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ABSTRACT: Electrospray ionization (ESI) is frequently used to
produce gas-phase ions for mass spectrometry (MS)-based
techniques. The composition of solvents used in ESI-MS is often
manipulated to enhance analyte ionization, including for
carbohydrates. Moreover, to characterize analyte structures, ESI
has been coupled to hydrogen/deuterium exchange, ion mobility,
and tandem MS. Therefore, it is important to understand how
solvent composition affects the structure of carbohydrates during
and after ESI. In this work, we use molecular dynamics to simulate
the desolvation of ESI droplets containing a model carbohydrate
and observe the formation of carbohydrate adducts with metal
ions. Molecular-level details on the effects of formulating mixtures
of water, methanol, and acetonitrile to achieve enhanced ionization
are presented. We complement our simulations with ESI-MS experiments. We report that when sprayed from aqueous mixtures
containing volatile solvents, carbohydrates ionize to form metal−ion adducts rapidly due to rapid solvent evaporation rather than
changes in the ionization mechanism. We find that when sprayed from solvent mixtures, carbohydrates are primarily solvated by
water due to the migration of more volatile solvents to the surface of the droplet. Ultimately, the structure of the carbohydrate varies
depending on its solvent environment, as inter- and intramolecular interactions are affected. We propose that solvents with 25% or
more water may be used to enhance the ionization of carbohydrates with minimal effect on the structure during and after ESI.

1. INTRODUCTION
Glycans, the carbohydrate moieties of glycoproteins and
glycolipids, are an important component in mammalian cell
surfaces, as they play significant roles in molecular recognition
and signaling.1,2 Additionally, glycans serve as markers for
many diseases,2,3 as their structures change during disease
onset and progression. Mass spectrometry (MS) methods such
as ion mobility (IM)-MS and tandem MS (MS/MS) are
commonly used to characterize glycans in the gas phase,4,5

while in-electrospray ionization (ESI) hydrogen/deuterium
exchange (HDX)-MS has been used to analyze structures of
solvated carbohydrates.6,7 Since carbohydrates are uncharged
molecules, ESI is often used with MS to transfer carbohydrates
from solution to the gas phase as adducts with ions. Parameters
such as analyte concentration, electrolyte concentration, flow
rate, electric potential, and choice of solvent are often
manipulated to optimize the ionization efficiency of glycans
during ESI-MS experiments. Methanol or acetonitrile, often in
mixtures with water, have been employed to increase the
analyte signal,8,9 improving the ionization efficiency.
Molecular dynamics (MD) simulations have been an

invaluable computational approach to both investigate
carbohydrate structures in water and model the evaporation
of droplets.10−16 Two of the primary mechanisms of ionization
during ESI are the charged residue model (CRM) and the ion

evaporation mechanism (IEM).16 The CRM is characterized
by total solvent evaporation from a droplet resulting in the
droplets’ residual charge adducting to the analyte. Alter-
natively, the IEM is characterized by ejection of charged
analytes from evaporating droplets when Coulombic repulsion
overcomes the surface tension of the solvent. Recently, we
established the mechanism of ionization of carbohydrates from
water during ESI.11 We revealed that interactions between the
carbohydrate and water played a significant role in the
energetic ability for an analyte to be released from an
evaporating droplet. The ionization mechanisms for unmodi-
fied and permethylated (modified) carbohydrates differed
because of those interactions. The CRM was observed for
unmodified carbohydrates and resulted in poorer ionization
compared to permethylated carbohydrates, which experienced
the IEM and had enhanced ionization.
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Solvent mixtures containing organic additives enhance the
ionization of glycans.8,9 Given our earlier findings that
carbohydrate ionization efficiencies were based on different
ionization mechanisms, we sought to determine the ionization
mechanism from mixed solvents. We investigated whether the
strength of the interactions with mixed solvents would be
reduced, such that it would be more energetically favorable for
the carbohydrate to coordinate to the metal and be pushed out
of the droplet through Coulombic repulsion, as in the IEM.
Alternatively, the mixed solvents could result in a faster
evaporative rate and thus faster coordination with the metal,
while maintaining ionization by the CRM. Additionally, we
investigated what ratio of water to organic solvent would
provide a reasonable improvement in the ionization efficiency
without changing the solvated or gas-phase structures of the
carbohydrate. An answer to this question is critical for
determining the limitations of using solvent mixtures for ESI-
MS methods that examine carbohydrate structures.
In the present work, using MD simulations and ESI-MS

experiments, we investigate the ionization of the carbohydrate
melezitose, which is a trisaccharide and a model glycan, in
solvents with varying compositions of water, methanol, and
acetonitrile. We determine the consequences of solvent
composition on the ESI mechanism, ionization efficiency,
and carbohydrate structure during and after ESI. Overall, this
work provides a fundamental, molecular description of the ESI
process for carbohydrates from solvent mixtures.

