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with the electrospray source installed. 
The protein samples used to produce the spectra in Figures 

2-4 were obtained from Sigma Chemical Co. (St. Louis, MO) and 
used without further purification. The sample used for the data 
shown in Figure 5 was provided by Dr. Christian Schwabe of the 
Medical University of South Carolina. 

RESULTS AND DISCUSSION 
The combination ion source gave comparable performance 

in liquid SIMS mode to the standard Nermag FAB ion source 
(data not shown), indicating that the hemispherical repeller 
was an adequate substitute for the curved metal strip repeller 
on the standard FAB ion source. The results of sample 
analysis in electrospray mode are shown in Figurea 2-5. Figure 
2 shows data obtained from analysis of bovine insulin. The 
measured molecular weight (5731.7 f 1.5) was within 0.034% 
of the calculated value (5733.6). Figure 3 shows results ob- 
tained for equine myoglobin; the measured molecular weight 
(16 944 f 5) was within 0.037% of the calculated molecular 
weight (16950.5). The accuracy of these measurements is 
limited by the acquisition of nominal mass data and could 
likely be improved by acquisition of “profile” data and mea- 
surement of mass to charge ratios to tenths of a unit. Figure 
4 shows data obtained on bovine serum albumin, the largest 
protein examined with this ion source. The measured mo- 
lecular weight (66 541 f 39) was within 0.4% of the calculated 
weight (66 267). The difference between the measured and 
calculated masses for this protein are comparable to those 
reported by other investigators (4 ,  7) and could be due to 
bound ions (e.g. Ca2+) other than protons and/or modifications 
of the protein. Figure 5 shows data obtained on a sample of 
porpoise relaxin (a protein structurally similar to insulin) for 
which only a partial sequence was known from Edman deg- 
radation. The sample spectrum contained one major and 
several minor series of peaks. Manual calculations on the 
mixture data (assuming molecular weight for relaxin in the 
5000-6000 range) permitted identification of a major peak 
series (with charge states of +4 to +7) of molecular weight 
6057.9. Components of masses 5986.4 (+3 to +7), 5883 (+4 
to +6), 5726 (+3 to +6), 5629 (+5, +6), 5478 (+6; charge 
assignment based upon assumption that this peak was from 
a relaxin related molecule), and 5395 (+5, +6) were also ob- 
served. If these multiple components were the result of 
proteolytic trimming occurring in the isolation process, the 

mass differences of the components could be used to gain 
information on terminal amino acids (relaxin consists of two 
chains connected by disulfide bonds). For example, the 
difference of 71 mass units between components I and II would 
suggest a terminal alanine. 

CONCLUSIONS 
A combination electrospray-liquid SIMS ion source has 

been constructed that allows use of both modes of ionization 
without the need for physical reconfiguration of the instru- 
ment. The electrospray data obtained on samples of bovine 
insulin (mol wt 5733.6; error 0.034%), equine myoglobin (mol 
wt 16950.5; error 0.037%), and bovine serum albumin (mol 
wt 66267; error 0.4%) are comparable to previously published 
data (4, 7). The electrospray source also performed satis- 
factorily on a second tandem quadrupole instrument which 
required a longer desolvation capillary, indicating that the 
design should be adaptable to a variety of instruments. 
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Method for the Eiectrospray Ionization of Highly Conductive Aqueous Solutions 
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INTRODUCTION 
The electrospray phenomenon (also known as electrohy- 

drodynamic atomization) is a proc of disintegration of a 
liquid surface in the presence of a s rong electric field into 
a spray of f i e ,  highly charged droplets. A number of studies 
have been carried out, going back more than 70 years, aimed 
at gaining an understanding of the fascinating physical pro- 
cesses governing the spray (1-3). Considerable interest in the 
electrospray process has also arisen because it has found wide 
applications for such diverse purposes as electrostatic em- 
ulsification (2e, 4, electrostatic painting (5), paint spraying 
(2e, 6), fuel atomization in combustion systems (7), crop 
spraying (2e, 8), and a method for sample preparation for 
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@-counting experiments (9) and %%f plasma desorption mass 
spectrometry (10). The most recent resurgence of interest in 
electrospray has arisen in connection with the technique of 
electrospray ionization mass spectrometry (11-1 7).  In this 
technique, solutions of involatile organic molecules and bio- 
polymers (such as proteins and DNA) are electrosprayed at  
atmospheric pressure to produce a large number of small 
highly charged droplets containing the component(s) of in- 
terest. The solvents are rapidly evaporated from the droplets, 
and the residual biopolymer ions are transported through 
differentially pumped orifices or capillaries into a mass 
spectrometer where the mass-tu-charge ratio (m/z) values of 
the ions are accurately determined. By using electrospray 
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ionization (MI) mass spectrometry, molecular masses of many 
peptides and proteins can be determined with an accuracy 
of better than 0.02% (12, 13, 15-17). 

