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a b s t r a c t

We have reported previously a method for the detection of sugars via in-situ derivatization with
phenylboronic acid PhB(OH)2 using reactive desorption electrospray ionization (DESI, Chen et al., Chem.
Commun. (2006) 597–599). The present study describes an improved method that employs modified
phenylboronic acids including 3-nitrophenylboronic acid and N-methyl-4-pyridineboronic acid iodide.
In contrast to using PhB(OH)2, enhanced sensitivity of using 3-nitrophenylboronic acid was observed due
to the stabilization of the resulting boronate ester anion by the electron-withdrawing nitro group and the
limit of detections (LODs) for glucose in water using 3-nitrophenylbornic acid and phenylboronic acid
were determined to be 0.11 mM and 0.40 mM, respectively. In the case of N-methyl-4-pyridineboronic
acid iodide, the corresponding LOD is 6.9 �M and the higher sensitivity obtained is attributed to the
efficient ionization of both the reactive DESI reagent and reaction product since the precursor acid with
a quaternary ammonium group is pre-charged. In this case, additional important features are found: (i)
unlike using phenylboronic acid or 3-nitrophenylbornic acid, the experiment, performed in the positive
ion mode, is applicable to neutral and acidic saccharide solutions, facilitating the analysis of biological
fluids without the need to adjust pH; (ii) simply by changing the spray solvent from water to acetonitrile,
the method can be used for direct glucose analyses of both urine and serum samples via online desalting,
due to the low solubility of salts of these biofluids in the sprayed organic solvent; (iii) in comparison with
other sugar derivatizing reagents such as the Girard’s reagent T, the N-methyl-4-pyridineboronic acid
iodide shows higher reactivity in the reactive DESI; and (iv) the ions of saccharide DESI reaction products

undergo extensive ring or glycosidic bond cleavage upon CID, a feature that might be useful in the struc-
ture elucidation of saccharides. In addition, a variant sample introduction protocol using pipette tips for
saccharide solutions was also demonstrated in the reactive DESI experiments, allowing the analysis of
multiple samples of a small volume (e.g., 200 nL) in a short period of time (e.g., five samples in 4 min). The
method reported in this study with improved sensitivity and high selectivity along with online desalt-
ing and high throughput capability could find useful applications in saccharide analysis in complicated
biological samples.
. Introduction

Sugars are essential biological molecules which play funda-
ental roles in various fields. First, saccharides, either alone or

s constituents of glycoproteins, proteoglycans and glycolipids,
re critical to cellular events such as recognition, proliferation
nd signal transduction [1,2]. Second, saccharides are also key

ntermediates in bio-fuel processing in which bio-mass is con-
erted into sugars and then into ethanol or methanol [3]. In
ddition, many body tissues depend on glucose as a primary
ource of energy. Due to their significant properties, the detection

∗ Corresponding author. Tel.: +1 740 331 2302; fax: +1 740 597 3157.
E-mail address: chenh2@ohio.edu (H. Chen).

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.09.015
© 2009 Elsevier B.V. All rights reserved.

of saccharides is of great importance. Also, because they usu-
ally occur in complex biological matrices, the detection method
must have high selectivity and sensitivity. A number of different
methods have been developed for detecting saccharides, includ-
ing electrochemical enzyme-based approaches [4,5], fluorescence
detection [6,7], potentiometric detection [8]. Mass spectrome-
try (MS) is also commonly used for carbohydrate analysis due
to its inherent sensitivity and capability for providing molec-
ular structure information [9,10]. However, intact saccharides
are poor analytes for MS and derivatization is often employed

prior to the analysis [2]. For instance, the detection sensitivity
was shown to be enhanced considerably via the derivatization
using various chemical reagents such as the Girard’s reagent T
[11–13], 1-phenyl-3-methyl-5-pyrazolone [14], and trimethyl-(p-
aminophenyl) ammonium derivatives [15].

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:chenh2@ohio.edu
dx.doi.org/10.1016/j.ijms.2009.09.015
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ple DESI [33] was first employed for the reactive DESI, in which
an electrosonic spray ionization (ESSI) [57] source was used to
generate charged microdroplets containing the modified phenyl-
boronic acid reagent and analyte samples of saccharide solutions
Scheme 1.

