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Desorption electrospray ionization-mass spectrometry (DESI-MS) was evaluated for the direct
analysis of liquid samples. Several interesting results were found. First, in contrast to the
previous DESI analysis of dried solid samples that was limited to proteins with MW � 25 kDa
(Anal. Chem. 2007, 79, 3514), bovine serum albumin (BSA, 66 kDa) was successfully ionized
from solutions by DESI with observation of corresponding multiply charged ions. Second,
direct DESI analysis of protein tryptic digest solutions without chromatographic separation,
sample clean-up, and the sample drying step was demonstrated, providing reasonably good
sequence coverage of 52% to 97%. Third, direct analysis of biofluids such as an undiluted urine
sample without sample pretreatment is possible, emphasizing the high tolerance of DESI
with salt. These results suggest that a charged droplet pick-up mechanism is responsible for
desorption and ionization of liquid samples by DESI. Also, unlike in electrospray ionization
(ESI), inhibition of electrochemical reduction in the negative ion mode was observed for liquid
sample DESI. In addition, reactive DESI can be performed with ion/ion reactions of Zn(II)
complexes for the selective binding of phosphoserine in the presence of serine. DESI
experiment can also be carried out directly to liquid samples flowing out of a pumped syringe
needle tip, allowing rapid analysis. Furthermore, on-line coupling of electrochemical cell with
DESI-MS was demonstrated, in which perylene radical cations generated in the cell were
successfully transferred to the gas-phase for MS detection by DESI. This study extended the
scope of DESI-MS applications, which could have potentials in bioanalytical and forensic
analysis. (J Am Soc Mass Spectrom 2009, 20, 10–19) © 2009 Published by Elsevier Inc. on
behalf of American Society for Mass Spectrometry

Ambient mass spectrometry (MS) [1] is of great
value because it allows the analysis of samples
with little or no sample preparation. Nowa-

days, a number of ambient ionization methods [2–16]
have been introduced as rapid tools to provide efficient
desorption, ionization, and further mass spectrometric
characterization of target compounds. As a representa-
tive ambient ionization method, desorption electros-
pray ionization (DESI) has become very successful in
the fast analysis of a variety of different analytes
including pharmaceuticals [17–19], metabolites [20, 21],
drugs of abuse [22, 23], explosives [24–26], chemical
warfare agents [27], and even intact tissues [28, 29] as
well as thin-layer chromatography plate [30]. In the
DESI experiments, ionization occurs via the interaction
of charged microdroplets generated in a pneumatically
assisted electrospray of an appropriate solvent with
samples placed on surfaces. Typically, solid samples on
the surface are desorbed and ionized during DESI-MS
analysis, and liquid samples typically undergo drying

on surface in air before ionization. One practical reason
for this is that liquid samples could be blown away
from the surface immediately (i.e., splashing of liquids)
by the high-velocity nebulizing gas employed for the
generation of charged microdroplets. As a consequence,
the resulting ion signal, if any, will not last long.
Recently, two novel sample introduction methods have
been reported for the analysis of solution samples either
using DESI or DeSSI. One is to add aqueous samples
onto a cotton swab or filter paper followed by DESI
analysis [31, 32]. The other is to use a permeable
membrane to enrich analytes from solutions, which can
be desorbed and ionized from the other side of the
membrane after penetrating the membrane [33].
This study presents a new DESI method for the

direct analysis of liquid samples on surface, which are
continuously driven through a silica capillary by a
syringe pump onto a surface (in this way the issue of
liquid splashing mentioned before can be overcome; see
the prototype apparatus illustrated in Figure 1). The
analysis of liquid samples using DESI was initially
motivated by two reasons: (1) many biological samples
such as urine and blood occur in liquid phase; a direct
analysis method for liquids without drying samples on
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the surface is thereby desirable because it would allow
sample detection from their native environments and
could further speed up DESI analysis process; (2) capabil-
ity for liquid analysis will allow DESI to be coupled with
other devices such as electrochemical cells or separation
technologies for novel analytical applications. During the
evaluation course of this method, a number of samples
were examined, including amino acid, peptide, and pro-
tein solutions as well as protein digests and biological
fluids such as raw urine. It turns out that desorption and
ionization of liquid samples by DESI in this study is
effective and sensitive. In contrast to the previous DESI
experiments of detecting dried protein samples on surface
[34], high-mass proteins (�25 kDa) can be ionized directly
from solutions, expanding the scope of DESI in ionization
of biological macromolecules. Also, efficient ionization of
peptides from protein digests and ofmethamphetamine (a
drug of abuse) from raw urine without chromatographic
separation, sample clean-up, and drying in air can be
carried out using this method. In the negative ion mode,
reduction of analyte TNT was not observed in DESI,
differing from ESI analysis in which electrolysis process is
inherent. In addition, reactive DESI experiments [17, 25,
26, 31, 35, 36], in which reactant ions generated by spray-
ing a solution containing specific reagents are allowed to
selectively react with analytes, can be performed to ionize
liquid samples to enhance detection selectivity. Further-
more, a novel application of DESI in coupling with elec-
trochemistry was successfully demonstrated, providing a
convenient method for probing species occurring in elec-
trochemical cells.