Despite its wide application and long history, a detailed 
understanding of the mechanism of the electrospray phe- 
nomenon continues to provide challenges to investigators. 
Recently, Smith (18) and Hayati et al. (19) investigated the 
effects of a large number of experimental parameters on the 
onset and stability of electrospray. The parameters included 
solution properties such as surface tension, dielectric constant, 
viscosity, and conductivity, as well as applied voltage, flow 
rate, and capillary diameter. Smith observed that the onset 
potential for electrospray of a liquid increases with the square 
root of the surface tension of the liquid and found an upper 
limit of surface tension (-0.05 N/m) above which stable 
electrospray in air could not be obtained (18). The failure 
to spray liquids with surface tensions > 0.05 N/m was ex- 
plained by the requirement that the field necessary for the 
onset of the eletrospray exceeds that required for the ioni- 
zation of air. Therefore, the process becomea corona limited 
for liquids having high surface tensions. Smith also inves- 
tigated the effects of liquid conductivity on electrospray and 
observed no upper limit of the conductivity required to pro- 
duce stable electrospray. In contrast, Hayati et al. (19) ob- 
served that conductivity was an important parameter in the 
electrostatic disintegration of a liquid surface and found that 
a stable spray could only be obtained when the conductivity 
of the liquid was between lo4 and 10” i2-l m-l (19a). The 
conductivity of the distilled water wed in the present ex- 
periment is 6 X lo-‘ Q-l m-l, and the surface tension is 0.073 
N/m. These values are higher than the upper limits for stable 
electrospray provided by Smith (18) and Hayati et al. (19). 

Several reporta concerning the electrospray of pure water 
exist in the literature. Sample and Bollini (20) reported the 
electrostatic atomization of distilled water, which they called 
“harmonic electrical spraying”. The flow rates used in this 
latter study ranged between 135 and 400 pL/min, resulting 
in the formation of large droplets (d = 140-429 pm). These 
flow rates are much higher than is commonly used in con- 
junction with mass spectrometry (12-1 7). Kozhendov and 
Fuks (3) have suggested that the spray obtained by Sample 
and Bollini may not be true electrohydrodynamic atomization. 
Two other reports have been made (21,22) on the electrospray 
of water without the addition of alcohol or surfactants or 
without assisting the spray by some other means (13,23,24). 
These reports (21,22), however, do not provide detailed de- 
scriptions of the conditions under which electrospray was 
obtained and the relationship between the nature of the spray 
and the stability and sensitivities of ion signals detected mass 
spectrometrically. 

In the electrospray ionization mass spectrometry of peptides 
and proteins, the analyte of interest is usually dissolved in 
an aqueous acidic solution containing a substantial proportion 
(typically 50%) of an organic solvent such as methanol (12, 
13,15-17). The presence of methanol in aqueous solutions 
lowers both the surface tension and the conductivity of the 
solution. Such solutions produce stable electrospray and 
generate stable and reproducible ion signals in the mass 
spectrometer. It is desirable, however, to have the ability to 
electrospray purely aqueous solutions because many proteins 
are not soluble in solutions containing a large proportion of 
organic solvent. Indeed, organic solvents are commonly used 
to precipitate proteins from aqueous solutions (25). We have 
also found it necessary to spray protein solutions with com- 
positions ranging from 100% water to water containing varying 
amounts of organic solvents in order to gain an understanding 
of the role of solvent composition on the mass spectrometric 
sensitivity and charge-state distribution of protein ions in the 
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Figure 1. Shape and dimensions of a specially modifled spray needle 
used for the ekbwpmy of water, addiffed water, and aqueous protein 
solutions. 