Ambient mass spectrometry [16,17] has recently been intro-
uced to provide direct ionization of analytes with little or no
ample preparation. Desorption electrospray ionization (DESI)
eveloped by Cooks and co-workers [18] and direct analysis in real
ime (DART) developed by Cody and et al. [19] were the first two
f this new family of technologies. It has been shown that DESI is
f great value in the fast analysis of a variety of different analytes
anging from pharmaceuticals to tissue imaging [20–28]. In DESI,
onization occurs via the interaction of charged microdroplets gen-
rated in a pneumatically assisted electrospray of an appropriate
olvent with solid phase samples on surfaces. In addition to being
sed regularly for solid sample analysis from surfaces, DESI has
een recently extended to allow the direct analysis of liquid sam-
les [29–34]. Reactive DESI [35–40] is a further development in
ESI that exploits the potential for coupling specific ion/molecule

eactions [41–49] with the ionization event and so greatly improves
he selectivity and efficiency with which compounds with specific
unctionalities are detected. It involves the use of a spray solution
hat contains specific reagents intended to allow particular ionic
eactions during the sampling process. Compared with traditional
ethods [13] employing solution phase derivatization followed by

lectrospray ionization (ESI), the online derivation in reactive DESI
s much faster (typically taking seconds for one sample analysis),
hereby speeding up the analytical process.

It is well known that boronic acids react with cis-diol contain-
ng compounds in basic aqueous medium through reversible ester
ormation (Scheme 1 shows the equilibria between phenylboronic
cids and diols) [50–52]. Such strong binding allows boronic acids
o be used as the recognition moiety in the construction of sensors
or saccharides [6,53], as nucleotide and carbohydrate transporters
54], and as affinity ligands for the separation of carbohydrates and
lycoproteins [55]. In a previous communication [38], we reported
reactive DESI method for rapid and selective detection of cis-

iols employing the boronic acid chemistry. It was shown that
onosaccharides like glucose and fructose on surfaces can be des-

rbed and ionized via a heterogeneous ion/molecule reaction with
henylboronate anions PhB(OH)3

− to form esters under ambient

onditions. The experiment is unusual in that the product ions
esulting from the selective reaction between phenylboronic acid
nions and diol compounds were directly detected by mass spec-
rometry following the reactive interaction event. However, no
uantitative analysis was performed in the previous preliminary
Scheme 2.

study. In the present study, we improved and extended the method,
focusing on reactions employing two modified phenylboronic
acids, 3-nitrophenylboronic acid and N-methyl-4-pyridineboronic
acid iodide (structures shown in Scheme 2) in reactive DESI, in an
attempt to develop a highly selective and sensitive method for rapid
saccharide detection in complicated biological matrices. The pur-
pose of using modified phenylboronic acids instead of using the
parent phenylboronic acid [38] is to improve the boronic acid reac-
tivity, to enhance the abundance of the reactant ions (thus the
reaction yield), or to enable the reaction to occur under neutral or
acidic physiological environments [56]. This study was also driven
by our interest in the fundamental ion chemistry at atmospheric
pressure and in mechanistic studies of DESI experiments.

2. Material and methods

Phenylboronic acid was purchased from Fluka (Ronkonkoma,
NY), 3-nitrophenylboronic acid, glucose, fructose, galactose, N-
acetyl-d-glucosamine, maltose, cellobiose, maltoheptaose and
human serum (type AB male, from clotted male whole blood)
were purchased from Sigma–Aldrich (St. Louis, MO). N-methyl-
4-pyridineboronic acid was purchased from Wako Pure Chemical
Industries, Ltd. (Japan). All solvents used were of HPLC grade
purity.

