electron microscope (SEM). The

aerosol droplet distribution was characterized using a scanning
mobility particle sizer spectrometer (SMPS model 3938, TSI,
Inc, MN), also known as a differential mobility analyzer
(DMA). These experiments were performed using a 1%
sucrose solution with 200 mM NH,Ac added; a detailed
explanation of DMA experiments is provided in the Supporting
Information.

B RESULTS AND DISCUSSION

Large-Area TENG Characterization. Two static electro-
des and a movable slider with different triboelectric layers were
used to construct the SF-TENG used in this work. Displace-
ment of this slider between the two center positions of the
static electrodes alters the electrostatic balance on the
dielectric materials, producing a net charge displacement
through the nanoESI ion source. The proportionality between
the amount of charge generated by TENG and their electrode
area, together with the desire for a better understanding of the
underlying ionization mechanisms in TENG MS,”” led us to
the construction of an SF-TENG with ~2.5-fold larger
electrodes compared to our initial devices (Figure la). The
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Figure 1. (a) Schematic describing the large-area TENG device. (b)
Photography of the pulsed corona discharge observed at the glass
emitter tip during the negative voltage operation cycle.

implemented design produced open-circuit voltages of 6—7
and 5.5—6.5 kV and 5 and 7.3 mA of pulse maximum currents
in positive- and negative-ion modes, respectively (Figure
Slab), values that exceeded those in our previous work.?
Percent relative standard deviations (RSD%) of the generated
voltages, current, and total ion chronogram abundances
(Figure Slc) were 11.6—12.8%, 11.3—14.1%, and 10.7%,
respectively. The large majority of mechanistic experiments
presented in this work were conducted with manually actuated
TENG, but both synchronized and unsynchronized TENG-MS
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Figure 2. Temporal evolution of the ion signals during a large-area TENG cycle for a 10 uM pyrene and 10 yM inosine (1:1) water/methanol
solution with 0.1% TFA in positive-ion mode at different time points described in Figure S3: 1 (a), 2 (b), 3 (c), 4 (d). The same solution in

negative-ion mode at different pulse time points: 1 (e), 2 (f), and 3 (g).

analysis can also be performed using mechanical actuators,
with examples discussed in Figure S2.

The higher open-circuit voltages achieved by the large-area
TENG led to the formation of a transient corona discharge
that was only visible to the naked eye during the first ~0.1 s of
the negative-ion mode operation cycle (Figure 1b), but not
during positive-ion mode operation. The absence of observable
light emission in positive-ion mode, however, is not indicative
of a lack of corona discharge during TENG operation. Both
Konermann et al.”* and Morozov et al.”> have shown the
formation of reactive oxidized species in discharges not visible
by the naked eye. Those electrospray-associated plasmas are
typically classified as glow corona discharges,26 with several
reports of their stabilizing effect whenever the streamer regime
conditions are not reached.”””* Detection of reactant ions
typically formed during atmospheric pressure chemical
ionization (APCI) also confirmed the presence of a plasma
during TENG MS operation. Protonated water clusters, such
as [(H,0); + H]" and [(H,0), + H]*, were detected during
the positive portion of the TENG cycle (Figure 2a), with mass
accuracies of 1.8 and —0.9 ppm, respectively. In a similar
fashion, the negative portion of the cycle led to the formation
of reactant ions that included species such as [CO;]” and
[NO,]~ (Figure 2e—g), known to be of importance in
negative-ion mode APCL*’ The temporal evolution of the
abundance of such reactant species (Figure 2b—d,f,g), together
with the molecular ions of pyrene ([M]**, m/z 202.078) and
inosine ([M + H]*, m/z 269.088), was measured at various
time points (Figure S3) of the ion transient. It was observed
that the APCI-like processes occurring during the corona
discharge event promoted pyrene radical ion formation at the
maximum of the voltage transients (Figure S1a) and during the
current spike observed in the negative portion of the TENG
operation cycle (Figure S1b). In positive-ion mode, inosine
showed an abundance maximum that coincided with the
maximum TENG output voltage, whereas in negative-ion
mode (Figure 2b) the abundance increased as the corona

discharge subsided, likely due to a progressive switch from an
APCI to an ESI-prevalent regime. The voltages associated with
each TENG ion pulse (5.5—7 kV) led to the formation of dual-
jet sprays during the positive portion of the cycle (Figure S4).
Formation of such multiple jets is considered a step prior to
the appearance of corona discharges,’® and therefore
reinforced the finding that transient high voltages caused by
the larger TENG area caused a corona discharge event. Such
corona discharges had an approximate duration of ~100 ms at
the beginning of each ~1s TENG ion pulse. Scanning electron
microscopy images of emitters subject to such discharges
showed no appreciable damage to the emitter tip even after
200 TENG operation cycles (Figure SS). The transient nature
of the TENG corona discharge seemed to reduce the thermal
stress produced by the electrical breakdown, allowing
prolonged operation with excellent reproducibility.

