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Small organic molecules are used as solution additives in electrospray ionisation mass spectrometry (ESI-
MS) to increase the charge states of protein ions and improve the performance of intact protein analysis
by tandem mass spectrometry. The properties of the additives that are responsible for their charge-
enhancing effects (e.g. dipole moment, gas-phase basicity, Brønsted basicity, and surface tension) have
been debated in the literature. We report a series of solution additives for ESI-MS based on cyclic alkyl
carbonates and sulphites that have alkyl chains that are from two to ten methylene units long. The extent
of charging of [Val [5]]-angiotensin II, cytochrome c, carbonic anhydrase II, and bovine serum albumin in
ESI-MS using the additives was measured. For both the alkyl carbonate and sulphite additives with up to
four methylene units, ion charging increased as the side chain lengths of the additives increased. At a
critical alkyl chain length of four methylene units, protein ion charge states decreased as the chain length
increased. The dipole moments, gas-phase basicity values, and Brønsted basicities (i.e. the pKa of the
conjugate acids) of the additives were obtained using electronic structure calculations, and the surface
tensions were measured by pendant drop tensiometry. Because the dipole moments, gas-phase basic-
ities, and pKa values of the additives did not depend significantly on the alkyl chain lengths of the ad-
ditives and the extent of charging depended strongly on the chain lengths, these data indicate that these
three additive properties do not correlate with protein charging under these conditions. For the additives
with alkyl chains at or above the critical length, the surface tension of the additives decreased as the
length of the side chain decreased, which correlated well with the decrease in protein charging. These
data are consistent with protein charging being limited by droplet surface tension below a threshold
surface tension for these additives. For additives with relatively high surface tensions, protein ion
charging increased as the amphiphilicity of the additives increased (and surface tension decreased)
which is consistent with protein charging being limited by the emission of charge carriers from highly
charged ESI generated droplets.
© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Electrospray ionisation (ESI) [1e3] can be used to form intact
protein ions in the gas phase in higher charge states than any other
known technique. Forming highly charged analyte ions lowers their
mass-to-charge ratio (m/z) and enables mass analysers with limited
mass ranges to detect analyte ions as large as proteins [2]. Moreover,
protein ions in higher charge states generally dissociate more
extensively than ions in lower charge states in widely-used ion
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fragmentation techniques such as collision induced dissociation
(CID), electron transfer dissociation (ETD), and electron capture
dissociation (ECD) [4e6]. During ECD and ETD (ExD), post-
translational modifications of proteins and peptides tend to
remain intact [6e8], which can be a significant advantage over other
fragmentation methods, including CID [9]. In ExD, the charge sites
direct fragmentation [8,10e13] and the energy deposited into the
ion increases with charge state [10,11,14e18]. As such, high peptide
and protein charge states result in high fragmentation efficiencies
and extensive ion fragmentation. However, it remains challenging to
obtain extensive fragmentation of protein ions larger than 20 kDa
owing partly to the strength of intramolecular non-covalent in-
teractions [6,11,13,19]. To overcome the non-covalent forces of large
protein ions, denaturing electrospray solutions, which are used to
form protein ions in extremely high charge states and unfolded
conformations [6,20e24], can be employed. Thus, the ability to form
protein ions in unfolded conformations and higher charge states
than is currently possible should result in further improvements to
the fragmentation efficiency of large protein ions in ExD.

In ESI, an electrical potential is applied to a solution flowing
through a capillary, which results in the formation of a plume of
highly charged droplets that contain analytes [1e3]. The compo-
nents of the droplets evaporate at rates in order of decreasing
volatility, which results in smaller droplets [25]. When the droplets
reach a critical size, Coulombic repulsion overcomes the surface
tension of the droplets and results in Coulombic fission; i.e. a
stream of smaller droplets is emitted [1e3]. For a spherical droplet
holding a given amount of charge, the critical droplet radius at
which droplet fission occurs is given by the Rayleigh limit [26].

QCF ¼ 8p
�
gε0R

3
�1

2 (1)

where QCF is the charge on the droplet, g the surface tension of the
droplet, R the radius of the droplet, and ε0 the electrical permittivity
of vacuum. Repeated droplet fission results in highly charged
nanodroplets fromwhich the protein ions are ultimately formed. As
Coulombic fission causes the total charge in the precursor droplets
to decrease [27], the amount of charge in the nanodroplets in the
final stages of ESI will depend on the frequency of Coulombic fission
events. Additionally, droplets can lose charge due to the emission of
charge carriers from the nanodroplets in a process called ion
emission [28]. Thus, it is desirable to minimise both Coulombic
fission and ion emission events to maximise the amount of charge
in the nanodroplets near the moment of protein ion formation.

The charge states of protein ions formed by ESI can be signifi-
cantly increased by adding superchargers (e.g. m-NBA [29], sulfo-
lane [30], propylene carbonate [31], and butylene carbonate [32]) to
electrospray solutions [30,33e37]. For example, by using a dena-
turing solution consisting of 94.5%(v/v) water, 0.5%(v/v) acetic acid,
and 5% (v/v) butylene carbonate, ESI can be used to form common
test protein ions in higher charge states than has been reported by
use of denaturing acidic aqueous solutions containing high con-
centrations of organic solvent, or by the use of other supercharging
additives; that is, doping butylene carbonate into a denaturing
solution can increase the average charge states of myoglobin from
20.6± 0.5 to 30.6± 0.2, respectively [32]. Furthermore, the use of
1,2-butylene carbonate resulted in the identification of cleavage
sites at more than 85% of all inter-residue bonds in the ECD mass
spectra of single charge states of protein ions with masses up to
66.5 kDa [6].