The apparatus (shown in Scheme 3a) designed for liquid sam-
Scheme 3.
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Fig. 1. (a) Reactive DESI mass spectrum showing the ionic species produced via the interaction of charged microdroplets generated by ESSI of a mixture of phenylboronic
acid and 3-nitrophenylboronic acid (0.2 mM each in H O with pH 9 adjusted by NH4OH) with fructose (10 mM in aqueous solution); (b) CID MS2 spectrum of the ion of the
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ructose DESI reaction product (m/z 328); (c) reactive DESI mass spectrum showin
SSI of 3-nitrophenylboronic acid (0.2 mM in water with pH 9 adjusted by NH4OH)
ESI reaction product (m/z 328).

ere introduced via a fused-silica capillary by flow injection onto
he DESI surface for desorption and ionization (i.e., the saccha-
ides in solution underwent homogenous phase reactions with
he modified phenylboronic acid introduced in charged micro-
roplets generated by ESSI). The spray voltage was set at +5 kV for
he positive ion mode and −5 kV for the negative ion mode. The
ptimized heated transfer capillary tube temperatures was 250 ◦C.
he nebulizing gas (N2) pressure for ESSI was 170 psi. The ESSI

pray solvent used for 3-nitrophenylboronic acid was water (pH
as adjusted by adding NH4OH) and the solvent for N-methyl-4-
yridineboronic acid iodide was either water or acetonitrile. ESSI
pray solutions were injected at a flow rate of 3–5 �L/min by a
yringe pump. Saccharide samples were dissolved in water, urine
ionic species produced via the interaction of charged microdroplets generated by
lucose (5 mM in aqueous solution); (d) CID MS2 spectrum of the ion of the glucose

or human serum and then introduced onto a Teflon surface at a flow
rate of 1–5 �L/min by a syringe pump for DESI analysis. In the case
of serum samples, in order to prevent the mass spectrometer from
being blocked by the desorbed serum sample, a piece of filter paper
(not shown in Scheme 3a) was used to cover the inlet of the sam-
ple transfer silica capillary so that the serum can be filtered prior
to be desorbed and ionized by DESI. The derivatized sugar product
ions were collected and detected using either a Thermo Finnigan

LCQ DECA Mass Spectrometer (San Jose, CA) or a Thermo Finni-
gan LCQ DECA MAX Mass Spectrometer (San Jose, CA). The limit of
detections (LODs), defined as three times of standard deviations of
the blanks, were calculated using the calibration curve slopes and
the standard deviations of the blanks. Collision-induced dissocia-
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ion (CID) was also used for further structural confirmation of the
roduct ions.

In an alternative apparatus (shown in Scheme 3b), a small vol-
me of saccharide solutions (200 nL) was introduced as a thin

ayer of liquid film contained in a pipette tip (VWR pipette tips,
.5 cm long), which was analyzed directly without air drying. The
pray-generated microdroplets containing the chemical reagent
f N-methyl-4-pyridineboronic acid iodide were allowed to pass
hrough the saccharide liquid film for ionization. The angle between
he electrospray tip and saccharide sample and the angle between
he sample and capillary inlet to the mass spectrometer were both
et to 0◦. This DESI geometry is similar to the transmission mode
f DESI reported by Brodbelt’s group [32,34]. Furthermore, the dis-
ances between the ESSI source and the pipette tip and the distance
etween the pipette tip and the heated capillary inlet were approx-

mately 2 mm, and the DESI spray solution was injected at a flow
ate of 5 �L/min.

. Results and discussion

.1. Phenylboronic acids with electron-withdrawing groups (e.g.,
-nitrophenylboronic acid)

In this experiment, 3-nitrophenylboronic acid was the first
odified phenylboronic acid chosen for the reactive DESI study.
e compared the reactivity of parent phenylboronic acid and

-nitrophenylboronic acid in reactive DESI. Fig. 1a displays the
eactive DESI mass spectrum showing interaction of the sprayed
harge droplets containing both phenylboronic acid and 3-
itrophenylboronic acid (0.2 mM each in H2O with pH 9 adjusted
sing NH4OH) with fructose (10 mM in aqueous solution). The ion
f the DESI reaction product (m/z 328) resulting from the reaction
f 3-nitrophenylbornonate anion (m/z 184) and fructose by loss of
wo molecules of water (Eq. (1), Scheme 4) is observed as the base
eak in the spectrum. As shown in its CID spectrum (Fig. 1b), water

oss (the formation of m/z 310), sugar ring cleavage (the formation
f m/z 284 and 250) and loss of nitrobenzene (the formation of m/z

