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epartment of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, IN 47907, USA

r t i c l e i n f o

rticle history:
eceived 6 August 2008
eceived in revised form 14 October 2008
ccepted 15 October 2008
vailable online 1 November 2008

edicated to Professor Zdeněk Herman on
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a b s t r a c t

Redox changes occur in some circumstances when organic compounds are analyzed by desorption elec-
trospray ionization mass spectrometry (DESI-MS). However, these processes are limited in scope and the
data presented here suggest that there are only limited analogies between the redox behavior in DESI
and the well-known solution-phase electrochemical processes in standard electrospray ionization (ESI).
Positive and negative ion modes were both investigated and there is a striking asymmetry between the
incidence of oxidation and of reduction. Although in negative ion mode DESI experiments, some aromatic
compounds were ionized as odd-electron anion radicals, examples of full reduction were not found. By
contrast, oxidation in the form of oxygen atom addition (or multiple oxygen atom additions) was observed
ontributions to science.

eywords:
ass spectrometry
esorption electrospray ionization
as-phase ion reactions
xidation of biomolecules

for several different analytes. These oxidation reactions point to chemically rather than electrochemically
controlled processes. Data is presented which suggests that oxidation is predominantly caused by reaction
with discharge-created gas-phase radicals. The fact that common reducing agents and known antioxidants
such as ascorbic acid are not modified, while a saturated organic acid like stearic acid is oxidized in DESI,
indicates that the usual electrochemical redox reactions are not significant but that redox chemistry can
be induced under special experimental conditions.
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. Introduction

Electrospray mass spectrometry (ESI-MS) is one of the most
idely used analytical techniques, allowing the analysis of solu-

ions and impacting diverse areas of science and industry.
esorption electrospray ionization (DESI) [1] is an ambient sur-

ace analysis method that shares some of the properties of the
lectrospray technique. Solvent nebulization to create the primary
rojectile droplets in DESI uses standard electrosonic spray ion-

zation (ESSI) [2] sources and the progeny droplets generated in
he course of surface collisions go on to yield gas-phase ions by
rocesses similar to those involved in the electrospray ionization
rocess. In DESI, aqueous droplets with diameters less than 10 �m
mpact on a sample surface at velocities typically in excess of
00 m/s. Droplet dynamics measurements and simulations indicate
hat a droplet-pickup mechanism involving analyte extraction into
thin film of solution on the surface likely operates under most cir-
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umstances [3]. The dissolved analyte is desorbed in a momentum
ransfer event (a “splash”) with newly arrived primary droplets.
he released droplets take the form of charged sub-micrometer
roplets that are converted into free gas-phase ions by standard
SI desolvation mechanisms.

The occurrence of electrochemical processes in ESI might be
onsidered “too obvious to mention” [4], but the fact that electro-
hemical processes in ESI do not hinder its practical usefulness may
e attributed to a fortuitous choice of electrode materials, configu-
ation of source operating parameters, and the original selection of
nalytes that are not susceptible to electrochemical modification
5]. The underlying processes in ESI, which include the electro-
hemical processes inherent in the operation of an electrospray,
re now much better understood than at the time of the first cou-
ling of ESI with a mass spectrometer. The general electrospray
echanism [6–9,12,20] as well as electrochemical redox processes

n ESI [5,10,11,15,16,18,19] have been investigated and the origin of
adical ions explained by the electrochemical nature of the elec-
rospray [17]. Other studies focused on current measurements and
harge buildup [13,4] during ESI process. It is now known that the

nterfacial potential [21] of the emitter electrode is not fixed dur-
ng ESI operation (unlike the constant high voltage on the spray
mitter) and that it depends on several parameters (related to solu-
ion composition, flow rate and emitter electrode properties). It is
ighest at the spray tip (estimated from simulations as <2.5 V) [21]

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:cooks@purdue.edu
dx.doi.org/10.1016/j.ijms.2008.10.012
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Table 1
Redox behavior in negative ion mode DESI-MS.