The mechanism of forming supercharged protein ions from
denatured ESI solutions has been actively debated in the literature
[38]. Superchargers are significantly less volatile than other ESI
solution components (e.g. water and methanol), which results in
the enrichment of such additives in the droplets during the ESI
process [25,31,34,39,40]. In the dipole moment model, the rela-
tively high electric dipole moments of supercharging additives may
decrease the Coulombic repulsion inside the ESI droplets to in-
crease the extent of charge that ESI generated droplets can
accomodate [41]. More highly charged droplets should form more
highly charged analyte ions. In the Brønsted basicity model, the
ability of additives to increase the charge on analyte ions is
inversely related to the Brønsted basicities of the additives in water
(i.e. more negative pKa values of the conjugate acids of the additives
inwater can result in the formation of higher protein charge states)
[40]. The gas-phase basicities of solution additives and solvent
molecules from the ESI source have also been implicated in limiting
the extent of protein ion charging owing to proton-transfer re-
actions [42]. In the surface tension model [29], the supercharging
effect results from the relatively high surface tension of solution
additives (>38mNm�1) that can result in increased analyte
charging. Generally, the least volatile component in denaturing ESI
solutions is acetic acid (g¼ 27.12mNm�1) [43]. The initial ESI
droplets can consist of a large fraction of water (g¼ 72.01mNm�1)
[43] and thus possess relatively high surface tensions. For binary
water-acetic acid mixtures, water evaporates more rapidly than
acetic acid [44]. Thus, the nanodroplets in the final stages of ESI are
likely to be enriched with acetic acid and thus should have lower
surface tensions than pure water [44]. The addition of molecules
with lower volatility and larger surface tensions than acetic acid or
acetic acid/water mixtures should result in an increase of the sur-
face tension of the ESI nanodroplets near the moment of ion for-
mation. Based on the Rayleigh limit (Equation (1)), increasing the
surface tension of the nanodroplets should result in the accom-
modation of more charge per droplet prior to fission, and ultimately
the release of more highly charged protein ions.

To date, several studies have been conducted to elucidate the
mechanism of protein charging and supercharging in ESI, some of
which have raised questions about the impact of the dipole
moment [31], the gas-phase basicity [32,45,46], Brønsted basicity
[32], and the surface tension [32,34,47] of superchargers on the
extent of protein charging. For example, the average charge state of
cytochrome c increased from 21.5± 0.2 to 22.6± 0.2 as the alkyl
chain length of cyclic alkyl carbonate additives increased from
ethylene carbonate to 1,2-butylene carbonate [32]. However, the
surface tension decreases from ethylene carbonate (54.6mNm�1)
[48] to 1,2-butylene carbonate (38.0mNm�1), which in the absence
of other factors is inconsistent with predictions based solely on
Equation (1). Moreover, the increase in the charge states of the
protein ions observed as the alkyl chain length of the cyclic alkyl
carbonates increases suggests that the amphiphilicity of the
supercharging additives may play a role in the extent of protein ion
charging. Recently, Konermann and co-workers proposed that su-
perchargers in “native” ESI solutions reside at the surface of the ESI
nanodroplets and can interfere with charge carriers exiting the
nanodroplets [49]. This ‘charge-trapping model’ was supported by
molecular dynamics simulations and complementary experimental
data [49]. In this model, the amphiphilicity of supercharging ad-
ditives should affect the extent of protein charging.

The supercharging additives that have been reported to date
generally have multiple physicochemical properties that differ
significantly; that is, many properties can be changed by testing
each additive. For example, additives that have been compared for
their effectiveness in increasing analyte charging can have gas-
phase basicity values, dipole moments, and surface tensions that
differ by over 100 kJmol�1, 3 D, and 30mNm�1, respectively
[29,31]. Moreover, the Brønsted basicities of some supercharging
additives in water have not been reported [31,32,40]. As such, it
remains challenging to precisely and accurately identify the
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properties of these molecules that are responsible for their charge-
enhancing effects, which may partially contribute to the contro-
versy regarding the proposed mechanisms and conflicting experi-
mental evidence. These circumstances prompted us to determine
the effects of more ‘subtly’ and systematically investigating the
properties of superchargers on the extent of protein charging in
ESI-MS. We selected a series of cyclic alkyl carbonates and cyclic
alkyl sulphites (Fig. 1) with different alkyl chain lengths as ESI ad-
ditives, such that: (i) the dipole moments, gas-phase basicity
values, and Brønsted basicities should remain relatively constant
because these properties should be strongly influenced by the polar
head groups and should not depend significantly on the alkyl chain
length, and (ii) the surface tensions should significantly decrease as
the lengths of the alkyl chains increase. The additives that were not
readily available from commercial sources were synthesised (C3-
C8; S0-S8; Fig. 1). By comparing the extent of protein ion
charging that is obtained using the solution additives C0-C8 and S0-
S8 (Fig. 1) in ESI-MS experiments to the physicochemical properties
of these additives, the effects of surface tension on the extent of
protein charging in ESI can be more readily elucidated.
2. Materials and methods