Experimental

Amino acid, peptide and protein standards including
l-arginine, l-alanine, l-serine, bradykinin, neurotensin,
insulin (5.7 kDa), ubiquitin (8.5 kDa), apomyoglobin(16.9
kDa), �-lactoglobulin B (18.2 kDa), �-chymotrypsinogenA
(25.6 kDa) and bovine serum albumin (BSA, 66 kDa),
methamphetamine, zinc nitrate hexahydrate, phospho-

serine, phosphocholine chloride calcium salt tetrahy-
drate, perylene, lithium triflate, and methylene chloride
were purchased from Sigma-Aldrich (St. Louis, MO) and
used without further purification. 2,2=-Dipicolylamine
(DPA) was purchased from TCI (Portland, OR). 2,4,6-
Trinitrotoluene (TNT) in solution (1 mg/mL in methanol/
acetonitrile) was bought from Accustandard (New Ha-
ven, CT). The deionized water used for sample pre-
paration was obtained using a Nanopure Diamond
Barnstead purification system (Barnstead International,
Dubuque, IA). High-performance liquid chromatogra-
phy grade methanol and acetonitrile were purchased
from GFS Chemicals (Columbus, OH), and glacial acetic
acid was purchased from Fisher Chemicals (Fair Lawn,
NJ). Porous Teflon was purchased from Small Parts
(Miramar, FL).
Ubiquitin was digested using the following protocol.

250 �L of 2 �g/mL ubiquitin solution in 25 mM
NH4HCO3, 150 �L of 25 mM NH4HCO3 solution in
water, and 100 �L of 0.1 �g/mL trypsin in 50 mM acetic
acid were mixed. After the mixture was incubated in
37 °C water bath overnight, the incubation sample was
quenched by adding 150 �L of 1% TFA. For the BSA
digestion, the same protocol was followed except that
half volume of each solution was used.
All of the DESI experiments were carried out using