ESI mass spectra (26). These investigations were motivated 
by the observation that different proteins yield widely dif- 
ferent mass spectrometric sensitivities when electrosprayed 
from solutions containing -50% methanol (1627). We report 
here the results of an investigation of the eledrospray of 100% 
water, acidified water, and aqueous protein solutions con- 
taining small amounts of acid. 

EXPERIMENTAL SECTION 
The electrospray ionization mass spectrometer and the pro- 

cedure adopted to acquire mass spectra have been described 
previously (15). Briefly, the sample solution was electrosprayed 
from a syringe needle in ambient air. The resulting highly charged 
droplets and solvated ions were transported into the vacuum of 
the quadrupole mass spectrometer through a 2O-cm-long, 0.5- 
mm4.d. heated metal capillary tube for mass-tu-charge ratio (m/z )  
analysis. The spectra were acquired by using a commercial data 
system, Vector-1 (Teknivent, St. Louis, MO), on an IBM AT 
compatible computer. The flow rate of the analyte solution wae 
dictated by the amounts of acetic acid present and varied from 
0.2 ML/min for aqueous solutions containing 3-4% acetic acid 
to 1.5 pL/min for pure water. The spray solutions were forced 
through the needle by a Harvard Apparatus syringe pump (Model 
2400-001). The electrospray was performed by applying a dc 
voltage of 3-5 kV to the syringe needle relative to the metal 
capillary tube through which the solvated ions and droplets enter 
the vacuum of the mass spectrometer (15). The distance between 
the tip of the syringe needle and the capillary tube ranged between 
4 and 10 mm. Water and methanol were obtained from Burdick 
& Jackson (Muskegon, MI), ultrapure acetic acid from J. T. Baker 
and Co. (Phillipsburg, NJ), and horse heart heart cytochrome C 
(Catalog No. C3256) from Sigma Chemical Co. (St. Louis, MO). 
The conductivities of various solutions were determined using 
a Model CDM 2d conductivity meter from Radiometer (Copen- 
hagen, Denmark). 

RESULTS AND DISCUSSION 
Our initial attempts to spray aqueous solutions of proteins 

without added organic solvents from standard syringe needles 
(26s gauge and 22s gauge) were unsuccessful. These needles 
were used routinely and successfully for the electrospray of 
aqueous solutions containing a large proportion of organic 
solvent (15). In order to determine conditions under which 
pure water or aqueous protein solutions can be electrosprayed, 
we have investigated the effect of the variation of size (i.d. 
and 0.d.) and shape of the syringe needle on the electrospray. 
The flat tip of a replaceable needle (22s gauge, 710-pm o.d., 
150-pm i.d.) of a standard 100-pL syringe was sharpened by 
electroliolishing to a final shape in several steps. The elec- 
tropolishing was carried out in a solution containing water, 
glycerol, and phosphoric acid (l:l:l, v/v). The final shape 
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Table I. Spray Conditionsa as a Function of Spray Voltage 
and Flow Rate for the Electrospray of Water 

voltage 
on the 
spray spray 

flow rate, needle, current, 
pL/min kV nA commenta 

2.0 
1.5 3.20 90 fluctuating 

3.50 350 steady 
3.70 1250 fluctuating 

1.0 3.10 no spray 
3.17 20 steady 
3.35 65 fluctuating 

no steady spray at any voltage 

a The distance between the spray tip and the transport capillary 
tube was 6.7 mm. 

of the syringe needle tip is shown in Figure 1. As the tip of 
the syringe needle was made increasingly sharp, the water 
exiting the needle tended to form finer and finer droplets when 
a high voltage was applied. For the final conical shape (Figure 
l), stable electrospray from pure water in ambient air was 
obtained. The optimum voltage at which stable electrospray 
of pure water was obtained decreased as the tip was made 
sharper. For a distance between the syringe needle and the 
capillary tube of 6.7 mm and a flow rate of 1.5 pL/min, a 
voltage of 3.5 kV was required to obtain a stable electrospray 
from pure water. The spray condition and the measured spray 
current as a function of the applied voltage are given in Table 
I. As the conductivity of the solution was increased by the 
addition of HCOOH or CHsCOOH to water or to aqueous 
protein solutions, it was necessary to reduce the flow rate to 
obtain stable electrospray. Thus, the optimum flow rate 
decreased from 1.5 pL/min for pure water (conductivity = 
6.0 X lo4 f2-l m-l) to 0.20 pL/min for water containing 3.0% 
acetic acid (conductivity = 0.13 st-' m-9. The decrease in the 
optimum flow rate for electrospray with the increase in so- 
lution conductivity has previously been reported by Smith 
(18). 