2.1. General methods

NMR spectra were recorded at 298 K on a Bruker Avance III
400MHz spectrometer. The chemical shifts for 1H NMR spectra are
given with reference to residual solvent resonance. High resolution
mass spectrometry (HR-MS) data for the synthesised molecules
were collected using a hybrid linear quadrupole ion trap mass
spectrometer coupled to a 7 T Fourier transform ion cyclotron
resonance mass spectrometer (LTQ/FT-ICR, Thermo Scientific).
Liquid density measurements were performed in triplicate at
25.0 �C for 1.5mL solutions on an Anton Paar Density Meter DMA
4100M. Surface tension values were measured using a custom
pendant drop tensiometer at Monash University [50]. Pendant drop
tensiometry can be used to accurately determine the surface ten-
sions of a variety of liquids to within 0.1e0.2mNm�1 [50]. In this
study, surface tensions were reproducible to within
0.2e0.8mNm�1. For full details on the surface tension measure-
ments, refer to the Supplementary Information (Fig. S1 and
Table S1). Circular dichroism experiments were performed on a
Chirascan Plus spectrometer (Applied Photophysics) using the in-
strument parameters recommended by the manufacturer (1 nm
bandwidth, 0.5 cm increments, 0.1mmpathlength, 3 s for each data
point, and N2 flow of 5 Lmin�1). The spectra were acquired from
185 to 240 nm (see Supplementary Information Fig. S2).
Fig. 1. Compounds selected for use as solution additives in electrospray ionisation
mass spectrometry experiments.
2.2. Mass spectrometry experiments

All ESI-MS experiments were conducted using a LTQ/FT-ICR MS
(Thermo Scientific) equipped with an external ESI source. Analyte
solutions were infused into the ESI source at 3 mLmin�1

flow rates
(500 mL gas tight syringe, Hamilton 1700 Series) and a voltage of
3.5e5.0 kV was applied between the ESI capillary and the capillary
entrance to the MS to form ions. LTQ-MS ion optic parameters were
optimised to obtain stable and intense protein ion signal and to
maximise the abundance of the highest protein ion charge states.
For comparing the supercharging effects of different additives, the
same ion optic parameters were used for all samples, and the mass
spectra were collected using the LTQ-MS. Protein solutions were
prepared from aqueous stock solutions (100 mM) that were stored
at 4 �C for a maximum of three days. ESI solutions consisted of a
constant solvent matrix (~80/19/1% v/v methanol/water/acetic
acid), 1e6% of the solution additive of interest, and 5e10 mM of a
peptide or protein, specifically 10 mMcytochrome c, 10 mM [Val [5]]-
Angiotensin II acetate, 5 mM carbonic anhydrase II, and 5 mM bovine
serum albumin. For ESI-MS, the synthesised additives were isolated
and purified, without the separation of any diastereomers or en-
antiomers. For assignment of the diastereomers of S1-S8, please
refer to the Supplementary Information and Fig. S3.

2.3. Materials

Cytochrome c (equine heart; 12 kDa) was obtained from Alfa
Aesar. Carbonic anhydrase II (bovine erythrocytes: 29 kDa), bovine
serum albumin (66 kDa), and [Val [5]]-Angiotensin II acetate
(1032 Da) were obtained from Sigma Aldrich. Methanol (99.7%) and
acetic acid (99.7%) were purchased from Ajax Finechem.Water was
obtained from aMilli-Q water purification systemwith a resistance
of at least 18U. Ethylene carbonate (C0) and propylene carbonate
(C1) were obtained from Sigma Aldrich, and 1,2-butylene carbonate
(C2) was obtained from Tokyo Chemical Industries. All starting
materials for synthetic procedures were purchased from commer-
cial sources and used without further purification.

2.4. Data analysis

Mass spectra were collected in quadruplicate and processed
using XCalibur™ (Thermo Scientific) and the average protein
charge states (<z>) were calculated using Equation (2):

< z> ¼ SðzIzÞ
SIz

(2)

where Iz is the integrated abundance of each charge state (z). The
precision of the average charge states was obtained from the
standard deviations of the replicate mass spectra.

2.5. Computational calculations

Computational calculations for the dipole moments were per-
formed using TPSS/aug-cc-pVDZ//TPSS/aug-cc-pVDZ for C0-C8 and
B3LYP/6e311þþG(2d,p)//B3LYP/6e311þþG(2d,p) for S0-S8. The
gas-phase basicity values were calculated using B3LYP/
6e311þþG(2d,p)//B3LYP/6e311þþG(2d,p) and G3(MP2)-CC [51]//
M06e2X/6-31G(d) [52] for both C0-C8 and S0-S8. These method-
basis set combinations were selected based on benchmarking re-
sults that are reported in the Supplementary Information
(Figs. S4e5 and Tables S2e5). All calculations were performed us-
ing Gaussian 09 (revision B01) [53] and Gaussian 16 (revision A03)
[54]. Calculations were carried out for themajor conformers of each
molecule and the results for gas-phase basicity values and dipole
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moments were weighted by the Boltzmann populations of the
major conformers. For additives S1-S8 the calculated properties
were averaged using the diastereomeric excess measured by 1H
NMR (Fig. S3).