an electrosonic spray ionization (ESSI) [37] source to
generate charged microdroplets. The spray voltage was
set at �4.5 to 5.5 kV for the positive ion mode and �4.5
kV for the negative ion mode and the nebulizing gas
(N2) pressure for ESSI was 160 psi. Unless otherwise
specified, the solvent for ESSI typically consisted of
methanol/water with either 0.5% or 1% acetic acid and
was injected at a flow rate of 10 �L/min. A home-built
aluminum platform was used to support a porous
Teflon surface onto which liquid samples were contin-
uously introduced for ionization through a silica capil-
lary (i.d. 0.1 mm) by using a Chemyx model F100
syringe pump (Huston, TX) at a flow rate of 0.1 to 5
�L/min (direct ionization of liquid samples emerging
out of a syringe needle by DESI is also possible, which
decreases the time for sample introduction). For prep-
aration of liquid sample solutions, amino acids and
peptides were dissolved in methanol/water (1:1 by
volume) and proteins were dissolved in methanol/
water/acetic acid (1:1:0.005 by volume). All of the
amino acid, peptide, protein solutions, as well as pro-
tein digest solutions and raw urine samples spiked with
methamphetamine were directly subjected for DESI
analysis without drying in air. The ESSI sprayer was
aimed to the outlet of the sample introduction silica
capillary with an optimal spray impact angle of
30°�45°. The vertical and horizontal distances between
the sprayer and the capillary outlet were �0.5 mm and
0.5 mm, respectively, (to overcome the influence of the
counter-flow curtain gas from the instrument interface,
which makes the emerging liquid from the capillary
flow backward, the ESSI sprayer is positioned slightly
behind the silica capillary outlet by ca. 0.5 mm in the
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Figure 1. Schematic showing the DESI-MS apparatus for the
direct analysis of liquid samples. 1: ESSI source; 2: sample intro-
duction silica capillary (this capillary can be replaced by a syringe
needle so that liquid samples can be delivered to the surface
directly from a pumped syringe, as demonstrated later in the text);
3: porous Teflon surface; 4: curtain plate of Q-trap instrument.
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horizontal level). A capillary outlet-to-curtain plate ap-
erture distance of 1 to 2 mm was used. The ions
generated by DESI were collected and detected by a
hybrid triple-quadrupole-linear ion trap mass spectrome-
ter (Q-trap 2000; Applied Biosystems/MDS SCIEX, Con-
cord, Canada). Curtain gas (N2) was kept as 20 (manufac-
turer’s units) and declustering potential was 5 to 80 V.
Collision induced dissociation (CID) was carried out to
provide ion structural information using either enhanced
product ion scan mode or product ion scan mode. Nitro-
gen gas was used as collision gas. Data acquisition was
performed using the Analyst software (Version 1.4.2,
Applied Biosystems/MDS SCIEX, Concord, Canada). De-
convolution of mass spectra was carried out using Mag-
Tran 1.03b2 software (Amgen Inc., Thousand Oaks, CA)
written based on the ZScore algorithm [38]. ESI experi-
ments carried out for comparison purpose were per-
formed using a commercial TurbolonSpray ion source
(Applied Biosystems/MDS SCIEX, Concord, Canada)
with an injection flow rate of 10 �L/min.
For the on-line coupling of electrochemistry with DESI-

MS, a tubular electrode flow-through cell [39] was used,
which simply consisted of two stainless steel metal capil-
laries (6 cm long, 127 �m i.d., 1.58 mm o.d.) bridged by a
polyetheretherketone (PEEK) union. A 0.1 mM perylene
solution was prepared in a mixed solvent of CH3CN and
CH2Cl2 (1:1 by volume) containing 40 mM lithium triflate
(added as electrolytes) and was infused into the tubular
electrode cell by a pumped syringe at a flow rate of 10
�L/min. ADC potential of 10 Vwas applied to the cell for
electrolysis. The anode metal capillary was bent in a way
such that its flat end can serve as a horizontal planar
surface for direct DESI desorption of the solution exiting
the anode electrode from the cell.

Results and Discussion

As illustrated in Figure 1, ionization of liquid samples
by DESI comes from the interaction between ESSI-
generated charged microdoplets and the sample flow-
ing out of the silica capillary. Unlike the traditional
DESI ion source, there is no need for 3D linear moving

stages in our experiments; the positions of the ESSI
source and the sample introduction silica capillary are
fixed, simplifying the apparatus. Previously, most of
the DESI experiments were performed using an instru-
ment with a heated metal transfer capillary interface
(e.g., Thermo LTQ mass spectrometer). This study is an
example of adapting DESI ion source on a mass spec-
trometer with a counter-flow curtain gas interface.
Curtain gas used serves for ion desolvation and instru-
ment protection. After the construction of this experi-
mental apparatus, various liquid samples were exam-
ined, as discussed below.

Amino Acid and Peptide Analysis

Amino acids and peptides in solutions were first chosen
for direct DESI analysis. In the case of amino acids of
arginine and alanine, the corresponding protonated
molecules were observed atm/z 175 and 90, respectively
(Figures S-1a and S-1b, in Supplementary Materials,
which can be found in the electronic version of this
article). For bradykinin, the doubly charged ion (m/z
531) was detected while both doubly (m/z 837) and
triply charged ions (m/z 558) were seen for neurotensin
(Figures S-1c and S-1d). These charge numbers are
similar to those typically observed in the ionization of
the corresponding compounds by ESI or in the ioniza-
tion of dried samples using traditional DESI. Table 1
summarizes the solution concentration, solution injec-
tion rate, and total amount injected for the collected
mass spectra mentioned above. It can be seen that this
method is sensitive. For instance, good signal (S/N �
16, Figure S-1c) was obtained for bradykinin solution
(0.1 �g/mL) even with the injected peptide amount of
0.2 ng (0.19 pmol). Typically, analyte ion signals were
detected continuously as the samples were continu-
ously introduced onto the surface (see the inset of
Figure S-1a). As previously proposed [2, 3], chemical
sputtering, charge-transfer and droplet pick-up mecha-
nisms might be involved in the DESI ionization process.
In our experiments, the ESI-like spectra obtained for
amino acids and peptides suggest the formation of