05) were seen, confirming the product ion structure. Similarly, in
ig. 1a, the ion of the DESI reaction product (m/z 283) from the
nmodified phenylboronic acid is generated via loss of two water
olecules from the complexation of phenylboronate PhB(OH)3

−

m/z 139) and fructose. Thus, by comparing the abundance of two
4.

major product ions (m/z 328 vs. m/z 283 is about 16:1), it can be
clearly seen that 3-nitrophenylboronic acid is much more reactive
than phenylboronic acid, in the competitive reaction with fruc-
tose. This comparison is further confirmed by running the reactive
DESI experiments using the two DESI reagents separately under the
same experimental conditions and the intensity of the product ion
from 3-nitrophenylboronic acid is about 15 times higher than that
from phenylboronic acid (see spectra shown in Fig. 1-S, Supporting
information). This higher reactivity of 3-nitrophenylboronic acid
than phenylboronic acid is because the introduction of an electron-
withdrawing nitro group into the ring of a phenylboronic acid
stabilizes the boronate form of the acid, favoring the boronate
ester formation [58] (e.g., the binding constants of phenylboronic
acid and 3-nitrophenylboronic acid with catechol dye, an aromatic
diol compound at a pH 7.5 buffer are 1500 M−1 and 6110 M−1,
respectively [59]). In Fig. 1a, m/z 310 and 265 are produced
from water loss of the product ions of m/z 328 and 283, respec-
tively. The deprotonated 3-nitrophenylboronic acid (m/z 166) and
deprotonated phenylboronic acid (m/z 121) are also observed. The
ion of m/z 346 corresponds to the adduct of deprotonated 3-
nitrophenylboronic acid (m/z 166) and fructose. One major peak at
m/z 315, corresponds to deprotonated 3-nitrophenylboronic anhy-
dride (commercially available 3-nitrophenylboronic acid contains
various amount of anhydride) and m/z 333, a deprotonated dimer
ion of 3-nitrophenylboronic acid. Furthermore, the peaks at m/z 154
([phenylboronic acid + O2

−•]) and m/z 199 ([3-nitrophenylboronic
acid + O2

−•]) come from the dissolved oxygen in the aqueous solu-
tion, as evidenced by the observation that these peaks disappeared
if degassed spray solutions were used.

Reactive DESI using 3-nitrophenylboronic acid as the chemical
reagent can be also used to ionize glucose directly from aqueous
solutions. Fig. 1c illustrates the mass spectrum showing interaction
of the sprayed charged droplets containing 3-nitrophenylboronic
acid anions (0.2 mM in water with pH 9 adjusted by NH4OH) with
glucose (5 mM in aqueous solution). In Fig. 1c, the ion of the DESI
reaction product, shown at m/z 328, was generated via loss of two
molecules of water from the reaction of 3-nitrophenylboronate
(m/z 184) and glucose. Also, the deprotonated anhydride peak is

observed (m/z 315) and m/z 346 is the simple adduct of depro-
tonated 3-nitrophenylboronic acid (m/z 166) and glucose. The CID
spectrum of m/z 328 resulting from glucose (Fig. 1d) shows the con-
secutive loss of water (the formation of m/z 310, 292 and 274) and
the further losses of C2H4O2 and C3H6O2 via ring cleavage from the
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Fig. 2. (a) Reactive DESI mass spectrum showing the ionic species produced via the interaction of charged microdroplets generated by ESSI of aqueous solution containing
N oride
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-methyl-4-pyridineboronic acid iodide (0.2 mM) and tetramethylammonium chl
hows the detection of the ion of the DESI reaction product (m/z 282) in the analysis
roduct (m/z 282); (c) reactive DESI mass spectrum showing the ionic species prod
ontaining 2-picoline-4-boronic acid (0.2 mM) and tetramethylammonium chloride

ragment ion m/z 310 give rise to m/z 250 and 220, respectively. In
his study, the limit of detection (LOD) for glucose in water using
-nitrophenylboronic acid was determined to be 0.11 mM (S/N = 3,
IM scan mode was used to monitor the ion of m/z 328), lower than
he LOD for glucose in water using phenylboronic acid (0.40 mM,
/N = 3, SIM scan mode was used to monitor the ion of m/z 283).
he linear dynamic ranges observed for 3-nitrophenylboronic acid
nd phenylboronic acid are 0–2.0 mM (linear regression coefficient
2 = 0.9641) and 0–20.0 mM (R2 = 0.9904), respectively.