Electronic structure calculations to determine the solution-
phase pKa values (in water) of the conjugate acids of C0-C8 and
S0-S8were carried out using the Gaussian16 (revision A03) [54], Q-
CHEM [55], and NWCHEM [56] programs and a combination of
G3(MP2)-CC [51]//M06e2X/6-31G(d) [52] and the SM8 [57] sol-
vation model (Supplementary Information and Table S6). For the
proton, we used the gas-phase free energy of �26.3 kJ mol�1 [58],
and a fixed concentration solvation free energy of �1112.5 kJmol�1

[59,60]. Both absolute and relative pKa calculation schemes were
considered [61,62]. As informed by a previous study [63], the pro-
ton solvation free energy has a relatively large uncertainty of at
least 10 kJmol�1 which may be even larger [64e66] and translates
to an error of 2 or more pKa units. For this reason, we report both
absolute and relative pKa values. For full details on the computa-
tional calculations and conformational analysis refer to the Sup-
plementary Information and Fig. S6.

2.6. Synthetic procedures

Additives C3-C8 and S0-S8were synthesised following modified
literature procedures [67,68]. They were then purified using col-
umn chromatography and their chemical structure was confirmed
using 1H NMR spectroscopy and high-resolution mass spectrom-
etry (>97% purity as determined by 1H NMR). For further details,
refer to the Supplementary Information.

3. Results and discussion

3.1. Effect of solution additives on protein charge states

Representative ESI mass spectra of 10 mM cytochrome c in
Fig. 2. ESI mass spectra of denaturing solutions (~80/19/1% methanol/water/acetic acid) con
(~2%), c) C6 (~3%), and d) S2 (~5%). The most abundant charge state, the highest observed ch
spectrum.
denaturing solutions doped with ‘optimal’ amounts of C2 (2%), S2
(5%), and C6 (3%) are shown in Fig. 2; i.e. these concentrations
resulted in the formation of protein ions in the highest average
charge states without detrimentally affecting the ion signal under
these conditions. The more hydrophobic additives (e.g. S8 and C8)
did not readily dissolve in aqueousmatrices, so amixture of ~80/19/
1% v/v methanol/water/acetic acid was chosen as the solution
composition for all ESI-MS experiments; i.e. this composition
contained the minimum amount of methanol necessary to dissolve
all cyclic alkyl carbonate and sulphite additives at concentrations
up to 5% v/v. The extent of protein charging in ESI-MS depended
strongly on the identity of the solution additives. For example, the
addition of 2% C2 to denaturing solutions (~80/19/1% v/v methanol/
water/acetic acid) containing 10 mMcytochrome c (cyt c) resulted in
an increase in the average charge state (<z>) of cyt c from 14.7± 0.1
to 20.5± 0.1, an increase in the most abundant charge state from 15
to 22, and an increase in the highest observed charge state from 20
to 22. In contrast, the use of 5% S2 resulted in an average charge
state for cyt c of 18.3± 0.1, a most abundant charge state of 20, and a
highest observed charge state of 23 (Fig. 2). The addition of C6
resulted in a significant broadening of the charge state distribution
of cyt c, and a lower <z> value than that obtained without any
additive (14.4± 0.1 and 14.7± 0.1, respectively). Similar trendswere
observed with carbonic anhydrase II (CAII), although being a larger
protein, CAII (29 kDa) ions were formed in higher charge states
than cyt c (12 kDa).

To investigate the effect of the additive chain length on the
extent of protein and peptide charging, C0-C8 and S0-S8 were
added to ESI solutions containing cytochrome c (cyt c; 12 kDa),
carbonic anhydrase II (CAII; 29 kDa) [Val [5]],-Angiotensin II acetate
(AngII; 1032 Da), and bovine serum albumin (BSA; 66 kDa). The
solution additives were doped into the ESI solutions at their
‘optimal’ concentrations (Table 1). Full details regarding the opti-
misation of the additive concentrations are given in the Supple-
mentary Information (Fig. S7). The average charge states of CAII, cyt
taining cytochrome c obtained using a) no additive, and an ‘optimal’ amount of b) C2
arge state (z), and the average charge state (<z>) of cytochrome c are displayed on each



Table 1
Optimal concentrations of the selected solution additives in denaturing solutions for
maximising the extent of protein ion charging in ESI-MS. Refer to Fig. S7 in the
Supplementary Information for details.

Carbonate
additive

Optimal conc.
(% v/v)

Sulphite
additive

Optimal conc.
(% v/v)

C0 2 S0 4
C1 2 S1 5
C2 2 S2 5
C3 3 S3 4
C4 4 S4 4
C6 3 S6 4
C8 3 S8 4
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c, AngII, and BSA obtained with additives C0-C8 and S0-S8 are
presented in Fig. 3. For tabulated data please refer to Table S7 in the
Supplementary Information.

Generally, the use of the cyclic alkyl sulphites resulted in lower
average charge states for AngII, cyt c, and CAII than the use of the
cyclic alkyl carbonates with the same alkyl chain lengths. Out of all
tested solution additives, the use of C2 resulted in the highest
average charge states for AngII (2.49± 0.01), cyt c (20.5± 0.1), CAII
(36.3± 0.1), and BSA (64.7± 0.1), whereas some additives resulted
in average charge states as low or lower than those obtained in the
absence of any additives (e.g. C8 and S8). The average charge states
of all four analytes increased from C0 to C2 and from S0 to S2 and
then decreased from C2 to C8 and from S2 to S8 as the alkyl chain
lengths increased, which suggests that the trends in protein charge
states with increasing chain lengths of the additives is a general
Fig. 3. Average charge states of protonated a) carbonic anhydrase II obtained with additives C
with additives S0-S8, d) cytochrome c obtained with additives S0-S8, e) [Val [5]]-angioten
additives C0-C8, and g) [Val [5]]-angiotensin II acetate obtained with additives S0-S8. Addit
Average charge states were obtained using ESI-MS with denaturing solutions (~80/19/1% m
(refer to Table 1 and Table S7 in the Supplementary Information for tabulated data).
phenomenon.
3.2. Effects of dipole moment, gas-phase basicity, Brønsted basicity,
and surface tension on the extent of protein charging

