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Desorption electrospray ionization mass spectrometry

(DESI-MS) is applied to the analysis of carbohydrates and

steroids; the detection limits are significantly improved by the

addition of low concentrations of salts to the spray solvent.

Desorption electrospray ionization (DESI) is an ambient deso-

rption ionization technique which has been applied to rapid in

situ analysis with minimal or without any sample pretreatment.1,2

Due to its speed, ease of use and high salt tolerance, DESI is

becoming a useful tool in forensic,3–5 pharmaceutical6,7 and

biological8 applications. Analytes present on the target substrate

are dissolved in the spray solvent and released from the wet

sample surface into the secondary microdroplets formed by high

velocity charged droplet impact.9 Optimum performance in DESI

is usually obtained for polar analytes that can readily be proto-

nated or deprotonated. However, many biologically important

molecules, including carbohydrates and steroids, do not have

these characteristics. They may be successfully characterized by

other mass spectrometry methods10,11 but direct ambient analysis

is highly desirable. Reactive DESI,12,13 an experiment in which

the solvent spray is doped with a reagent that selectively reacts

with the analyte to improve the analytical specificity and detec-

tion limits, has proven successful for some carbohydrates and

steroids. Simple adduct formation is known to increase sensitivity

and ionization efficiency of some analytes such as lipids in ESI.14

We here discuss the application of DESI-MS to the analysis of

neutral carbohydrates and steroids by adding controlled

amounts of salts (e.g. lithium, sodium, potassium, ammonium

or silver salts) to the solvent spray. Improvements in detection

limits and selectivity are achieved by this simple procedure. This

method is also applied to the direct analysis of carbohydrates

and steroids from raw urine samples and the results are com-

pared to the corresponding reactive DESI experiments. All

experiments employed a Thermo Fisher LTQ 2D linear ion trap

mass spectrometer (San Jose, CA, USA) in both the positive and

negative ion modes. The mass spectrometer was equipped with a

desorption electrospray ion source, a prototype of the OmniS-

prays source of Prosolia Inc. (Indianapolis, IN, USA) described

elsewhere.1 The experimental conditions include: a spray flow

rate of 3 mL min�1, a capillary temperature of 150 1C, a gas

pressure of 150 psi and an electrospray voltage of 5 kV.

The analytes included six carbohydrates of different mole-

cular masses (xylose, glucose, glucuronic acid, maltose, mal-

totriose and maltoheptaose) and four steroids (testosterone,

dehydroepiandrosterone [DHEA], 5b-pregnan-3,20-dione and
cortisone), all having different proton affinities (Fig. S1

supplementary materialw). Spray solvents with and without

salt additives were compared (H2O–MeOH with 0.1%

HCOOH, 100 mM LiCl, NaCl, KCl, AgNO3 or NH4OAc in

the positive ion mode, and H2O–MeOH with 0.1% NH4OH,

10 mM NH4Cl, 10 mM NH4Br, 0.01% HCOOH, 0.01%

CH3COOH, 10 mM H2SO4 or 100 mM NH4NO3 in the

negative ion mode). A detailed list of the solvents used and

ions monitored is given in Table S1 (supplementary materialw).
The salt concentrations were optimized for the analysis of

maltose and DHEA; above the optimum concentrations the

analyte signal was somewhat suppressed by added salt, whereas

below the optimum concentrations the analyte was not observed

easily. These results corroborate the recent systematic investiga-

tions of salt effects on DESI at physiological salt concentra-

tions.15 However in the earlier study, the salt was present in the

analyte (condensed phase sample) and not in the spray solvent.