Table 1. Results of the DESI analysis of amino acids, peptides, and proteins in solution

Concentration
(�g/mL)

Injection
flow rate
(�L/min)

Amount
useda

Charge
states

observed

Theoretical
molecular

weight (Da)

Measured
molecular

weight (Da)b
Relative
error (%)

Arginine 1 1 0.1 ng �1 — — —
Alanine 1 5 0.9 ng �1 — — —
Bradykinin 0.1 5 0.2 ng �2 — — —
Neurotensin 10 5 65 ng �2, �3 — — —
Insulin 3.1 0.1 8.8 ng �4 to �6 5733 5734 0.017
Ubiquitin 100 5 0.35 �g �6 to �9 8565 8565 0
Apomyoglobin 100 5 0.4 �g �12 to �27 16952 16958 0.035
�-Lactoglobulin B 100 5 6 �g �12 to �18 18278 18284 0.033
�-Chymotrypsinogen A 100 5 4.4 �g �16 to �20 25657 25661 0.016
BSA 200 5 3.7 �g �40 to �62 66431 66777 0.52

aTotal amount of sample injected for the acquisition of mass spectra in Figure S-1 (Supplementary Materials) and Figure 2.
bObtained from the deconvoluted mass spectra shown in the insets of Figure 2.
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charged droplets containing analyte species [3]. Likely,
droplet pick-up mechanism rather than other possible
mechanisms is responsible for solution sample ioniza-
tion in this study as the ionization comes from the
interaction of charged microdroplets and liquid sample
droplets emerging out of the silica capillary. Presum-
ably, the merging of the sprayed charged droplets and
the neutral liquid sample droplets occurs to form sec-
ondary charged droplets containing analyte com-
pounds, which undergo desolvation to produce ions
eventually. Additional evidences to support this postu-
lation will be provided later.

Protein Analysis

Application of DESI-MS as an analysis tool for protein
molecules in the field of proteomics is ideal due to its
simplicity and speed of analysis for high-throughput
applications. However, among the extensive applica-
tions of DESI-MS, limited attention [2, 40] has been
given to the detection of proteins, especially high mo-
lecular weight proteins. A recent report by Basile et al.

[34] shows that traditional DESI on ionizing dried
protein samples on surface can be a viable approach to
the analysis of intact proteins up to 18 kDa. However,
proteins above 25 kDa generated poorly defined DESI-
mass spectra with low intensity. For instance, in the
analysis of bovine serum albumin (BSA, 66 kDa), even
as the surface concentration was increased to 80 �g/
mm2, the S/N of spectra did not improve above 3. In
this study, by dissolving proteins in solution and then
analyzing them directly from solution by DESI, high-
mass proteins such as BSA can be ionized and detected.
In our experiments, a set of proteins with a wide molec-

ular weight range from 5.7 to 66 kDa were tested, includ-
ing insulin, ubiquitin, apomyoglobin, �-lactoglobulin B,
�-chymotrypsinogen A, and BSA. As shown in the DESI
spectra obtained (Figure 2), multiply charged ions were
detected from the DESI ionization of solutions for all of
the proteins tested, which is also similar to those seen in
the ionization of dried samples using traditional DESI
[2, 34, 40]. Some of experimental conditions, such as the
sample concentration, the injection rate and total
amount injected for the acquisition of the spectra (Fig-
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Figure 2. MS spectra showing the direct DESI-MS analysis of solutions containing (a) insulin, (b)
ubiquitin, (c) apomyoglobin, (d) �-lactoglobulin B, (e) �-chymotrypsinogen A, and (f) BSA. The insets
show the corresponding deconvoluted spectra.
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ure 2) as well as protein ion charge distributions and
mass measurement accuracies are also listed in Table 1.
In the case of insulin, good ion signal (S/N � 20, Figure
2a) was observed at the total injected amount of 8.8 ng
(1.5 pmol), suggesting the good sensitivity of this
method. In addition, as shown in Table 1, accurate mass
measurement (�0.04%) was obtained for proteins with
molecular weight up to 25.6 kDa. In the case of BSA, ion
signal with S/N � 16 (Figure 2f) was achieved at the
total injected amount of 3.7 �g (56 pmol). The relatively
large mass measurement error (0.52%) for BSA ob-
served in this study might not be attributable to poor
accuracy of DESI-MS but caused by the inherent heter-
ogeneity of BSA proteins [41], as indicated by previous
ESI experiments [42–45] showing the measured molec-
ular weights of BSA ranging from 65 kDa to 67 kDa. In
this study, proteins with higher mass than BSA were
not tested due to the limited mass range of our instru-
ment (from m/z 5 to 1700).
The reason that big proteins can be desorbed and