To rationalise the effects of the additives on the extent of protein
ion charging (Fig. 3), we investigated the key physicochemical
properties of the additives that have been implicated in impacting
protein charging in ESI in the literature (e.g. dipole moment, gas-
phase basicity, Brønsted basicity, surface tension, and the effects
of C0-C8 on protein structures in solution). For C0-C8 and S0-S8, the
measured values for the dipole moments, gas-phase basicities and
solution-phase pKa values of their conjugate acids (Brønsted ba-
sicity) are either not available in the literature, or only exist for the
smallest additives. Rowley and co-workers demonstrated that ab
initio quantum chemistry methods can calculate the electric dipole
moments of over 40 molecules to within 0.1 D [69]. Similarly, ab
initio and composite methods have been used to calculate the gas-
phase basicity [70,71] and pKa values in aqueous solution [61,62] of
several organic molecules with reasonable accuracy.

Based on the results obtained from benchmarking calculations
(Supplementary Information Figs. S4e5 and Tables S2e5), we
selected TPSS/aug-cc-pVDZ and B3LYP/6e311þþG(2d,p) for the
calculation of the dipole moments of additives C0-C8 and S0-S8,
respectively (Tables S8e9). The gas-phase basicity values of addi-
tives C0-C8 and S0-S8 were calculated using B3LYP/
6e311þþG(2d,p) and G3(MP2)-CC//M06e2X/6-31G(d), however,
the gas-phase basicity values for C0-C8 and S0-S8 only differed by
0-C8, b) cytochrome c obtained with additives C0-C8, c) carbonic anhydrase II obtained
sin II acetate obtained with additives C0-C8, f) bovine serum albumin obtained with
ives are listed from left to right on the x-axis in order of increasing alkyl chain length.
ethanol/water/acetic acid) and contained the ‘optimal’ concentration of each additive
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0.5 kJmol�1 and 2 kJmol�1, respectively (see Supplementary
Information Tables S6, S10, and S11). Solution-phase pKa values of
the conjugate acids of additives C0-C8 and S0-S8 were calculated
using G3(MP2)-CC [51]//M06e2X/6-31G(d) [52] and the SM857

model (Supplementary Information Table S6). The dipole moments,
gas-phase basicity values, and aqueous solution-phase pKa values
are presented in Fig. 4a, b, and c, respectively. For tabulated data
refer to the Supplementary Information (Tables S6, S8-11).

The dipole moments and gas-phase basicity values increase
marginally as the side chain lengths of the additives increase
(Fig. 4a and b). From additives C2 to C8 and S2 to S8 the dipole
moments and gas-phase basicity values both increase by less than
3% as the side chain lengths increase. However, the extent of pro-
tein charging decreases by up to 30% from additive C2 to C8 and 15%
from additive S2 to S8. Furthermore, the decrease in protein
charging does not correlate with the increase in dipole moments
and gas-phase basicity values from additives C2 to C8 and S2 to S8.
Similarly, the pKa values of the conjugate acids of additives C0-C8
and S0-S8 ranged from �14.4 to �13.9 and from �18.0 to �17.3,
respectively (Fig. 4c), which indicates that the Brønsted basicities of
the additives are not significantly impacted by the alkyl chain
length, whereas the extent of protein charging depends strongly on
the chain length. Thus, these data indicate that the dipole mo-
ments, gas-phase basicity values, and Brønsted basicities of the
additives are not responsible for the trends in protein charging with
alkyl chain length that is observed in the ESI-MS experiments in
this study (Fig. 3). However, these data cannot rule out that such
properties can in principle impact the absolute extent of ion
charging (e.g. by changing the polar head group).
Fig. 4. a) Calculated electric dipole moments of additives C0-C8 (open circles) and S0-S8 (op
and S0-S8 (open diamonds), c) calculated pKa values of the conjugate acids of additives C0-C
cytochrome c that is disordered in the ESI solutions with additives C0-C8 (~80/19/1% metha
dichroism measurements; the black, red, and blue dotted lines indicate the fraction of disord
methanol/water/acetic acid, respectively. The additives are listed on the x-axis from left t
(Figs. S4e5), the uncertainties in the calculated gas-phase basicities of C0-C8 and S0-S8 ar
certainties in the calculated dipole moments of C0-C8 and S0-S8 are estimated to be within
Table S6 and S8-11 in the Supplementary Information.
Additionally, the results of circular dichroism measurements
(Fig. 4d) using the same solution compositions for C0-C8 as in the
ESI experiments indicate that the chain lengths of the additives do
not significantly affect the relative extent that the solution-phase
structures of cytochrome c is disordered (60e63%); i.e. the pro-
teins in the ESI solutions are largely denatured and the extent of
denaturation is not significantly affected by the identity of the
supercharging additives under these conditions.

The surface tensions of additives C2-C8 and S0-S8 have not been
measured and reported in the literature. Thus, we obtained the
surface tensions of additives C2-C8 and S0-S8 using pendant drop
tensiometry experiments [50]. To obtain surface tension values
using pendant drop tensiometry [50], the densities of the additives
are required. As experimental data on the densities of the new
additives were limited, the densities of all additives (except for C0)
were measured using an oscillating U-tube sensor (Supplementary
Information Table S1). The measured surface tensions of C0-C8 and
S0-S8 are shown in Fig. 5.