As pointed out above, the onset potential required to 
achieve steady electrospray decreased as the needle tip was 
made sharper. This observation is in agreement with the 
prediction of Smith that the onset voltage for electrohydro- 
dynamic disintegration is proportional to PJ2r1J2 In (4h/r), 
where T is the liquid surface tension, r is the radius of the 
needle tip, and h is the distance between the needle tip and 
a planar counter electrode (18). Thus, for h = 5 mm and for 
a constant value of T, a change of capillary diameter from 700 
to 200 pm decreases the required onset potential by a fador 
of 1.4. If we assume that the shape of the Taylor cone ( 2 4  
does not change as a function of the capillary diameter, the 
reduction in the required applied potential yields a reduction 
in the field at the tip. The onset of the spray, therefore, can 
occur from a sharp needle tip, as demonstrated in the present 
investigation, before the start of a corona discharge (3,19).  
It  is noteworthy that Smith (18) was able to electrospray 
distilled water from an unmodified tip when the surrounding 
atmosphere was SF6, a highly efficient electron scavenger (28) 
that prevented corona discharge. 

Although a stable spray with fine droplets of pure water 
was obtained at a needle voltage of 3.5 kV, no ions from pure 
water were detected in the mass spectrometer until the needle 
voltage was increased to -4.0 kV whereupon the spray became 
unsteady. When a small amount of acid (0.014%) was added, 
a stable ion signal in the mass spectrometer was observed at  
a needle voltage of -3.5 kV. The ESI mass spectrum of water 
containing 1.0% v/v acetic acid is shown in Figure 2. The 
spectrum, acquired with the transport capillary tube heated 
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Figure 2. Electrospray bnizatkm mass spectrun of water containing 
1.0% acetic add. The transport capf4lat-y tube was heated to 80 OC. 
The nunber(n) on an bn peak denotesthe nunberof water molecules 
attached to ti+. Flow rate = 0.2 pllmin. The spectrum is an average 
of 26 scans each acquired in 28 8. 

to a temperature of 80 OC, exhibits a series of ions, H+(H20),, 
with n ranging from 6 to 52. A feature of the spectrum is the 
relatively high intensities of ions containing 21 and 28 water 
molecules relative to the ions containing 22 and 29 water 
molecules, respectively. Several investigators have previously 
observed enhancement of the intensities of the H+(H20)21 
(29-32) and H+(H20)% (32) ions in supersonic free jet ex- 
pansion experiments, where the ions were generated by corona 
discharge before the expansion (30,311 or by electron impact 
after the expansion (29, 32). It is known that, in neutral 
clusters, 21 water molecules can be arranged in a clathrate 
cage structure: a pentagonal dodecahedron with a oxygen 
atom at each comer and a water molecule trapped inside (33, 
34). As pointed out by Searcy and Fenn (30), a similar 
cage-like structure may be also possible for the protonated 
cluster. Holland and Castleman (35) have proposed a model 
based on the high mobility and bonding effects of the "excess" 
proton in water to explain the higher stability of H+(H2O),,. 
These authors suggested that protonated water clusters con- 
taining 26, %, and 30 water molecules may also possess special 
geometries. Kassner and Hagen (34) have predicted magic 
numbers of 21,37, and 50. In the present investigation, water 
cluster ions, H+(H20),, with n = 21,28,33,35,37, and 42 were 
found to have enhanced stability (Figure 2). 