2. METHODS

2.1. Molecular Dynamics (MD) Simulations. MD
simulations were performed to investigate the effects of
solvent variation on electrospray ionization of melezitose. We
used systems with different molecular compositions: (i)
evaporating droplets and (ii) bulk systems, both containing
melezitose in methanol- or acetonitrile-based solvent mixtures.
The structure of melezitose was first obtained from the zinc
database17 and optimized using DFT calculations at the
B3LYP/6-311++G(d,p) level (Becke three-parameter ex-
change correlation functional with diffuse and polarization
functions) using Gaussian09.18 Topology files based on
parameters from the CHARMM36 force field19 were generated
using the Paramchem/CGenFF-4.020,21 server for TIP3P water
and all-atom models for melezitose, methanol, and acetonitrile.
Results from MD simulations are force field dependent, so the
CHARMM force field was selected for its reproducibility of
experimental results when modeling carbohydrates and
carbohydrate-containing biomolecules. TIP3P water was used
because the CHARMM force field was parametrized for the
TIP3P water model. MD simulations were performed using the
GROMACS package.22

Bulk systems (4 × 4 × 4 nm3 cubic boxes with 400
molecules) of pure water, pure methanol, and pure acetonitrile
were simulated to determine density at the equilibrium
temperature of 323 K. Based on the bulk densities, the

number of solvent molecules for a given volume fraction in the
mixed solvent systems was determined for droplets with 3 nm
radii. We selected 3 nm radii because it has been suggested that
the ionization of charged analytes through IEM occurs in
nanodroplets with radii less than 10 nm.23 Additionally,
droplets with radii of 3 nm have several layers of solvent
molecules around the carbohydrate, enabling the investigation
of solvation and evaporation. Finally, this size provides a
reasonable computational expense. Droplets with radii of 2−3
nm are often used to simulate evaporating droplets.7,10−12

Table 1 contains the starting quantities of each molecule for
evaporating droplets. Droplets of water/methanol and water/
acetonitrile mixtures were built using Packmol.24 System
compositions were pure water, 75:25, 50:50, 25:75, 10:90, and
1:99 volume %/volume % ratios of water/cosolvent, where the
cosolvent was methanol or acetonitrile. Herein, these systems
will be referred to as 100%, 75%, 50%, 25%, 10%, and 1% water
in methanol or acetonitrile. Na+ ions were selected as the
charge carriers to reproduce simulations of droplets in positive-
ion mode. The number of Na+ ions was calculated based on
the critical limit of Rayleigh stability,25 which is the balance
between the opposing forces of surface tension and Coulomb
repulsion among ions of a charged droplet. The number of ions
to be added to the droplets was determined from the Rayleigh
equation, using surface tension values for water/methanol and
water/acetonitrile mixtures. The surface tension values (in N/
m) for water and water/methanol mixtures were 0.068 (100%
water), 0.041 (75% water), 0.030 (50% water), 0.023 (25%
water), 0.021 (10% water), and 0.020 (1% water or pure
methanol) at 323 K.26 The surface tension values for water/
acetonitrile mixtures were 0.040 (75% water), 0.033 (50%
water), 0.030 (25% water), and 0.030 (10% water) at 298 K
and 0.026 (1% water or pure acetonitrile at 323 K).27

The small (3 nm) droplets were placed in large systems
(1000 nm in x, y, and z dimensions) consisting mostly of
vacuum, to reproduce a pseudo-PBC28 environment. The
steepest energy minimization was done, followed by NVT
equilibration of the droplets before evaporation. The Leapfrog
integrator29 with a time step of 1 fs was employed within the
Verlet scheme.30 The Nose  −Hoover thermostat31,32 was used
to regulate the temperature to 323 K with a time constant of 1
ps. While solvent evaporated from the droplet and solvated
ions were ejected, Konermann’s code33,10 was used to adjust
for the change in the center of the droplet and to remove
evaporated solvent from the system in several separate MD
runs that are then combined through trajectory stitching.
Evaporated solvent, which had moved beyond 10 nm of the
center of mass of the droplet, was removed. The temperature
of the system was re-equilibrated between runs to compensate
for evaporative cooling.34