(1) Compounds that do not undergo
redox change

(2) Compounds that do undergo redox
change

(1A) Oxidized forms (2A) Ionize to give anion radicals
Retinoic acid (all trans) Benzoquinone
Nicotinamide adenine dinucleotide Benzoquinone-d4

Trinitrotoluene [25]

(1B) Reduced forms (2B) Undergo oxidation by oxygen
attachment

l-Ascorbic acid Stearic acid
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nd decreases upstream into the capillary [14,21,22]. Thus, other
ompeting processes (solvent system reactions or capillary surface
edox processes) can successfully function as redox buffers and
inimize the redox changes of the analyte of interest by reducing

he amount of Faradaic current available for further electrochemical
eaction. There are also other limitations: heterogeneous electron
ransfer chemistry cannot occur unless the analyte is transported to
he surface of the electrode and then back again (to be detected in
he spectrum the new species must also be stable enough to reach
he mass analyzer). Analyte can also react with electrochemically
enerated species that originate from the solvent system and dis-
olved gases, but the time for homogenous reactions with dilute
nalytes in flow systems is limited. All these factors contribute
o the fact that electrochemical transformations of the analyte in
SI are not very common and are of only relatively minor signif-
cance during routine analytical usage, especially for organic and
iological compounds. However, the exceptions to this claim are
f a great interest and there are now known to be several classes
f analytes that undergo electrochemical reactions in the course of
lectrospray ionization mass spectrometry [5]. Still other analytes
an have their mass spectra significantly impacted by electrochem-
cal changes in the mobile phase composition (e.g., changes in pH)
23].

It has been demonstrated that analytes in DESI can undergo
nexpected oxidation [24] or reduction, in the latter case being ion-

zed in to form an odd-electron anion radical [25], a process that
n electrospray is traditionally attributed to the electrochemical
ature of ESI [6,17,20,26]. In a previous report [27], we investigated
he influence of the surface on the electrical processes in DESI by

easuring total current (sum of all charged species created by elec-
rospray emitter and reflected from the DESI surface) between the
ample surface and an electrode placed at the instrument inlet. We
ound that during a DESI experiment the total current initially rises
harply, followed by an exponential decrease to a steady state. The
urrent drops to negative values when the high voltage on the spray
mitter is switched off, strongly suggesting that the direction of
urrent flow in the equivalent DESI circuit is reversed. This demon-
trates that the DESI source behaves as a DC capacitor and that the
ddition of a surface between the sprayer and the counter electrode
n DESI introduces a new electrically active element into the chem-
cal analysis system. We also detected partial oxidation of some
nalytes during our earlier experiments. Because the ambient lab-
ratory environment is chiefly oxidative, in this report we enlarged
ur focus by studying reduction in negative ion DESI mode and tried
o eliminate confusion from other possible means of oxidation by
sing labeled water and degassed solvents. In order to determine
he influence of the surface on the analyte, DESI is here com-
ared with its parent ESSI technique [2] rather than with standard
SI.

. Experimental

.1. Materials and reagents

All solutions were prepared using water deionized at
8.2 M� cm prepared by a Milli-Q purification system (Millipore)
nd HPLC grade organic solvents purchased from Mallinck-
odt. l-Ascorbic acid was supplied by J.T. Baker. Phenol was
cquired from Mallinckrodt and hydroquinone from Fisher

cientific. The compound 16:0–18:1 PC (1-palmitoyl-2-oleoyl-
n-glycero-3-phosphocholine) was purchased from Avanti Polar
ipids, Inc. Oxygen labeled H2

18O and H2
18O2 were obtained

rom Sigma–Aldrich. All other chemicals were purchased from
igma–Aldrich. Porous polytetrafluoroethylene (PTFE) sheet, of

a
r
l
b
(

Hydroquinone
Catechol
Phenol
Cannabidiol

/16 in. thickness, was purchased from Small Parts Inc. (Miami
akes, FL) and used as the substrate in DESI.

.2. DESI-MS

The setup used for DESI current measurements utilized (see also
upplementary data) a Keithley 6485 pico-ammeter and was iden-
ical to that described in our previous report [27]. By current, we

ean the spray current that hits the Cu plate after the secondary
roplets leave the DESI surface (supplementary data). All mass
pectra were acquired using a commercial Thermo Finnigan LTQ
San Jose, CA) linear ion trap mass spectrometer. Our ESSI source
as been described in the literature [2] and the DESI source coupled
o the LTQ was either a standard commercial DESI source (Prosolia)
r its prototype built in our lab. A flow rate of 3 �L/min, capillary
emperature of 150 ◦C and a spray impact angle of 55◦ were used.
he nebulizing gas (N2) pressure was 150 psi.