In the measurement shown in Figure 2, no potential dif- 
ference was applied between the exit of the transport capillary 
tube and the skimmer (15). The potential difference, when 
applied, causes the exiting ions from the capillary tube to 
undergo energetic collisions with the neutral gases present in 
this region (13,15). The resulting collisional activation pro- 
duces a shift in the maximum of the solvation-state distri- 
bution toward lower values of n. An increase in the tem- 
perature of the transport capillary tube also shifts the sol- 
vation-state distribution toward lower values of n. Water 
clusters formed with ions such as Na+ and NH,+ can also be 
generated. Thus, the present investigation demonstrates that 
electrospray of pure water or water containing small amounts 
of acid or other electrolytes provides an intense source of large 
ionic clusters of water molecules that offers opportunities for 
further detailed investigation of structures and stabilities of 
such species. It should be noted that the present measure- 
ments do not provide information concerning the relative 
contributions to cluster formation of the electrospray ioni- 
zation process itself and that due to condensation of ambient 
moisture during the jet expansion. To our knowledge, 
unassisted electrospray ionization mass spectra of aqueous 
solutions without the addition of any organic solvent have not 
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ion. The formation of two discrete chargestate distributions 
(Figure 3b) results from two different conformational states 
of horse heart cytochrome c. At the lower pH, the majority 
of the protein is in a highly charge unfolded state (Figure 3a). 
When the pH is increased from 2.6 to 3.8, a large fraction of 
cytochrome c molecules converts to a tighter conformation, 
with fewer basic groups available for protonation, thus pro- 
ducing a second distribution of ions with lower charge states 
(26). 

CONCLUSIONS 
The present investigation demonstrates that the electros- 

pray of 100% water or water containing small amounts 
(0.01-5%) of organic acid, such as formic acid and acetic acid, 
can be performed without nebulization despite the high 
conductivity and surface tension of the solutions. Electrospray 
of aqueous solutions was obtained by the use of a specially 
modified syringe needle tip (Figure 1). The onset potential 
required to obtain stable electrospray decreases with a re- 
duction in the spray tip outside diameter. Thus, with the 
sharp capillary tip, the spray of aqueous solutions can be 
produced before the onset of a corona discharge. 
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Flgwe 3. Electrospray ionization mass spectra of horse heart cyto- 
chrome c obtained from 10 pM aqueous solutions containing different 
amounts of acetic acid. n+ represents an ion of cytochrome c 
contalnhg n protons. (a) 3% aqueous acetic acid, pH = 2.6, and Row 
rate = 0.2 pL/min. The ion denoted as i arises from an unidentified 
impurity. (b) 0.01 % aqueous acetlc acid, pH = 3.8, flow rate = 0.8 
pL/min. 

been previously reported in the literature. 
There are a number of situations in which it is advantageous 

to electrospray aqueous protein solutions not containing or- 
ganic solvents. One important situation arises during studies 
of proteins that are not soluble or tend to aggregate in aqueous 
solutions containing a large proportion of organic solvents (for 
example, chicken egg lysozyme precipitates when the ethanol 
content of the solution exceeds 25% and hen egg albumin 
irreversibly precipitates at a composition of 40% ethanol). 
Another important situation arose during our studies of the 
effects of protein conformation on the electrospray ionization 
mass spectra, studies that included proteins that are rapidly 
denatured in the presence of organic solvents. In a recent 
communication, we have reported the electrospray ionization 
mass spectra of bovine heart cytochrome c obtained from 
aqueous solutions without any organic solvent (26). These 
investigations provided information regarding the chargestate 
distribution of protein ions observed in the mass spectra as 
a function of their conformation in solution. The investigation 
could not be performed with protein solutions containing 
organic solvent because the presence of even small amounts 
of organic solvent cause8 cytochrome c to unfold. Results from 
an investigation with horse heart cytochrome c are shown in 
Figure 3 obtained from aqueous solutions containing 3% 
(Figure 3a) and 0.01% (Figure 3b) acetic acid with pH values 
of 2.6 and 3.8, respectively. No other organic solvent or buffer 
was added to the spray solutions. The two mass spectra are 
strikingly different. In the toppanel, ions are produced with 
a single chargestate distribution with charges ranging from 
18+ to ll+. The charges 18+ and 11+ denote (M + 18H)le+ 
and (M + 11H)"+, respectively, where M represents horse 
heart cytochrome c. In contrast, the bottom spectrum (Figure 
3b) exhibits ions from the two discrete distributions of charge 
states. One distribution, also observed in the top figure, 
centers around 14+ and ranges from 17+ to 12+, while the 
other ranges from 10+ to 7+, with 8+ being the most intense 
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