Simulations in cubic boxes with periodic boundary
conditions in all directions were also performed on systems
with similar numbers of melezitose and mixed solvent but
without ions. These systems represent our bulk mixed solvent

Table 1. Starting Molecular Compositions in Droplet Systems with a Radius of 3 nm

Water/Methanol Systems Water/Acetonitrile Systems

component
no cosolvent 100%

water
75%
water

50%
water

25%
water

10%
water

1%
water

75%
water

50%
water

25%
water

10%
water

1%
water

water 3760 2766 1844 922 369 37 2766 1844 922 369 37
cosolvent - 394 788 1182 1419 1560 312 624 936 1123 1235
Na+ 20 15 13 12 11 10 16 13 13 13 12
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simulations. No ions were added, as these systems in positive-
ion mode would have a net charge, which is not appropriate for
MD systems using PME decomposition. Bulk systems were
equilibrated using the previously mentioned thermodynamic
parameters but contained an additional NVT production run
of 30 ns of simulation time. Throughout this work, reported
errors and error bars correspond to the standard deviation of
ten replicate trials for MD simulations. A Students’ t test was
used for statistical comparisons.
2.2. Materials. Melezitose was purchased from Sigma (St.

Louis, MO); sodium chloride was from VWR International
Inc. (Radnor, PA); and methanol and acetonitrile were from
Fisher Scientific (Waltham, MA). All chemicals were used
without further purification. Nanopure water was acquired
from a Purelab Flex 3 purification system from Elga, Veolia
Environment S. A. (Paris, France).
2.3. ESI-MS. ESI-MS data were acquired on an Orbitrap

Discovery MS (Thermo-Fisher Scientific, Waltham, MA).
Experiments utilized spray voltage of 3.5 kV, capillary
temperature of 300 °C, auxiliary gas (N2) of 0 arb units,
sheath gas (N2) of 12 arb units, and infusion flow rate of 20
μL/min. Solutions of melezitose (100 μM) and sodium
chloride were prepared at a 1:1 molar ratio in each of the
solvent compositions of 1%, 10%, 25%, 50%, 75%, and 100%
water with organic solvent, methanol, or acetonitrile. ESI-MS
experiments were performed in triplicate.

3. RESULTS AND DISCUSSION

3.1. Carbohydrates in Mixtures with 25% or More
Water Experience Demixing and Ionize by the CRM.
Our first goal was to determine the mechanism of ionization of
carbohydrates from droplets with mixed solvent compositions.
From the trajectories of MD simulations, we observed that the
carbohydrate remained in the droplet while the solvent mixture

evaporated, a process characteristic of the CRM.11 For droplets
with high proportions of water (25% or more), the organic
component evaporated first, followed by complete evaporation
of the water molecules, resulting in an adduct of the
carbohydrate with sodium ions, represented as [Mel + Na]+.
Figure 1 contains snapshots of the overall arrangement of
molecules in the droplets with starting compositions of 50:50
water, with either methanol (A) or acetonitrile (B). The
snapshots illustrate four stages of total solvent evaporation: S0
(post equilibration), S0.25 (25% solvent evaporation), S0.5
(50% solvent evaporation), and S0.75 (75% solvent evapo-
ration). Figures 1A and 1B show that carbohydrates in the
interior of the droplet are increasingly solvated with water, as
methanol or acetonitrile migrate to the droplet surface where
they evaporate at greater rates than water molecules. This
behavior of the solvents, characterized by water enrichment or
organic component depletion, is described as demixing.35 The
Supporting Information (Figures S1 and S2) contains
snapshots of droplet evaporation for all systems. Similar
demixing behavior was observed for the other solvent mixtures
with 75% and 25% water compositions.
The effects of demixing of droplets with 10% water were not

as prominent as that of droplets with 25% or more water, even
at the latest stages of evaporation. For example, at 75%
evaporation (S0.75), melezitose in droplets with 25% water is
mostly solvated with water, but melezitose in droplets with
10% water is solvated with both water and methanol or
acetonitrile. At 90% evaporation (S0.9), melezitose in droplets
with 10% water are still solvated differently from droplets with
25% water. Specifically, there are only a few methanol
molecules in the droplet for 25% water in methanol systems,
and there are no acetonitrile molecules present in droplets with
25% water in acetonitrile systems at 90% evaporation. In
contrast, droplets with 10% water in methanol or acetonitrile