. Results

.1. Negative mode DESI-MS

The reduction of analyte in negative ion mode ESI has
een described for several types of compounds (fullerenes,
rganometallics, aromatics and nitro compounds) [5]. There is an
symmetry between the positive and negative electrospray modes
ith oxidation in the positive mode being much more common,

lthough reduction is still observed. By contrast, our results indi-
ate that reduction in DESI is extremely rare. Table 1 shows a
ist of compounds that did not undergo any redox change in neg-
tive mode DESI. Interestingly, it includes nicotinamide adenine
inucleotide (NAD+) which is an oxidized form of an important bio-

ogical charge carrier and an oxidizing agent. The oxidized form did
ot undergo reduction when analyzed by DESI in the negative ion
ode; the analyte was simply detected as the [M–H]− ion as is typi-

al for negative ion mode ESI and DESI. This shows that the negative
harge on the surface that develops there during a DESI experiment
as no redox consequence, even for an electrochemically sensitive
ompound. As another test, we investigated the DESI behavior of
,4-benzoquinone. It is well known that benzoquinone and hydro-
uinone undergo electrochemical reactions during electrospray [5].
ased on the ESSI behavior (Fig. 1A) in the negative ion mode it was
xpected that 1,4-benzoquinone would be reduced in DESI to form
,4-hydroquinone and then be ionized to yield the [M–H]− even-
lectron ion of m/z 109 (Scheme 1). Instead, as can be seen in Fig. 1B,

n odd-electron radical anion of benzoquinone was observed. This
esult was confirmed by performing the same experiment with
abeled 1,4-benzoquinone-d4 (Fig. 2). This difference in ESSI/DESI
ehavior is obviously associated with the presence of the extra
sample) surface in DESI although the reason is not entirely clear.
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ig. 1. Mass spectra of 1,4-benzoquinone (BQ) (108 Da) in the negative ion mode using ESS
f methanol/water (1:1, v/v) was directly infused at 5 �L/min and 5 kV spray voltage. D
oltage, using methanol/water (1:1, v/v) as spray solution at 5 �L/min. The DESI spray wa

ig. 2. Mass spectra of 1,4-benzoquinone-d4 (d4-BQ) (112 Da) in the negative ion mode u
olution of methanol/water (1:1, v/v) was directly infused at 5 �L/min and 5 kV spray vol
pray voltage, using methanol/water (1:1, v/v) as spray solution at 5 �L/min. The DESI spr
I (A) and DESI on a PTFE surface (B). For the ESSI experiments a 250 �g/mL solution
ESI experiments were conducted using 10 �g sample spots on PTFE at 5 kV spray
s positioned 0.5–1 mm above the sample surface.

sing ESSI (A) and DESI on a PTFE surface (B). For the ESSI experiments a 250 �g/mL
tage. DESI experiments were conducted using 10 �g sample spots on PTFE at 5 kV
ay was positioned 0.5–1 mm above the sample surface.
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Fig. 3. Negative ion ESSI (A) and DESI (B) mass spectra of stearic acid (SA). For the
ESSI experiment a 100 �g/mL solution in acetonitrile/water (3:1, v/v) was directly
infused at 3 �L/min and 5 kV spray voltage. DESI experiments were conducted using
2 �g sample spots on PTFE at 5 kV spray voltage, using acetonitrile/water (3:1, v/v)
as solvent spray at 3 �L/min. The DESI spray was positioned 0.5–1 mm above the
sample surface.
Scheme 1. Reduction of benzoquinone in ESSI.

imilar behavior was previously described for the explosive TNT,
hich also forms an anion radical in negative ion mode DESI [25].