The surface tension of additive C1 (g¼ 41.5± 0.5mNm�1) is in
good agreement with values from the literature, which were
determined by the sessile drop technique (g¼ 40.9mNm�1) [72].
The surface tensions of the additives decreased by a total of
14mNm�1 (approximately 25% and 35% for C0-C8 and S0-S8,
respectively) as the length of the alkyl chain increased. Overall, the
carbonate additives have significantly higher surface tensions than
the sulphite additives with the same chain length, whichmay result
in the formation of higher charge states using C0-C8 than S0-S8
(Fig. 3).

By replacing the carbonate functional group with the sulphite
en diamonds), b) calculated gas-phase basicity values of additives C0-C8 (open circles)
8 (open circles) and S0-S8 (open diamonds) in water, and d) fraction of the structure of
nol/water/acetic acid with “optimal” concentration of additives) obtained from circular
ered structure in water with 1mM ammonium acetate, in pure water, and in 80/19/1%

o right in order of increasing alkyl chain length. Based on benchmarking calculations
e estimated to be within ~2 kJmol�1 and ~10 kJ mol�1, respectively. Similarly, the un-
0.1 D and 0.2 D, respectively. For tabulated data and details on the calculations, refer to



Fig. 5. Surface tensions of additives C1-C8 (open circles) and S0-S8 (open diamonds)
measured by pendant drop tensiometry [50]. The surface tension of C0 presented here
is a value determined by Naejus et al. at 40 �C, as C0 is a solid at room temperature
[48].
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functional group and keeping alkyl chain lengths constant, many
properties of the additives can change. For example, the use of the
sulphite polar head group compared to the carbonate group
(keeping the alkyl chain length constant) results in a decrease in
the surface tensions, dipole moments, gas-phase basicity values,
and pKa values of the conjugate acids by 5e15mNm�1, 1.6 D,
8e13 kJmol�1, and ~3.5 (dimensionless quantity), respectively. In
addition, the use of C0-C8 resulted in protein charge states (cyt c
and CAII) that were 1e2 charge states higher than those obtained
by use of S0-S8 (Fig. 3). By comparing the effects of the polar head
groups on the extent of ion charging (keeping the alkyl chain length
constant) to the changes in the physicochemical properties be-
tween C0-C8 and S0-S8, these data are in agreement with both the
surface tensionmechanism [29] (i.e. higher surface tension resulted
in higher protein charge states) and the dipole momentmechanism
[41] (i.e. larger dipole moments resulted in higher protein charge
states). Although S0-S8 are significantly less basic than C0-C8,
higher charge states were formed by use of C0-C8 than S0-S8,
which is in disagreement with the Brønsted basicity mechanism
[40]. Thus, the differences in average charge states achieved with
additives C0-C8 compared with S0-S8 could be attributed to the
differences in their dipole moments and surface tensions but not to
the differences in their Brønsted basicities. For example, all addi-
tives are significantly less basic thanwater; i.e. the pKa values of the
conjugate acids of C0-C8 and S0-S8 are all significantly lower than
the pKa of H3Oþ (�1.74) [73], which is a criterion for predicting
supercharging activity for an additive using the Brønsted basicity
model [40]. However, S8 and C8 do not exhibit any significant
supercharging activity under these conditions, which is inconsis-
tent with the Brønsted basicity model.

Almost all additives have higher surface tensions than methanol
(21.8mNm�1) [74] and acetic acid (27.12mNm�1) [43] and can
therefore potentially result in an increase in the surface tension of
ESI generated droplets near the moment of ion formation. The
precise compositions of the ESI droplets near the moment of pro-
tein ion formation are unknown. Because methanol has the lowest
boiling point of all components in the analyte solution (64.5 �C)
[75] it should evaporate preferentially during the ESI process [36].
Acetic acid is less volatile than water and data on binary water-
acetic acid mixtures from the literature indicate that water evap-
orates more rapidly than acetic acid [44], so that the composition of
ESI generated droplets will shift towards pure acetic acid during the
ESI process. Enrichment of acetic acid should significantly lower the
surface tension of largely aqueous droplets compared to pure water
(72.01mNm�1) [43]. For example, at 25 �C the surface tension of a
31/69% acetic acid/water mixture is 35.79mNm�1 [43], which is
less than the surface tension of C2 (g¼ 38.0mNm�1, boiling point:
251 �C [76]). Thus, enrichment of the additive could increase the
droplet surface tension in the final stages of ESI, particularly in the
presence of high methanol and acetic acid concentrations, thus
counteracting the decrease in surface tension caused by the
enrichment of acetic acid.

3.3. Implications for the mechanism of supercharging

For additives C2-C8 and S2-S8, the extent of protein ion charging
decreases as the surface tension of the additives decreases, which is
consistent with surface tension being an important factor in the
supercharging mechanism for these additives. Based on Equation
(1), the amount of charge a droplet of a given size can hold prior to
Coulombic fission is proportional to the square root of the surface
tension of the droplet. If the additives examined in this project
undergo significant enrichment in concentration in ESI generated
droplets owing to the preferential evaporation of solvent, the sur-
face tension of the ESI droplets can be approximated by the surface
tension of the additives. The relative amount of charge in the ESI
droplets can be obtained from the protein ion charge states by
assuming the extent of charge that is transferred to the protein ion
in ESI is proportional to the amount of charge in the droplets. To the
extent that these approximations hold and that the surface tension
of the droplets limits the extent of protein charging in ESI-MSwhen
using additives C2-C8 and S2-S8, the average charge states of the
tested proteins and peptides should scale approximately linearly
with the square root of the surface tension of the additives.