This meant that little adduct formation was observed (compared

to traditional ESI). Here, adduct formation is sought and

achieved. In either case, DESI is found to be tolerant toward

the presence of salt. Typically the salts in this study were present

in 10–100 mM concentrations in the spray solution. For each

analyte, a 0.5 mL sample was spotted on a Teflon surface,

allowed to dry in the ambient laboratory environment, and

analyzed using DESI-MS. In the positive ion mode, the highest

signals and S/N ratios for the carbohydrates were obtained when

solvents doped with NaCl, KCl and NH4OAc were used (Fig. 1a

shows the spectrum for xylose). These results are in good

agreement with previously reported ESI and MALDI re-

sults.16,17 For the carbohydrates, the presence of salt in the spray

solvent seemed to be necessary for successful ionization; without

salt and using H2O–MeOH–HCOOH (0.1%) only maltohep-

taose, the largest carbohydrate, was ionized forming [M+H]+.

The steroids testosterone, DHEA, pregnandione and cortisone

yielded protonated molecules when the standard spray solvent

H2O–MeOH–HCOOH (0.1%) was used but, except for testo-

sterone, the ionization efficiency was enhanced when salts were

added (Fig. 2a and S2w). The differences in the behavior of the
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steroids can be explained by the differences in their proton

affinities (PAs), which are approximately 825 kJ mol�1 for DHEA

(reference compound cyclopentanone), 840 kJ mol�1 for pregnan-

dione (reference compound cyclohexanone) and 870 kJ mol�1 for

cortisone and testosterone (reference compound 5,5-dimethyl-2-

cyclohexenone) by considering group equivalent effects on the

known proton affinities18 of simple analogs. Because of its higher

PA, testosterone is protonated more easily than the other com-

pounds which more readily form salt adducts. DHEA, with the

lowest PA, gave the smallest protonated signal and the greatest

signal increase in the presence of salt. The greater salt cation

affinity of cortisone than testosterone, in spite of their similar PAs,

is ascribed to the adjacent hydroxyl groups of cortisone compared

to the single hydroxyl group of testosterone. The S/N ratios for

each analyte ion, when analyzed using the different spray solvents

in the positive ion mode, are shown in Fig. S2.w
In the negative ion mode, the carbohydrates gave signals due

to [M�H]� when spraying H2O–MeOH–NH4OH (0.1%) in the

cases of glucuronic acid, maltose, maltotriose and maltoheptaose

spectra. The smaller carbohydrates, xylose and glucose, could

not be ionized through simple deprotonation. However, for all

the carbohydrates, even for glucuronic acid, the signal of the

analyte adduct (e.g. [M + Cl]�) was significantly increased by

the use of salt additives (Fig. S3w). The greatest signal intensities
for the carbohydrates xylose, glucose, glucuronic acid, maltose

and maltotriose were obtained when using H2O–MeOH–NH4Cl

(10 mM) as the spray solvent, and observing chloride adduct

formation (Fig. 1b). This is in good agreement with previous

studies, where chloride ions have been utilized in the selective

ionization of carbohydrates in ESI.19 For maltoheptaose, the

greatest signal was obtained when H2O–MeOH–H2SO4 (10 mM)

was used as the spray solvent and the doubly-charged ion

[M+ SO4]
2� was observed. Enhanced signals for carbohydrates

using H2SO4 have also been obtained in experiments with

MALDI, but it has been reported that the effect requires that

the analyte should have at least four sugar units.20 This seems to

be true also in DESI, since intense signals with H2SO4 were only

obtained for maltoheptaose, the largest carbohydrate examined.

Of the steroids, only cortisone was ionized in the negative

ion mode using H2O–MeOH–NH4OH (0.1%) as the spray

solvent; in this case [M � H]� was the base peak. Other

solvents gave salt adducts, although with lower intensities

(Fig. 2b and S3w). The S/N ratios for each analyte when

ionized using different spray solvents in the negative ion mode

are shown in Fig. S3.w
An alternative to the formation of salt adducts is the use of

reactive DESI12 to generate covalently-bonded adducts. Adduct

formation by cortisone (500 pmol) was compared directly with a

recently reported reactive DESI experiment in which heteroge-

neous reactions of hydroxylamine (NH2OH) occur with the

carbonyl group of the steroid during ionization.13 Both methods

involve the addition of reagents to the DESI spray and give

similar performance when the intensities of the [cortisone +

Na]+ peak and the oxime reaction product are compared (Fig.