It is interesting to note that while retinoic acid (oxidized form
f vitamin A) did not undergo any redox transformation in DESI,
xidation was observed in the negative ion mode for stearic acid
Scheme 2), a saturated acid that lacks any obvious functional group
or oxidation. Fig. 3 shows the ESSI and the DESI mass spectra
btained in the negative ion mode. Negligible oxidation occurs
n ESSI while in DESI up to five oxidation steps can be observed.
his observation is discussed later but it clearly shows that a
eterogeneous electron transfer reaction, or a reaction with electro-
hemically generated species, is not responsible for this particular
xidation reaction. If solution-phase redox reactions did occur, then
n the negative ion mode both ionization methods would favor
eduction of the analyte. It is also worth noting that DESI exper-
ments performed on the reduced form of ascorbic acid in the
egative ion mode did not result in any oxidation. The possible fur-
her reduction was not observed either. Thus ascorbic acid is simply
onized by proton abstraction to form the [M–H]− ion of m/z 175

ithout any redox change. The fact that common reducing agents
nd known antioxidants, such as ascorbic acid, remain unaffected
hile a saturated organic acid is oxidized indicates an unusual and

hemically specific mechanism whereby the saturated alkyl chain
n stearic acid is oxidized rather than a normal electrochemical
rocess.

We also investigated charging of the surface during negative ion
ode DESI experiments and the data together with a brief discus-

ion are available as part I of the supplemental material.

.2. Positive mode DESI-MS

The oxidation of analyte in the positive ion mode in DESI, lead-
ng mainly to the net addition of one or more oxygen atoms to
he analyte molecules, was previously reported for several differ-

nt organic compounds [24]. Oxidation was attributed to several
actors including reaction with reactive oxygen species gener-
ted by the electrospray process and proof has been provided
hat methanol:water DESI spray mixture contains electrochemi-
ally generated peroxide anions. Here we present experiments in

cheme 2. Structures of stearic acid and 16:0–18:1 PC (1-palmitoyl-2-oleoyl-sn-
lycero-3-phosphocholine).

Fig. 4. Positive ion ESSI (A) and DESI (B) mass spectra of 16:0–18:1 PC. ESSI
experiment was conducted using a 50 �g/mL PC solution in acetonitrile, at 5 kV
spray voltage and 3 �L/min flow rate. For the DESI experiment, 2 �g material was
deposited on PTFE and sprayed with degassed acetonitrile at 3 �L/min and 5 kV
spray voltage. The inset shows the magnified m/z range 775–870.
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ig. 5. DESI of cocaine using different spray voltages: 4 kV (A) and 8 kV (B). Signa
ocaine-d3 internal standard. Signals of m/z 320.2 and 323.2 are the corresponding

hich we seek additional insights into analyte oxidation in DESI.
ig. 4A shows the positive ion ESSI mass spectrum of 16:0–18:1 1-
almitoyl-2-oleoyl-sn-glycero-3-phosphocholine (abbreviated to
C, Scheme 2), recorded at 5 kV spray voltage. The signal of m/z
98 is the PC potassium adduct, as confirmed through tandem MS.
ig. 4B shows the positive ion DESI mass spectrum of the same com-
ound obtained when 2 �g of material was deposited on a PTFE
urface sprayed with degassed acetonitrile at 3 �L/min and 5 kV
pray voltage. Up to six additions of units with mass 16 Da can be
bserved along with losses of 2 Da or even 4 Da. The observed mul-
iple additions of 16 Da in the spectrum of a singly charged PC and
tearic acid suggest that multiple oxygen atoms are added in the
orm of hydroxyl groups to the aliphatic chain. Ozonolysis is also
ossible, because PC contains a double bond in the position 18 of
he aliphatic chain. The ozone electrospray ionization (OzESI-MS)
f PC was investigated by the Blanksby group [28]. However, in their
tudy, no addition of 16, 32 or 48 was observed when a standard ESI
as coupled to a commercial ozone generator, which led them to a

onclusion that stable ozonides are not created by a direct reaction
etween ozone and PC in electrospray.