In Fig. 6, the average charge states of cyt c, CAII, Ang II, and BSA
are plotted vs. the square root of the surface tensions of additives
C2-C8 and S2-S8. The linear regression best fit curves to the data
have R2-values ranging from 0.818 to 0.953, with the exception of
the AngII data collected using additives S2-S8 (R2¼ 0.658). The
correlation between the extent of analyte charging and additive
surface tension is relatively high. Considering the approximations
made above in this analysis, these data agree with the trend ex-
pected from the Rayleigh limit (Equation (1)) for protein ion
charging. The decrease in the average charge states of cyt c, CAII,
Ang II, and BSA from additives C2 to C8 and from S2 to S8 is
consistent with surface tension being a limiting factor in protein
supercharging for these additives; i.e. the extent of supercharging is
limited by Coulombic fission of ESI droplets. The lower R2-value for
the AngII data obtained using additives S2-S8 can be attributed in
part to the relatively minor difference (~7%) in the extent of ion
charging obtained for S2 (2.31± 0.01) compared to S8 (2.15± 0.02).

For the smaller additives (C0-C2 and S0-S2), the increase in
protein charge states does not correlatewith an increase in additive
surface tension, which suggests that a property other than surface
tension can significantly impact the protein ion charging using
these additives. Additionally, the use of additives C1 and C3 in ESI-
MS resulted in similar average charge states (e.g. 34.6± 0.1 and
34.0± 0.2, respectively for CAII) despite additive C3 having a sur-
face tension that is 6.9mNm�1 lower than that of additive C1.
Similarly, the use of additives S1 and S3 also resulted in similar
average charge states (e.g. 32.8± 0.1 and 32.7± 0.1, respectively for
CAII) despite a difference of 4.7mNm�1 in surface tension. These
results suggest that a property other than surface tension is
implicated in the degree of protein supercharging obtained with
additives C0-C2 and S0-S2.

In addition to Coulombic fission, which depends strongly on
surface tension, the amount of small charge carriers in ESI



Fig. 6. Linear least squares regression fits to plots of average charge states of protonated a) carbonic anhydrase II using additives C2-C8, b) cytochrome c using additives C2-C8, c)
carbonic anhydrase using additives S2-S8, d) cytochrome c using additives S2-S8, e) [Val [5]]-angiotensin II acetate using additives C2-C8, f) bovine serum albumin using additives
C2-C8, and g) [Val [5]]-angiotensin II acetate using additives S2-S8 vs. the square root of the surface tensions of the solution additives that were used. Average charge states were
obtained using ESI-MS. ESI solutions were protein denaturing (~80/19/1% methanol/water/acetic acid) and contained an ‘optimal’ concentration of each additive (see Table 1 and
Supplementary Information Fig. S7). Standard deviations of the square root of the surface tension of the additives were within 0.04 (mNm�1)1/2.
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generated droplets (i.e. the charge available to be transferred to
analytes) can be reduced by the emission of such charge carriers
(e.g. H3Oþ, Naþ, and corresponding ionic hydrates) from sufficiently
highly charged droplets. That is, the charge of the analyte can be
limited by the emission of charge carries, in addition to Coulombic
fission [28]. Unlike surface tension-limited Coulombic fission, ion
emission depends primarily on the solvation energy of the charge
carriers and the energy barrier associated with the loss of charge
carriers from the ionic nanodroplets [28]. Thus, the emission of
charge carriers from ESI-generated droplets may be the limiting
process (as opposed to droplet fission) in the extent of protein
charging obtained with additives C0-C2 and S0-S2 that have rela-
tively high surface tensions and are relatively non-volatile.

Gross and co-workers recently reported that the charge states of
globular proteins formed from droplets with similar, ‘native-like’
solvent compositions and different protein sizes were limited by
either ion emission (for proteins< 100 kDa) or Coulombic fission
(for proteins> 100 kDa) [38]. To rationalise these results, Gross and
co-workers introduced the dimensionless quantity q (Equation (3)),
which is the ratio between the maximum amount of charge a
droplet can hold before ion emission occurs (QIE) [38] and the
maximum amount of charge a droplet can hold before Coulombic
fission occurs (QCF, see Equation (1)):

q ¼ QIE

QCF
¼ EIE

�
ε0R
4g

�1
2

(3)