Figure 1. Representative snapshots showing progression of solvent distributions in droplets containing 50:50 (A) water/methanol and (B) water/
acetonitrile at different stages of evaporation: S0 (post equilibration), S0.25 (25% solvent evaporation), S0.5 (50% solvent evaporation), S0.75
(75% solvent evaporation), and complete dryness with the melezitose adducted to a sodium ion, [Mel + Na]+. Snapshots have been zoomed in to
observe molecular details and are not to scale. The atom colors for melezitose and water molecules are red for oxygen, white for hydrogen, and cyan
for carbon. Methanol molecules are green; acetonitrile molecules are blue; and Na+ ions are blue spheres. Radial distribution profiles are shown
between melezitose and water (Mel−H2O), melezitose and methanol (Mel−CH3OH), melezitose and acetonitrile (Mel−CH3CN), and melezitose
and sodium ions (Mel−Na+) in 50:50 (C) water/methanol and (D) water/acetonitrile.
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mostly contain methanol or acetonitrile at 90% evaporation.
However, while these droplets with 90% methanol or
acetonitrile mostly contain cosolvent, there are still some
water molecules present in the solvation shell of melezitose.
This is in contrast to droplets with 1% water that are only
solvated with cosolvent and did not experience demixing.
To quantify the distribution of solvent and ions around the

melezitose molecule at the four evaporation time points, we
obtained radial distribution functions (RDFs) presented in
panels C and D (Figure 1), according to

g r
r

N

r r

r
( )

( ) 1 ( )

4i

N

i

N
ij

AB
B

B local B local A A B
2

A B

∑ ∑ρ
ρ ρ

δ

π
=

⟨ ⟩
⟨ ⟩

=
⟨ ⟩

−

∈ ∈ (1)

where ⟨ρB(r)⟩ is the particle density of molecule type B at a
distance of r from molecule A, with ⟨ρB⟩local as the particle
density of molecule type B averaged over distances from A. An
increase in the height of the RDF profiles is due to an increase
in the local density of molecule type B in the droplet, relative
to a decreasing overall system density. The center of mass of
the carbohydrate was selected as the reference point for A.
Oxygen atoms from water and methanol and a carbon atom
from acetonitrile were selected as the B reference point. Figure
1C contains RDFs between melezitose and water (Mel−H2O),
melezitose and methanol (Mel−CH3OH), or melezitose and
sodium ions (Mel−Na+) at four stages in the evaporation
process. Figure 1D contains the corresponding RDFs between
melezitose and water (Mel−H2O), melezitose and acetonitrile
(Mel−CH3CN), and melezitose and sodium ions (Mel−Na+).
For both methanol and acetonitrile droplets, as evaporation

progresses, the distribution between melezitose and solvents
evolves in a manner which reflects demixing. For example, the
maximum in the RDF profile for the melezitose−methanol
distribution (green traces) becomes more prominent and shifts
to larger r values with time (r > 0.5), indicating that the
methanol molecules are moving to the periphery of the
droplet. For similar evaporation points in water−acetonitrile
droplets (Mel−CH3CN), the distribution patterns are similar
to methanol, with the acetonitrile molecules increasingly
concentrated at the droplet surface with time. With less
acetonitrile cosolvent in water/acetonitrile droplets, compared
to methanol in water/methanol droplets of the same radius,
there are less acetonitrile molecules at half solvent evaporation
than in the methanol droplets, and these acetonitrile molecules
are all at the surface of the droplet (panels B and D at S0.5).
The number of solvent molecules or Na+ ions (Cn) within

the first solvation shell of the carbohydrate was obtained by
integrating the RDFs. The first solvation shell is a layer of
solvent which is one solvent molecule thick. Solvation numbers
for melezitose−water and melezitose−cosolvent pairs are
presented in Figure 2. In systems with 100% water, the
solvation between melezitose and water decreases with solvent
evaporation (panels A/E, black trace). At 25% solvent
evaporation (S0.25, panel A black trace), the carbohydrate is
surrounded by 22 ± 6 water molecules. In 75% water droplets,
the solvation number to water increases to a value comparable
to that of 100% water at about 25% evaporation (S0.25, panel
A green trace and panel E blue trace). At this time point
(S0.25), demixing has occurred. For droplets with 25% and
10% water in methanol, there is also a slight increase in
coordination to water (green trace) with increasing evapo-
ration. Except for 1% water droplets, coordination to water
increases, as demixing occurs.