To further characterize the effect of the transient high
voltages produced during large-area TENG ionization, droplet
size distributions were studied using the aerosol created by a
1% sucrose solution as a surrogate (Figure S6), as previously
described.”’ ~** For DC nanoESI, measured sucrose particle
sizes ranged from 18 to 40 nm, with a significant population of
droplet sizes likely missed by DMA measurements in positive-
ion mode due to the instrument size cutoff. Increasing spray
voltage in negative-ion mode DC nanoESI increased particle
sizes (Figure S6¢c). Large-area TENG yielded larger and more
abundant particles than DC nanoESI (Figure S6d), this higher
abundance likely being one of the reasons behind the increased
sensitivity observed for large-area TENG, as discussed below.

The dual ESI/APCI mechanism responsible for the results in
Figure 2 was further investigated using a mixture containing a
larger variety of polar and nonpolar model analytes. These
included naphthalene, caffeine, pyrene, bisphenol A, inosine,
cholesterol, and a-tocopherol. Large-area TENG MS success-
fully enabled the simultaneous detection of both protonated
(Figure 3a) and low polarity (Figure 3b) species from these
analytes. As expected, caffeine and inosine were also detected
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Figure 3. Large-area TENG (orange trace) and DC-nanoESI (blue
trace) positive-ion mode analysis of a mixture containing both: (a)
polar and (b) nonpolar compounds. The solution contained 20 uM of
each naphthalene, caffeine, pyrene, bisphenol A, inosine, cholesterol,
and a-tocopherol in a 1:1 water/methanol solution with 0.1%TFA.
[Caffeine + H]* was the base peak with an abundance of 1.07 X 10°.

with DC-nanoESI analysis, but only large-area TENG showed
significant abundances for the [M]*" ions of low polarity
compounds. These ions were likely produced by gas-phase
reactions in the corona discharge region between the emitter
and the spectrometer inlet, therefore requiring molecular
nitrogen or oxygen, as is typical of APCI. Modification of the
TENG sprayer assembly to encapsulate the corona discharge
region to decrease exposure to ambient air in the ionization
region resulted in a sharp decrease in the abundances of such
ions, confirming the likelihood that they were the product of
gas-phase APCI processes (Figure S7).

To study the effectiveness of TENG in ionizing different
polarity analytes in a more quantitative fashion, limits of

detection (LOD) for several of the model analytes tested
above were determined (Figure S8 and Table S1), yielding
excellent results. Parallel reaction monitoring (PRM) experi-
ments for naphthalene yielded an LOD of 261 ppb while
monitoring the m/z 102.05 fragment ion, whereas the LOD for
inosine was 11.6 ppb for the m/z 135.03 ion and 6.1 ppb for
the m/z 137.05 ion. These results confirmed the excellent
sensitivity of TENG MS and suggested the possibility of using
this technique for molecules of biological importance found in
complex mixtures, as discussed below.

TENG Analysis of Unsaturated Lipids. During the experi-
ments described in Figure 3, cholesterol and a-tocopherol
oxidized species were readily observed (Figure S9), suggesting
that gas-phase oxidation via TENG could potentially be
leveraged to determine double bond position in unsaturated
lipids via epoxidation.”* Ozonolysis,”>*° high-energy collision-
induced dissociation,”’ derivatization reactions,>® ultraviolet
photodissociation,39 plasma oxidation,™ and electrochemical
epoxidation*' of double bonds have all been proposed as
potential approaches to localizing double bonds. These
approaches, however, typically require significant instrument
modifications, use corrosive agents or specific reactants not
always compatible with the various lipid classes, and may
require time-consuming chemical reactions.