We also investigated the effects of other experimental parame-
ers including solvent composition, sprayer position in relation to
he sample and the MS inlet, and the sprayer design. As previously
eported [24], the spray voltage and the analyte concentration affect
he extent of oxidation and our results agree with these observa-
ions. The effect of water and hydrogen peroxide were tested by
dding H2

18O and H2
18O2 to degassed acetonitrile. Although the

roducts of oxidation were still detected, the increase in mass cor-
esponded to additions of 16O and not 18O, suggesting that the
xidation reactions do not involve the water or the hydrogen perox-
de formed from the water in the solvent. The distance between the
prayer and the sample surface proved to have an important effect
n controlling oxidation. The spectrum in Fig. 4B was acquired at

distance of about 0.5 mm above the sample (as close as practi-
ally possible). At about 2 mm the extent of oxidation decreases
nd DESI spectra are very similar to those obtained by ESSI. The
istance between the sprayer tip and the MS inlet appears to have
smaller effect and experiments conducted at 1–2 mm provided

ptimum redox signals. The fact that geometric parameters play
uch a critical role indicates that oxidizing species present in the

olvent spray that remains unchanged over the entire experiment
ay not be the key reaction partners. On the other hand, stronger

lectric discharges can be induced at smaller distances between
he sprayer and the sample surface, accounting for the distance
ffect.

d
r
I

m/z 304.2 and 307.2 represent proton adducts of cocaine and deuterium labeled
ion products (surface PTFE, spray mixture MeOH:H2O (1:1)).

The facts reported here (the negligible effect of water and
ydrogen peroxide contained in the solvent spray, the effect of
pray-to-surface distance, the observation of oxidation products
n the negative ion mode) suggest that the electrochemistry alone
and by that we refer to the effect of redox species generated elec-
rochemically in the solvent spray) cannot explain the multiple
xidations observed in DESI. After ruling out direct heterogeneous
lectron transfer, reaction with oxygen reactive species in solution,
eaction with hydrogen peroxide and reaction with ozone, gas-
hase reaction with discharge-generated radicals is suggested by
process of elimination to account for these results. It has been

eported that hydroxyl radical can induce oxidation of peptides
nd proteins in electrospray coupled with corona discharge [29]. It
s also known from studies of atmospheric chemistry [30], that ion
adicals can react with molecular oxygen, a process which results in
irect oxygen attachment. Such reactions can however only explain
ven-numbered and not odd-numbered oxygen adducts.

Another example of oxidation occurred for a mixture of
ocaine/cocaine-d3 in DESI (Fig. 5). The data clearly show the
resence of oxidized species of m/z 320 and 323, respectively,
nder higher voltage operation. But it is important to point out
hat cocaine oxidation only appears at very high spray potential
8 kV) far from the normal voltage used in analytical DESI. The
upplemental material includes data that show that the oxidation
f cocaine also depends on the nature of the surface material and
hat it increases after addition of 5 mM ammonium acetate to the
pray mixture (Figures S2 and S3). Similar results were obtained
or heroin and morphine (Figure S4). Unlike the case of stearic acid
Fig. 3) and PC (Fig. 4) both of which oxidize relatively easily, DESI
xidation of selected alkaloids required relatively harsh conditions
voltage, high electrolyte concentration). The practical aspect of this
nding is that it should not be difficult for an analytical chemist to
void oxidation of these compounds in DESI by selecting more gen-
le experimental conditions. It is not clear, however, if the basic
eterocyclic compounds, such as isoquinoline and tropane group
lkaloids investigated here, oxidize by the same mechanism as the
ess polar fatty acids or lipids that generally undergo oxidation

uch more readily in our experiments.

. Conclusion
We have investigated DESI behavior of a group of structurally
iverse compounds to gain a better understanding of the occur-
ence of redox processes in DESI and their underlying mechanisms.
t is known from traditional electrospray experiments that oxi-
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ation in the positive ion mode is more common than reduction
n the negative mode. This asymmetry is even more dominant in
ESI. We only found a limited number of reduction processes in
ESI while oxidation can be observed relatively easily for different
lasses of compounds. Our study also revealed differences between
edox transformation of analyte in DESI and ESI, although we used
SSI instead of conventional ESI to more closely match the tech-
ique with DESI. We discovered that the occurrence of oxidation in
ESI does not correlate with electrochemical properties but it does

how chemical specificity. For example, it occurs for the saturated
arboxylic acid, stearic acid, but not for easily oxidized (in solution)
ydroquinone. We conclude that redox transformations in DESI
re complex processes and that standard solution-phase electro-
hemical processes have only limited influence. The most intense
edox process in DESI is addition of oxygen atom (or multiple oxy-
en atoms) to the analyte molecule. Although more investigation
s needed, we suspect that this is a plasma process which is pre-
ominantly caused by reaction with discharge-created radicals in
he gas phase.
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