S4w). Simple adduct formation occurred with an improvement in

S/N ratio of a factor of three compared to that for the proto-

nated species. A comparison was made for glucose (500 pmol)

where simple adduct formation was compared to the occurrence

of a heterogeneous reaction at a solution/solid interface (cis-diol

reaction upon selective complexation to form a cyclic boro-

nate).12 The improvement in S/N ratio was B15 for the simple

adduct [glucose+Cl]�. No signal was observed in the absence of

salt for this amount of analyte. In this case, while the reactive

DESI experiments are more selective than simple salt adduct

formation, the spectra resulting from the adduct formation have

a higher signal intensity resulting in improved detection limits.

Limits of detection (LOD) for the compounds studied were

determined in both the positive and negative ion modes. The

data were collected in full MS scan mode and peaks corres-

ponding to the analytes with a S/N ratio of 3 were chosen to

represent the LOD. In the positive ion mode the solvents

H2O–MeOH–HCOOH (0.1%) and H2O–MeOH–NaCl

(100 mM) gave typical LODs in the range of 250 fmol–

500 pmol (72 pg–580 ng, Table 1), being lowest for the steroids

(250 fmol–2.5 pmol). For the carbohydrates, the LODs were in

the range of 500 fmol–500 pmol, being lowest for maltohep-

taose (500 fmol) and highest for the acidic glucuronic acid

(500 pmol) when H2O–MeOH–NaCl was the spray solvent.

Clearly, the presence of NaCl improved the LODs for all the

Fig. 1 DESI mass spectra of 1 mM xylose (50 nmol) (a) positive ions

recorded using H2O–MeOH–NaCl (100 mM) (b) negative ions re-

corded using H2O–MeOH–NH4Cl (10 mM) as the spray solvent.

Fig. 2 DESI mass spectra of 100 mM cortisone (50 pmol) (a) positive

ions recorded using H2O–MeOH–NaCl (100 mM) (b) negative ions

recorded using H2O–MeOH–NH4Cl (10 mM) as the spray solvent.
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compounds except testosterone which yielded the same LOD

with and without added salt in the spray solution.

In the negative ion mode, the limits of detection were deter-

mined only using H2O–MeOH–NH4Cl (10 mM) as the spray

solvent as it yielded the highest ionization efficiency for most

analytes. The LODs obtained in the negative ion mode were in

the same range as in the positive ion mode (250 fmol–500 pmol)

but for xylose, glucose, maltotriose and glucuronic acid, the

LODs were even lower than in the positive ion mode (250

fmol–25 pmol, Table 1). This is probably due to the generally

lower background in the negative ion mode, which results in

increased S/N ratios. For glucuronic acid, the reason for the

improvement in LOD is obviously its acidity which causes

efficient ionization by deprotonation in the negative ion mode.

Finally, the use of H2O–MeOH–NaCl (100 mM) as the spray

solvent was tested in the analysis of steroids and carbohydrates

from complex matrices. Fig. 3a shows the analysis of a urine

sample spiked with 1 mM of DHEA, 5b-pregnan-3,20-dione and
cortisone and diluted 100 times, with examination ofB5 pmol of

each analyte. Abundant sodiated molecules of each steroid were

observed at m/z 311, m/z 339 and m/z 383. In addition, sodiated

dimers were observed at higher masses. Fig. 3b shows the

spectrum of a urine sample spiked with 10 mM glucose and

diluted 100 times (B50 pmol analyte). The sodiated glucose

molecule was observed at m/z 203. Suppression of the analyte

signal by the matrix was not observed in either of these applica-

tions, although the only sample pretreatment method used was

dilution of the sample. This method clearly can be used in the

analysis of carbohydrates and steroids in complex matrices.