For systems with proportions of water of 50%, the number
of water molecules within the first solvation shell is lower for
the methanol droplets than for the acetonitrile droplets (p <
0.05). The melezitose to water solvation numbers (Mel−
water) were 17 ± 2 water molecules for 50% water in methanol
and 22 ± 4 water molecules for 50% water in acetonitrile at
S0.25. This is likely a result of methanol hydrogen bonding to
melezitose, a matter which we will discuss below. However, the
difference in Mel−water solvation numbers was not signifi-
cantly different when comparing methanol to acetonitrile
cosolvents in the solvent mixtures with 10%, 25%, or 75%
water (p > 0.05). Specifically, the solvation numbers in 10%
water droplets at S0.25 were 3 ± 1 and 4 ± 2 in methanol and
acetonitrile, respectively. The solvation numbers in 25% water
droplets at S0.25 were 9 ± 2 and 10 ± 3 in methanol and
acetonitrile, respectively. For the 75% water droplets at S0.25,
the Mel−water solvation numbers were 23 ± 2 and 25 ± 2 in
methanol and acetonitrile, respectively.
For all droplets, there are more methanol molecules within

the solvation shell of melezitose compared to the number of
acetonitrile molecules. For example, the solvation number
within the solvation shell of melezitose in 1% water mixtures is
9 ± 1 for methanol and 6.8 ± 0.8 for acetonitrile droplets (p <
0.05). This difference is due to the aforementioned hydrogen
bonding interactions between melezitose and methanol.
Trends in the coordination numbers of melezitose to ions
are presented in the Supporting Information (Figure S3).

Figure 2. Solvation numbers (Cn) between melezitose and water
(Mel−water), melezitose and methanol (Mel−methanol), and
melezitose and acetonitrile (Mel−acetonitrile), in methanol droplets
(A to E) and acetonitrile droplets (F to J) are plotted as a function of
solvent evaporation.
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3.2. Increasing the Proportion of Organic Cosolvent
Improves Ionization Efficiency. Our results show a faster
evaporative rate for solvent mixtures of decreasing water
concentrations and, consequently, a decrease in time for
carbohydrate ionization. Figure 3 shows the normalized rate of

total solvent (water + cosolvent) evaporation for droplets with
decreasing water compositions in methanol (panel A) or
acetonitrile (panel B). Normalization was done by dividing the
number of solvent molecules for a given time point by the
starting number of solvent molecules in the droplet. As the
volume percent of water decreases from 100% to 1% in both
methanol and acetonitrile, the evaporative rate increases. This
is expected considering (1) the higher volatility of methanol
and acetonitrile versus water and (2) the reduction in the
surface tension of the droplets, which allow for faster
evaporation of solvent.
Our results also show that the evaporative rate of water/

methanol mixtures is faster than that of water/acetonitrile
mixtures of the same % water composition. This difference in
evaporative rate is most apparent for droplets with 25% and
50% water (Figure 3, green and red traces). The dramatic drop
in normalized number of solvent molecules for 1% water and
10% water droplets (blue and purple traces) is due to the
inherently fast evaporative rate of methanol or acetonitrile (see
inset of Figure 3A). In the 1% water droplets, as the droplet
evaporates, the melezitose molecule is solvated with a small
number of organic molecules, and this is recorded as a
significant drop in solvation. The enhanced evaporation and
decomposition of the droplets coincide with the improved
ionization that we obtain from ESI-MS experiments. Figure 4
presents the intensity of gas-phase adducts of melezitose with

sodium ([Mel + Na]+). Higher intensity values are reflective of
higher ionization efficiencies. The black bar corresponds to the
ionization intensity of [Mel + Na]+ adducts produced from
droplets of 100% water, while the green and blue bars
correspond to adducts produced from mixtures of water with
methanol or acetonitrile, respectively. As the proportion of
water in the mixtures decreases, from 100% water, there is a
marked increase in the ionization efficiency reflected by the
increasing intensities. The greatest intensities were obtained
for solutions with 10% water in methanol or acetonitrile.
Generally, the ionization efficiency is greater for methanol
mixtures than for acetonitrile.