where ε0 is the permittivity of vacuum, R the radius of the ESI
droplet, g the surface tension of the droplet, and EIE the electric
field strength required to initiate ion emission. For q values more
than 1, Coulombic fission is favoured over the emission of charge
carriers and for q values less than 1, ion emission is favoured [38]. In
this formulation, q is proportional to the square root of the droplet
radius, which is consistent with the aforementioned observations
made by Gross and co-workers [38]. However, in Equation (3), q is
also inversely proportional to the square root of the surface tension
of the droplets; i.e. the use of non-volatile additives with different
surface tensions should affect whether the extent of droplet
charging is limited by Coulombic fission of ESI generated droplets
and/or the emission of charge carriers from such droplets. In Fig. 7,
a qualitative plot of the charge a droplet with 2 nm radius can
accommodate as a function of surface tension is plotted for the case
in which droplet charging is either Coulombic fission limited (QCF)
or ion emission limited (QIE). For QIE<QCF (i.e. when additives with
high surface tensions are used), ion emission is the dominant
pathway and for QCF<QIE (i.e. when additives with low surface
tensions are used), Coulombic fission is the dominant pathway for
charge reduction of the ESI droplets. As QIE depends on the solva-
tion energy of the charge carriers, i.e. the chemical composition of
the droplets, and QCF depends on the droplets' surface tensions,
both QCF and QIE should depend on the identity of the super-
charging additive. The results of this study are consistent with a
crossover between ion emission of charge carriers for ESI generated
droplets as the dominant charge limiting mechanism for C0-C2 and
S0-S2 (additives with relatively high surface tensions) to Coulombic
fission as the dominant charge limiting pathway for C2-C8 and S2-
S8 (additives with relatively low surface tensions). Such a crossover
occurs for droplets <10 nm, which is consistent with previous



Fig. 7. Plot of the maximum charge a droplet with a 2 nm radius can hold before ion
emission (QIE) and Coulombic fission (QCF) occurs as a function of surface tension of the
charged droplets. QCF was calculated using Equation (1) and QIE was calculated using
an equation reported by Gross and co-workers and a critical electric field strength at
which ion emission occurs (EIE¼ 2.95 V nm�1), which was determined from ESI-MS
experiments on a series of globular proteins [38]. QCF depends strongly on surface
tension and thus onwhich supercharging additive is employed. QIE does not depend on
surface tension but does depend on the solvation energy of charge carriers in the ESI
droplets.
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molecular dynamics simulations reported in the literature [77,78]
that suggest that the maximum size of droplets for ion emission
and chain ejection (sequential ejection of unfolded proteins from
droplets) [77,78] to occur is approximately 10 nm.

The increase in the average charge states of proteins obtained
for C0-C2 and S0-S2 as the tail lengths of the additives increasemay
be related to their extent of surfactant character, which increases as
the alkyl chain length increases from C0 to C2 and S0 to S2. Based
on molecular dynamics simulations, Konermann and co-workers
reported that in supercharging, additives tend to form ‘ion-
ophobic’ layers around the ESI droplets [79]. These results were
complemented by experiments demonstrating that the addition of
a crown ether (18-Crown-6) suppresses supercharging presumably
by transporting ions through the ionophobic layer to the surface,
which would promote the emission of ions [49]. Although these
ESI-MS results were obtained using ‘native-like’ solution condi-
tions, the solution composition of ‘mature’ ESI droplets in our study
(largely water, acid, and supercharger) is expected to be similar to
the composition of the ESI droplets in the study by Konermann and
co-workers. An increase in the alkyl chain lengths of supercharging
additives should increase the tendency of the additives to reside at
the droplet surface, i.e. to form an ionophobic layer. Thus, the in-
crease in alkyl chain length from C0 and S0 to C2 and S2may result
in more effective suppression of ion emission and therefore higher
protein charge states. Moreover, the presence of non-ionic surfac-
tants in water at low pH tends to result in negative surface po-
tentials of water at the air-water interface [80e82]. As such, non-
ionic surfactants such as the supercharging additives presented in
this study could decrease the surface potential of the ESI droplets,
which would impede the emission of positive charge carriers.

4. Conclusion

The average protein ion charge states obtained by using ESI-MS
and additives C2-C8 and S2-S8 correlated strongly with the surface
tensions of these additives. However, above a critical surface
tension (i.e. the surface tensions of C2 and S2) there was no cor-
relation between the observed extent of protein ion charging and
the surface tensions of the additives. More precisely, the increasing
trend in charge states obtained with additives C0-C2 and S0-S2
does not correlate with their surface tensions, dipole moments,
gas-phase basicity values, or Brønsted basicity, which suggests that
another property (i.e. amphiphilicity) may be primarily responsible
for the trends in protein charging observed with these additives at
relatively high surface tensions. The protein ion charge states
increased as the length of the side chains of additives C0-C2 and S0-
S2 increased. The results of this study suggest that to maximise the
charge states of protein ions formed by ESI-MS, solution additives
with high surface tension and some amphiphilic character are
desired. Furthermore, our data offers a possible explanation for the
lack of correlation between the effectiveness of superchargers and
their surface tensions in the data presented in the literature
[32,34,47]. For superchargers with high surface tensions (e.g. m-
NBA, C0-C2, S0-S2, etc.), properties other than surface tension
(amphiphilicity) can impact the average charge states of proteins
more significantly than surface tension; i.e. the extent of protein
charging with such superchargers may be limited by the emission
of charge carriers from highly charged droplets rather than droplet
fission. However, the use of superchargers with relatively low
surface tensions can result in the extent of protein charging being
limited by droplet fission, i.e. limited by surface tension. The pos-
sibility of protein charging being limited by either droplet fission or
the emission of charge carriers from highly charged ESI-generated
droplets (Equation (3)) may explain why some studies report a
correlation between surface tension [29,30,32,36] and the extent of
protein charging and others do not [32,34,47]. Although a corre-
lation between the extent of protein charging and the dipole mo-
ments, gas-phase basicity values, and Brønsted basicity of the
additives was not observed, these properties cannot be ruled out as
contributing factors. Future studies focusing on molecules with
different dipole moments, gas-phase basicity values, and Brønsted
basicities but more similar surface tension values than the additives
examined in this study may provide further insights into the
mechanism of supercharging and the discovery of more effective
additives.
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