ionized from solutions by DESI is likely to be attributed
to the smaller interactions among protein molecules in
diluted solution environment compared with those in
the dried proteins on surface. It is well known that
aggregation [46] for proteins can occur at high concen-
trations due to large intermolecular interactions, which
leads to the loss of activity of proteins. Aggregated
proteins, especially those with high molecular weight,
are possibly difficult to be desorbed from surface. The
capability of ionizing high-mass proteins from solutions
by DESI-MS as introduced in this study could have
significant potentials in biological analysis.

Protein Digest Analysis

Identification of proteomics by mass spectrometric
analysis of protein enzymatic digests (the “bottom-up”
approach) has become one of the most important appli-
cations of MS. Traditional bottom-up protocols involve
a chromatographic separation or sample clean-up be-
fore the digest peptide mixtures are introduced into a
mass spectrometer for ionization. In contrast, as previ-
ously reported, DESI requires no separation or sample
clean-up for the analysis of protein digests, and samples
can be analyzed after drying on the surface [2, 3, 47]. In
this study, our results show that DESI can also be used
for direct analysis of protein enzymatic digests even
without the step of drying samples in air.
A couple of proteins such as ubiquitin and BSA were

digested separately using trypsin enzyme in the buffer
of NH4HCO3, following the reported procedure in [47].
Then direct DESI analysis was applied to the digests
without dilution, sample clean-up, or drying. It was found
that 12 peptides were identified from the mass spectrum
of ubiquitin digest, and most of the peptides produced
singly charged molecule ions (Figure S-2, Supplemen-
tary Materials). These peptides contain 74 out of 76
amino acids of ubiquitin, corresponding to a high
sequence coverage of 97%. Tandem mass spectrometry

was used to confirm the peak assignments. For exam-
ple, CID of the protonated ion [TLTGK � H]� (m/z 519)
yields the fragment ions of y2, y3, and b2, confirming its
structure. In the case of BSA digest (Figure S-3, Supple-
mentary Materials), 60 peptide ion peaks corresponding
to 53 different peptides were observed and identified
(the m/z values, charge states and sequences of the
identified peptides are listed in Table S-1, Supplemen-
tary Materials), providing a 52% sequence coverage of
BSA, which is higher than the previously reported
coverage of 24% using DESI for the analysis of dried
BSA tryptic digest on surface [47]. Again, these results
might be contributed to the easier desorption of sam-
ples from solutions than from solid phase during DESI
ionization. Compared with previous work [2, 3, 47] of
using DESI for analysis of protein digests, the current
method does not involve the sample drying step, thus
further expediting the whole analysis process. Once sam-
ple solutions are introduced onto the surface, the sample
ions are detected within seconds.

Urine Analysis—Direct Monitoring of Drugs
of Abuse in Urine

Being capable of analyzing biological fluids without
sample workout is another strength of DESI-MS. Previ-
ously, several reports about DESI analysis of dried
urine samples were published [35, 48, 49]. In this study,
we employed DESI for direct monitoring of metham-
phetamine, a common drug of abuse with MW 149 Da
(see its structure in Figure 3a), in raw urine.
Analytical methods previously reported to analyze