3.3. Carbohydrates Experience Different Hydrogen
Bonding in Solvents with Decreasing Water Concen-
tration. To investigate the hydrogen-bonding interactions
involving melezitose in environments with different solvents,
we initially examined the carbohydrate in bulk systems (a fully
solvated box). Figure 5A presents the number of intermo-
lecular hydrogen bonds (NHB) between melezitose and water
(Mel−H2O) and between melezitose and methanol (Mel−
methanol) in systems with increasing percentages of water.

Figure 3. Normalized evaporation of total solvent with time from
droplets containing one melezitose molecule and methanol (A) or
acetonitrile (B) for various solvent/cosolvent compositions. Inset of
(A) presents a snapshot of droplet evaporation observed for some
systems with 1% water. Droplet sizes are not to scale. The normalized
number of solvent molecules for a given time point was obtained by
dividing the current number of solvent molecules by the starting
number. Each droplet has a starting radius of 3 nm with a number of
Na+ ions at the Rayleigh charge limit.

Figure 4. Ionization intensities of melezitose−sodium adducts
obtained from ESI-MS experiments in solutions of melezitose (100
μM) and sodium chloride in solvent compositions of 1%, 10%, 25%,
50%, 75%, and 100% water with methanol or acetonitrile.

Figure 5. Average number of hydrogen bonds per time frame between
melezitose and solvent, either water or methanol (A) and within
melezitose molecules (B) in bulk systems with solvent mixtures of
varying water composition.
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The green and blue traces correspond to melezitose−water
intermolecular bonds in the presence of methanol or
acetonitrile, respectively. For the lowest volume percentage
of water in both systems (1%), the number of intermolecular
hydrogen bonds between melezitose and water per time frame
is 0.5 ± 0.1 for methanol systems and 1.9 ± 0.2 for acetonitrile
systems. The trend in the number of hydrogen bonds with
water increases for both systems to a maximum of 18.4 ± 0.4
hydrogen bonds in 100% water (data point not shown in
Figure 5).
The number of intramolecular hydrogen bonds that is

formed within a melezitose molecule is presented in Figure 5B.
The number of hydrogen bonds in methanol and acetonitrile
systems (with 1% water) is 2.3 ± 0.3 and 3.1 ± 0.3,
respectively. The number of hydrogen bonds within melezitose
is higher in acetonitrile versus methanol due to the ability of
melezitose to hydrogen bond with methanol, thus forming
fewer hydrogen bonds within itself. As the volume % of water
increases in methanol or acetonitrile, the number of hydrogen-
bonding interactions between melezitose and water increases
(Figure 5A). The number of intramolecular hydrogen bonds
within melezitose decreases with increasing percentage of
water (Figure 5 B) and is approaching those of 100% water,
which we determined in a previous study to be 1.21 hydrogen
bonds per time frame.7

The investigation of hydrogen bonding interactions of
melezitose in bulk systems is a valuable benchmark to compare
to hydrogen bond trends in evaporating droplets (Figure 6).

Within evaporating droplets with 100% water (black trace),
there exists an average of 17.9 ± 0.6 hydrogen bonds between
melezitose and water, similar to that of bulk water, which
decreases with solvent evaporation. For the hydrogen bonds
between melezitose and water in evaporating droplets
containing 50% water in methanol or acetonitrile (green and
blue traces, respectively), the number of hydrogen bonds starts
off much lower, 13 ± 2 and 12 ± 1 hydrogen bonds,
respectively, and increases to a number in a range similar to
100% water.
This increase in hydrogen bonds between melezitose and

water correlates to demixing, as methanol or acetonitrile
molecules move to the droplet periphery, while melezitose
becomes more solvated with water. The number of hydrogen
bonds between melezitose and methanol is also shown (gray

and orange traces) for droplets containing 50% and 1% water
in methanol, respectively. More hydrogen bonds are formed
between melezitose and methanol for droplets containing 1%
water than those with 50% water in methanol. The general
trend is that the number of hydrogen bonds between
melezitose and methanol decreases rapidly as the methanol
molecules move to the surface of the droplet and evaporate.