The signal of carbohydrates and steroids in DESI-MS is

significantly increased by adding suitable concentrations of

salts to the solvent spray. The adduct effects of the salts

described here is especially useful in the analysis of carbohy-

drates which are not easily protonated. The method is less

selective than reactive DESI but is shown to work well in the

analysis of carbohydrates and steroids from urine, where

signals for the analytes were obtained without significant

suppression by the matrix. The improved spectral quality

associated with the salt sprays may be due to decreased

solubility of the organic analytes in the wet surface film due

to a ‘‘salting out’’ phenomenon. This would increase the

surface activity of the organic and so increase the efficiency

of analyte sampling into the secondary microdroplets gener-

ated upon primary droplet impact. This study was financially

supported by ONR Grant #N00014-02-1-0834, NSF CHE-

0412782 and by the Academy of Finland (Project #1209189).
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M. Caprioli, Angew. Chem., Int. Ed., 2005, 44, 7094.

9 A. Costa and R. G. Cooks, Chem. Commun., 2007, 3915.
10 J. L. Beck, M. L. Colgrave, S. F. Ralph and M. M. Sheil, Mass

Spectrom. Rev., 2001, 20, 61.
11 D. J. Ashline, A. J. Lapadula, Y. H. Liu, M. Lin, M. Grace, B.

Pramanik and V. N. Reinhold, Anal. Chem., 2007, 79, 3830.
12 H. Chen, I. Cotte-Rodrı́guez and R. G. Cooks, Chem. Commun.,

2006, 597.
13 G. Huang, H. Chen, X. Zhang, R. G. Cooks and Z. Ouyang, Anal.

Chem., 2007, 79, 8327.
14 X. Han and R. W. Gross, Mass Spectrom. Rev., 2005, 24, 367.
15 A. U. Jackson, N. Talaty, R. G. Cooks and G. J. Van Berkel, J.

Am. Soc. Mass Spectrom., 2007, 18, 2218.
16 D. J. Harvey, J. Mass Spectrom., 2000, 35, 1178.
17 J. J. Conboy and J. Henion, Biol. Mass Spectrom., 1992, 21, 367.
18 E. P. J. Linstrom and W. G. Mallard, NIST Chemistry WebBook,

NIST Standard Reference Database Number 69, July 2001, Na-
tional Institute of Standards and Technology, Gaithersburg MD,
20899 (http://webbook.nist.gov).

19 Y. Jiang and R. B. Cole, J. Am. Soc. Mass Spectrom., 2005, 16, 60.
20 A. W. Wong, M. T. Cancilla, L. R. Voss and C. B. Lebrilla, Anal.

Chem., 1999, 71, 205.

Table 1 Limits of detection (S/N 4 3) using H2O–MeOH–HCOOH
(0.1%) and H2O–MeOH–NaCl (100 mM) as spray solvents in the
positive ion mode (+ve) and H2O–MeOH–NH4Cl (10 mM) in negative
ion mode (�ve)

Analyte
+ve (HCOOH) +ve (NaCl) �ve (NH4Cl)
(pmol) (pmol) (pmol)

Xylose a 250 25
Glucose a 50 25
Maltose a 2.5 5
Maltotriose a 25 5
Maltoheptaose 50 0.5 500
Glucuronic acid a 500 2.5
DHEA 0.5 0.25 a

Cortisone 0.5 0.25 0.25
5b-Pregnan-3,20-dione 2.5 0.25 a

Testosterone 0.25 0.25 a

a The limit of detection was not determined since the analyte could not

be detected in the particular solvent.

Fig. 3 Positive ion DESI spectra of �100 diluted raw urine: (a)

spiked with DHEA, pregnandione and cortisone (B5 pmol of each

analyte) in H2O–MeOH (b) spiked with B50 pmol of glucose analyte

in H2O–MeOH. Spray solvent H2O–MeOH–NaCl (100 mM).
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