drugs of abuse in human urine samples include GC/MS
[50], high-performance liquid chromatography (HPLC)
[51], capillary electrophoresis (CE) [52], and CE-MS
[53], which involved time-consuming sample extrac-
tion, derivatization, or separation. In our experiments,
methamphetamine-spiked raw urines were directly ion-
ized using DESI. Figure 3a depicts the mass spectrum
obtained from the DESI ionization of a raw urine
sample containing 20 �g/mL of methamphetamine,
with the DESI spray solvent being methanol/water/
acetic acid (1:1:0.005 by volume). It can be seen that the
methamphetamine can be easily detected as the base
peak at m/z 150 corresponding to the protonated mole-
cule ion [methamphetamine � H]�. CID of the ion of
m/z 150 gives rise to fragment ion at m/z 119 and 91 by
consecutive loss of CH3NH2 and C2H4, confirming the
ion structure. Other urea-related peaks are also well
observed, including [2urea � H]� (m/z 121), [2urea �
Na]� (m/z 143), [2urea � K]� (m/z 159), in agreement
with the fact that urine contains abundant salts and
urea. Surprisingly, the high intensity signal of the ion
[methamphetamine � H]� (m/z 150) can last for more
than 14 min (Figure 3b), strongly indicating the high
tolerance of DESI-MS to salts [49]. However, when the
concentration of methamphetamine spiked in urine was
lowered down to 1 �g/mL, the ion signal at m/z 150
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disappeared (spectrum not shown), probably due to the
suppression effect from abundant basic urea in the sam-
ple. Interestingly, as we changed the DESI spray solvent to
methanol/acetic acid (1:0.03 by volume), the signal recov-
ered (Figure 3c). Overcoming the suppression effect by
adding more acid indicates that the droplet pick-up rather
than chemical-sputtering or charge-transfer mechanism
mentioned before plays the major role in the ionization by
DESI on liquid samples. Probably, with an increased
amount of acids in ESSI spray solvent, the resulting
secondary charged droplets from the combination of the
primary ESSI-generated charged droplets and liquid sam-
ple will have an increased number of protons available to
the analyte methamphetamine; thus protonation of meth-
amphetamine still can occur.
We also tested direct ionization of urine by normal

electrospray ionization (ESI) but failed to observe the
protonated methamphetamine for the urine containing
1 �g/mL of methamphetamine (Figure S-4a, Supple-
mentary Materials). Even when the same sample was
diluted by methanol with addition of acetic acid, the ion
of m/z 150 was barely seen in the ESI spectrum (Figure
S-4b, Supplementary Materials). In comparison to the
DESI results mentioned above, it suggests that DESI has

better performance (i.e., higher tolerance to salts) than
ESI in terms of direct ionization of such a biological
fluid containing high concentration of salts, which is in
agreement with previous DESI study [49].
Quantitation is also possible for direct urine moni-

toring, as illustrated in Figure 3d, showing the total ion
chromatogram obtained using SRM monitoring of the
dissociation of m/z 150 ([methamphetamine�H]�) into
m/z 91. A linear DESI-MS response as a function of
solution concentrations of methamphetamine (200
ng/mL to 5 �g/mL) in raw urine was obtained with a
good linear regression coefficient (R2 � 0.992, Figure 3d
inset). The detection of limit for methamphetamine in
urine (S/N � 3) obtained in this study is 200 ng/mL,
which is lower than the cutoff concentration of 1000
ng/mL by immunoassay and the cutoff of 500 ng/mL
by GC/MS [54], suggesting the possibility of using this
method for practical forensic analysis.