A model unsaturated FA, cis-vaccenic acid (VA), was chosen
to investigate C=C location pinpointing using large-area
TENG. The [VA + O — H]™ ion at m/z 297.2 and [VA + 20
— HJ™ ion at m/z 313.2 (Figure 4a) were readily observed
with a yield of approximately 11.9% and 8.3% when water/
methanol 1:1 was used. This was found to be the optimum
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Figure 4. Mass spectrum of a 10 #M solution of cis-vaccenic acid (VA) (C,sH3,0,) in water/methanol (1:1) with 50 mM NH,OH analyzed via (a)
large-area TENG and (b) DC nanoESL Tandem MS experiments at a normalized collision energy of 35 for (c) the m/z = 297.2 [VA + O — H]~
precursor ion, showing the m/z 183.1 and 199.1 diagnostic fragment ions and (d) the m/z = 313.2 [VA + 20 — H]~ precursor ion, presenting

similar fragments.
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solvent in terms of spectral simplicity and overall sensitivity.
Other solvents produced lower yields of the oxidized species,
or more complex spectra, as discussed in Figure S10.
Interestingly, the proportion of water in the solvent mixture
was found to be important in terms of the extent of double
bond oxidation (Figure S11). When the same solution was
analyzed via DC-nanoESI at —1.5 kV, the epoxidation product
was absent (Figure 4b). Tandem MS high-energy collision
dissociation (HCD) experiments of the [VA+O — H]~ ion
resulted in two diagnostic fragments at m/z 183.1 and 199.1,
characteristic of the unsaturation at the FA chain 11 position
(Figure S12). Tandem MS of [VA + 20 — H]™ (m/z 313.2)
showed that this oxidation product was also useful in
pinpointing the C=C position (Figure 4d). Regardless of
the precursor ion chosen, all these experiments demonstrated
that large-area TENG enabled double bond localization in a
rapid fashion and without the need for specific reagents.

The applicability of large-area TENG for C=C location
pinpointing in lipids with a different C=C position (oleic acid,
9Z), and multiple unsaturations (linoleic acid, 9 and 12Z; a-
linolenic acid, 9, 12 and 15Z) was also investigated. The
observed epoxidation yield for oleic acid (OA) was similar to
its structural isomer, cis-vaccenic acid (Figure S13a). Tandem
MS analysis of [OA + O—H]™ at m/z = 297.2 showed the two
characteristic diagnostic peaks expected for the 9 position, m/z
155.11 and 171.1 (Figure S13d). This epoxide was
accompanied by a secondary [OA-2H + O — H]~ species at
m/z = 295.2, which showed no interfering diagnostic peaks
(Figure S13e). All other tested FAs also presented [FA-2H +
O — H]™ ions with similar behavior. Double bonds in multiply
unsaturated FAs could also be localized using large-area
TENG. As shown in Figure S13b,c, epoxidation of linoleic
(LN) and linolenic (LNN) acids readily occurred, generating
[FA + O — H]™ and [FA + 20 — H]™ ions. Diagnostic
fragment ions indicating the correct double bond positions
(Figure S12) were obtained upon HCD of m/z = 295.2 ([LN
+ O — H]7) and m/z = 293.2 ([LNN + O — H]7), as shown
in Figure S13f,g, respectively.

Following experiments with model FAs, analysis of a human
serum sample was pursued to evaluate the applicability of
large-area TENG MS to more complex samples. The protocol
used for FA extraction from human serum is provided in the
Supporting Information. As seen in Figure Sa, large-area
TENG analysis of serum FA extract revealed the presence of
various FAs (14:0, 14:1, 16:0, 16:1, 18:0, 18:1, 18:2 and 20:4),
with the oxidation products for 18:1, 18:2, and 20:4 readily
detected. For FA 14:1, the oxidation product was too weak, as
the starting FA ion abundance was also low. The FA 16:1
oxidation product was confidently detected, but it was
coselected with FA 17:0 in MS/MS experiments, so clean
product ion spectra could not be obtained. Tandem MS
experiments on the [M + O — H]™ ion of FA 18:2 correctly
localized the C=C at the 9 and 12 positions (Figure Sb).
Similar experiments on the [M + O — H]™ ion of FA 18:1
revealed a mixture of two different isobars, with the single
double bond at position 9 or 11, the former in greater
abundance (Figure Sc).