3.4. Variation in Solvent Composition Affects
Carbohydrate Conformation. Having established that the
local environment of the carbohydrate will either be primarily
water solvated (for most mixed compositions due to demixing)
or primarily methanol or acetonitrile solvated (in 1% water
compositions), we then examined the main conformational
differences arising from those two environments. We
monitored dihedral angles of melezitose in different solvent
compositions using the gmx angle tool in GROMACS.22

Dihedral angles are the angles formed between two intersecting
planes, with each plane consisting of atoms of interest.
Differences in dihedral angle profiles do not arise from a
change in the specific angles but are from changes in the
probability distributions for particular dihedral angles, thus
reflecting conformational differences. The dihedral angles
monitored involved the four hydroxymethyl (CH2OH) side
groups (Figure 7) as well as the dihedral angles involving
glycosidic bonds and hydroxyl groups (Supporting Information
Figures S4 and S5). The dihedral angle distribution profiles
indicate that the structure of the carbohydrate varies in
different solvent environments. The greatest variations in the
dihedral angles are observed in systems with the highest

Figure 6. Time evolution of the number of hydrogen bonds between
melezitose and solvent in evaporating drops with solvent mixtures of
varying water composition. The points indicated are running averages
of 50 trajectories.

Figure 7. Probability distribution profiles for dihedral angles of
CH2OH side groups of melezitose in water (black traces), methanol
(green traces), and acetonitrile (blue traces) from MD simulations.
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proportion of methanol or acetonitrile (1% water) compared
to 100% water, as can be seen in Figure 7A,D.
To determine whether solvent composition affects the

structure of the adducts that are released into the gas phase
during ESI, we also analyzed the dihedral angles of
carbohydrate−metal adducts that are formed immediately
after the last solvent molecule evaporates (Supporting
Information Figures S6, S7, and S8). We found that there
were a few similarities between 1% water droplets and 10%
water droplets but saw greater differences in the dihedral
angles of the adducts formed from droplets with 1% water
compared to that of adducts formed from droplets with 25% or
more water upon immediate desolvation. Given that the
analyte is primarily solvated by water, even when up to 75% of
the more volatile solvent is used, the more volatile solvent may
be added to achieve greater ionization efficiency without
affecting the solvated structure of the carbohydrate. However,
when the concentration of methanol or acetonitrile is high
(90% or more) compared to water, structural changes in the
analyte, such as changes in hydrogen bonding, are expected to
arise. It is important to know how differences in the ESI
solvent environment affect carbohydrate structures because
MS methods characterize the resulting gas-phase ions. These
structural changes associated with different solvent environ-
ments were sampled for 30 ps after complete droplet
desolvation. Therefore, future work should explore if these
structural differences are retained as the carbohydrates pass
into and through the mass spectrometer for further character-
ization, by IM-MS, tandem MS, or detection.

4. CONCLUSIONS
We have used MD simulations complemented with ESI-MS
experiments to investigate the formation of carbohydrate−Na+
adducts from droplets with varying compositions of water in
mixtures with methanol or acetonitrile. We observed greater
ionization efficiency in mixtures with increasing percentages of
organic cosolvent, owing to faster evaporative rates and
increased droplet instability. We determined that the method
of ionization in water/methanol or water/acetonitrile mixtures
was the CRM, similar to glycans solvated with 100% water.
The improved ionization was not a result of a change in the
mechanism of ionization but was due to a faster evaporative
rate and reduction in droplet stability. Methanol and
acetonitrile experienced faster evaporation due to their greater
volatility, and this evaporative rate was further enhanced by the
demixing of organic solvent molecules to the droplet surface.
Interactions of carbohydrates with ions, water, and cosolvent
affected the release of adducts into the gas phase. This
supports what we observed experimentally with greater
ionization efficiency in the presence of mixed solvents. The
changes in solvent around the carbohydrate affected the
intermolecular hydrogen bonds with solvent and the intra-
molecular hydrogen bonds within the carbohydrate, itself.
Based on dihedral angle analysis, the most drastic structural
changes of melezitose were observed when the carbohydrate
was solvated by the lowest concentrations of water. These
droplets with low concentrations of water also produced gas-
phase ions that have structural differences compared to
droplets with 25% or more water, upon immediate desolvation.
Therefore, we conclude that solvent mixtures with 25% or
greater proportions of water in methanol or acetonitrile are the
best composition for experimental methods which use ESI to
produce gas-phase ions, with minimal structural effects and

enhanced ionization. This work is the first to characterize the
electrospray ionization of a model carbohydrate in solvent
mixtures. It will be important to expand our investigation to
carbohydrate linkage isomers since we have shown that
interactions in mixed solvents affect conformational prefer-
ences of carbohydrates. Such an investigation would be crucial
to determine how mixed solvents can be used to improve ion
mobility and fragmentation techniques, without affecting how
the results should be interpreted for isomer characterization.
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