Reduction Inhibition in Liquid DESI

Another difference between traditional ESI and liquid
sample DESI was also noted with regard to the ioniza-
tion of electron deficient compounds such as TNT. It
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Figure 3. (a) MS spectrum showing the DESI-MS detection of methamphetamine (20 �g/mL) in a
raw urine solution; DESI spray solvent used was methanol/water/acetic acid (1:1:0.005 by volume);
(b) the extracted ion chromatogram for the protonated methamphetamine ion of m/z 150; (c) MS
spectrum showing the DESI-MS detection of methamphetamine (1 �g/mL) in a raw urine solution;
DESI spray solvent used was methanol/acetic acid (1:0.03 by volume); and (d) DESI-MS responses
(total ion chromatogram) obtained using SRM (the dissociation of m/z 150 into m/z 91) monitoring of
methamphetamine in urine. The inset shows the DESI-MS response as a function of concentration of
methamphetamine in urine.
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was found that ESI of TNT solution (10 �g/mL in
methanol/acetonitrile) in the negative ion mode pro-
duces the radical anion TNT�· of m/z 227 (Figure
4a).This is probably due to the reduction of TNT (i.e.,
electron capture) in the ESI source in which electrolysis
is inherent [55–57]. In the liquid sample DESI experi-
ment, the reduction did not occur; instead, deprotona-
tion occurred to form the ion [TNT � H]� of m/z 226
(Figure 4b). The inhibition for reduction in liquid sam-
ple DESI might be because no voltage was directly
applied to the sample solution in DESI, unlike in the ESI
experiment. Interestingly, the result of liquid sample
DESI is also in contrast to that of solid sample DESI [24]
which used dried TNT sample but was shown to
generate the radical anion TNT�· under similar experi-
mental conditions. The electron capture of TNT in the
solid sample DESI was rationalized by the possible
corona discharge mechanism since there was a high
voltage applied to ESSI probe used in DESI source. By
comparison, it can be seen that the inhibition of reduc-
tion in liquid sample DESI is likely to be ascribed to the
solvation of TNT in the sample, which prevents the
occurrence of heterogeneous phase electron transfer
from gaseous anions (in the DESI source), if any, to the
TNT dissolved in solution.

Reactive DESI

Reactive DESI [17, 25, 26, 31, 35, 36] is an additional
development of DESI method that greatly improves
the selectivity and efficiency with which compounds
with specific functionalities are detected. It is the use

of a DESI spray solution that contains specific re-
agents intended to allow particular ionic reactions
(e.g., ion/molecule reactions) during the sampling
process. In addition to enhancing selectivity for
chemical analysis, reactive DESI also provides a
platform for the study of ionic reactions involving
heavy and polar reactants, expanding the scope of the
ion chemistry study performed in vacuum, which
requires volatile neutral reactants [58, 59].
The current DESI method for analyzing liquid sam-

ples also allows one to perform reactive DESI experi-
ments. In this study, we investigated reactive DESI in
which compounds containing phosphate groups in so-
lutions, such as phosphocholine and phosphoserine, were
ionized via the selective binding with Zn(II) complex ions.
[Zn(DPA)]2� is a well-known phosphate binding motif,
which has been used as a recognition element of phos-
phate in the construction of chemical sensors [60, 61]. In
the experiment, instead of spraying only solvent on the
sample surface, an aqueous solution containing Zn(NO3)2
(0.06 mM) and DPA (0.03 mM) was sprayed. One of the
major resulting ions from the spray is [Zn(DPA)(NO3)]

�

(m/z 325). As the sprayed charged microdroplets containing
reactant ions [Zn(DPA)(NO3)]

� aim to a solution of phos-
phocholine (1 mM) flowing out of the silica capillary, a
product ion at m/z 445 (Figure 5a) arises, corresponding
to the complex ion [Zn(DPA)(phosphocholine)]�. Likely,
this product results from the ion/ion reaction between
[Zn(DPA)(NO3)]

� and the negatively charged phospho-
choline Me3N

�CH2CH2OPO3
2� by loss of nitrate NO3

�

(i.e., ion exchange of nitrate in the [Zn(DPA)(NO3)]
� by

the phosphocholine anion). Upon CID, this product
dissociates into m/z 386 by loss of Me3N. Also, fragment
ions such as [DPA � H]� (m/z 198) and [Zn(DPA) � H]�

(m/z 262) was observed, consistent with its structure.
This zinc binding chemistry is carried out to selectively

ionize phosphoserine in the presence of serine. As shown
in Figure 5b, upon ionizing amixed aqueous solution con-
taining 1 mM serine and 1 mM phosphoserine in 0.1%
acidic acid (the addition of acetic acid was to prevent the de-
protonation of serine to form negatively charged carboxy-
late), a product ion of m/z 447, corresponding to the add-
uct ion [Zn(DPA)(phosphoserine � H)]�, was obser-
ved. By contrast, the adduct ion [Zn(DPA)(serine �
H)]� was not detected. This result is attributed to the
selective binding of phosphate group of the phos-
phoserine by [Zn(DPA)]2�. Presumably, the forma-
tion of [Zn(DPA)(phosphoserine � H)]� is a result of
an ion/ion reaction between [Zn(DPA)(NO3)]