FA quantitation was performed using an isotopic dilution
approach with spiked FA 17:0 as the internal standard. Good
correlation was obtained between [FA 18:1 — H]™ ion
abundance and its concentration (Figure S14a). Interestingly,
good correlation was also observed for the [FA 18:1 + O —
H]~ epoxidation product and concentration (Figure S14b),
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Figure S. Large-area TENG MS analysis of a fatty acid (FA) extract
from a human serum sample: (a) large-area TENG MS, (b) tandem
MS of the 18:2 epoxide precursor ion (m/z 295.2), and (c) tandem
MS of the 18:1 epoxide precursor ion (m/z 297.2).

suggesting this ionic species could also be used for quantitation
purposes. As shown in Figure Sl4c, a calibration curve using
the diagnostic fragment ion abundances for oleic and cis-
vaccenic acid at molar ratios ranging from 1:1 to 1:15, allowed
relative quantitation, finding the A9 and AIll isomers had
93.2% and 6.8% abundances.

Protein Analysis and Supercharging. Model proteins were
also studied via large-area TENG to evaluate the influence of
the increased number of delivered charges on the observed
charge state distributions. Preliminary experiments with
cytochrome C (Cyt C) solutions showed very good signal-
to-noise ratios in both ion modes for all folded charge states
observed, even at concentrations as low as 100 nM (Figure 6).
Myoglobin TENG analysis also exhibited good sensitivity
(Figure S15). Interestingly, it was observed that the high
electric fields produced by large-area TENG promoted the
formation of higher charge states for Cyt C, corresponding to
unfolded structures (Figure 6a, inset). This effect was even
more noticeable for myoglobin (Figure S15a). The unfolding
and increase in average charge state (ACS) of myoglobin was
clearly favored during large-area TENG operation in positive-
ion mode, showing higher abundances for the apo form at
charge states as high as +15 or +16. Detachment of the heme
group was readily detected during TENG operation. We
hypothesize that electrothermal supercharging, the shift in
ACS to higher values without any reagents, first reported by
Williams et al,** was responsible for the triboelectric-induced
supercharging observed during these experiments.

Electrothermal supercharging represents an alternative
means to induce protein ACS increases in native mass
spectrometry and is a function of the voltage applied during
the electrospray process, among other factors.*’ This
phenomenon is the result of protein unfolding following
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Figure 6. Large-area TENG analysis of different solutions of
cytochrome C in water/methanol (1:1) + 100 mM of ammonium
acetate: (a) 10 uM in positive-ion mode, (b) 100 nM in positive-ion
mode, (c) 10 #M in negative-ion mode, and (d) 1 #M in negative-ion
mode.

thermal denaturation induced by high electric fields.** While
results shown in Figure 6a were obtained under denaturing
conditions, native MS conditions were also tested with TENG
MS. Under these conditions, both Cyt C and myoglobin
showed a shift toward higher charge states that increased at
shorter emitter-inlet distances, making unfolded ion structures
more abundant (Figure 7). Reducing the area of the TENG
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Figure 7. Control of protein charge states under electrothermal
supercharging conditions using large-area TENG as a function of the
nanoESI emitter-inlet distance to promote protein unfolding for (a)
10 uM cytochrome C in water with 100 mM NH,Bic and (b) 10 uM
myoglobin in water with 100 mM NH,Bic.

slider electrode reduced the number of delivered charges and
the open-circuit voltages, leading to the recovery of more
folded +S and +6 charge states (Figure S16).

B CONCLUSIONS

In conclusion, large-area TENG have demonstrated significant
enhancements to MS ion generation processes and are an
interesting alternative to standard nanoESI power sources.
Their charge delivery properties allows operation in a mixed
regime that encompasses not only ESI, but also APCI, but
without any detrimental effects to the emitters. This mixed
regime enables ionization of challenging nonpolar compounds.

The higher pulsed voltages delivered by large-area TENG not
only yielded high sensitivities, but also enabled maximum
sample utilization efficiency by consuming only minute
amounts (pL) of sample per pulse. Synchronization with
mass analyzers such as ion traps, Orbitraps, and time-of-flight
is possible for maximum ion utilization and duty cycle. Other
TENG formats that allow high frequency switching, such as
freestanding rotary devices,* could be useful in coupling this
technology to liquid phase separations. Gas-phase oxidation at
the nanoESI emitter was leveraged to induce epoxidation of
lipid double bonds, which allowed pinpointing their position
and their species-specific quantitation in biological samples.
TENG ionization of proteins revealed excellent sensitivities
and significant supercharging effects without the need for high
surface tension additives, allowing to shift large molecular
weight species to the m/z range where mass analyzers are at
their best performance in terms of mass resolving power and
accuracy, and producing multiply charged species that are
more reactive precursors for tandem MS experiments.
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