� or
[Zn(DPA)(CH3COO)]

� (observed as the dominant ions
in Figure 5b) and deprotonated phosphoserine (depro-
tonation of this amino acid is still possible in the
presence of acetic acid due to the stronger acidity of
phosphoric acid than that of acetic acid). CID of the ion
m/z of 447 shows a major fragment ion ofm/z 360 by loss
of a 2-aminoacrylic acid as well as a fragment ion of
[DPA � H]� (m/z 198). These results indicate that the
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reactive DESI based on the zinc chemistry might be
applicable to selectively ionize phosphopeptides from
phosphorylated protein digests.

Direct Desorption and Ionization of Liquid
Samples from a Syringe Needle Tip

Alternatively, liquid sample introduction simply using
a syringe (driven by a syringe pump) for DESI analysis
is also possible. In this study, we removed the sample
introduction silica capillary and carried out direct DESI
analysis of liquid samples emerging out of a syringe
needle tip to shorten the analysis time. For a peptide
bradykinin solution tested as an example, it was found
that the doubly charged peptide ion was detected �5 s
after the syringe pump was turned on for sample
introduction, reflecting the high speed feature of DESI
method for chemical analysis.

Coupled On-Line with Electrochemical Cell

Combination of electrochemistry (EC) on-line with
mass spectrometry has proven to be useful in the
mechanistic study of redox reactions and in analytical
applications. Previous coupling was realized using ion-
ization methods such as thermospray (TS) [62], fast
atom bombardment (FAB) [63], and ESI [39, 64–67]. In
this study, DESI was also used for this purpose. In the
previously reported studies for the combination of EC
with ESI [39, 66], the EC system usually needed to be
either floated or decoupled from ESI source since ESI
operates at a high voltage. In the case of coupling EC
with DESI-MS, the floating or decoupling is not neces-
sary since sample solution introduced for DESI ioniza-
tion is physically separated from the ESSI probe of DESI
where high voltage is applied. Thus, the coupling
becomes simple and sample solution flowing out of
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selective binding of phosphoserine with Zn(II) complex ions in the presence of serine.
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electrochemical cell can be directly examined by
DESI-MS. Figure 6a shows the EC/DESI-MS appara-
tus used in this study (see details in the Experimental
Section), and perylene, a conjugated aromatic mole-
cule, was chosen to test the feasibility of this system.
In the experiment, as the perylene solution (0.1 mM)
was infused into the tubular electrode cell to which a
DC potential of 10 V was applied and the solution
flowing out of the cell was desorbed by DESI, the
perylene radical cation (m/z 252) was detected (Figure
6b). After the DC potential was turned off, the signal
of m/z 252 disappeared. It arose again when the DC
potential was turned on. These results confirm that
the radical cation did originate from the electrochem-
ically oxidation in the cell rather than from DESI
process (the latter just serves to transfer the formed
radical cation to the gas phase for MS detection). This
EC/DESI-MS coupling system is simple and could
find useful analytical applications in the future, given
the importance of electrochemistry.

Conclusions

As demonstrated in the paper, simply by introducing
liquid samples instead of dried ones on surface for anal-
ysis, some of the DESI performances can be improved,
and some novel DESI applications can be uncovered.
These include a wide range for the analysis of proteins,
particularly those with high molecular weight, and en-
hanced sequence coverage for protein digest analysis. The
results probably come from the easier desorption of com-
pounds in solution than in dried solid phase by DESI.

Based on these observations as well as the removal of
suppression effect by added acids, apparently droplet
pick-up mechanism is mainly responsible for the DESI
ionization of liquid samples. The differences between
liquid sample DESI and ESI were also noted, both in the
tolerance to salt effect and in the reduction phenomenon
associated with ionization. In addition, enhanced selectiv-
ity can be furnished by employing selective ion chemistry
in reactive DESI experiments. Also, the coupling of elec-
trochemical cell with DESI-MS was successfully demon-
strated, which could have novel analytical applications
due to the simplicity of EC/DESI-MS system and the
significance of electrochemistry. Coupling with separation
techniques, including chromatography, electrophoresis,
and microfluidics, could also be advantageous due to the
high salt tolerance of DESI, and such an investigation is
underway.
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