.2. Phenylboronic acids with permanent positive charge tags
e.g., N-methyl-4-pyridineboronic acid iodide)
In addition to using negative reactant ions such as the
-nitrophenylboronate (m/z 184) mentioned above, we also
mployed positive charge-labeled phenylboronic acid ions gen-
rated from the ESSI spray of N-methyl-4-pyridineboronic acid
(0.2 mM, served as an internal standard) with glucose (5 mM in water). The inset
M of glucose in water; (b) CID MS2 spectrum of the ion of the glucose DESI reaction
ia the interaction of charged microdroplets generated by ESSI of aqueous solution
M, severed as an internal standard) with glucose (5 mM in water).

iodide. The purpose of using permanent charge-labeled compounds
is to improve the sensitivity of the method by increasing the ion-
ization efficiency of both the reactive DESI reagents and reaction
products. The charge-labeling strategy has been widely used in pre-
vious mass spectrometry studies [60–64]; for example, the cationic
derivatization of oligosaccharides with Girard’s reagent T via hydra-
zone formation gave significant increase in detection sensitivity as
compared with the underivatized oligosaccharides when analyzed
by matrix-assisted laser desorption/ionization (MALDI) or ESI mass
spectrometry [12,13]; also, betaine aldehyde was recently used as
a reactive DESI reagent for rapid and selective analysis of choles-
terols in serum and tissues [64]. Fig. 2a shows the ion of the DESI

reaction product (m/z 282) arising from the interaction of charged
microdroplets generated by ESSI of N-methyl-4-pyridineboronic
acid iodide (0.2 mM in water) and tetramethylammonium chloride
(0.2 mM, served as an internal standard to measure reactive DESI
product ion intensity for reactivity comparison as discussed later
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Fig. 3. (a) ESI mass spectrum of a mixed solution of N-methyl-4-pyridineboronic acid iodide (0.2 mM in water) with glucose (0.1 mM in urine), and the mixing ratio is 3:1 by
volume; (b) reactive DESI mass spectrum showing the ionic species produced via the interaction of charged microdroplets generated by ESSI of N-methyl-4-pyridineboronic
acid iodide (0.2 mM in water) with glucose (0.1 mM in urine); reactive DESI mass spectra showing the ionic species produced via the interaction of charged microdroplets
generated by ESSI of N-methyl-4-pyridineboronic acid iodide (0.2 mM in acetonitrile) with (c) glucose (0.1 mM in urine) and (d) glucose (0.5 mM in human serum). The insets
in (c) and (d) show the instrument responses vs. the glucose concentrations in the urine and serum samples, respectively.

Table 1
Results of saccharides examined by reactive DESI results using N-methyl-4-pyridineboronic acid iodide as the chemical reagent (0.2 mM in water).

Saccharides Formula weight (Da) Ions of DESI reaction product (m/z) Fragment ions observed in MS/MS (m/z)

Glucose 180.16 282 264, 252, 246, 222, 204, 192, 180, 176, 162, 138, 120
Galactose 180.16 282 264, 252, 246, 222, 206, 204, 192, 162, 180, 176, 138, 120
Mannose 180.16 282 264, 252, 222, 204, 192, 162, 120
N-acetyl-d-glucosamine 221.21 323 305, 287, 257, 245, 222, 204, 192,162, 138, 120
Maltose 360.32 444 426, 384, 354, 324, 282
Cellobiose 342.30 444 426, 384, 354, 324, 284, 282
Maltoheptaose 1153.02 1254 1236, 1188, 1092, 1074, 930, 912, 768, 750, 606, 444
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ig. 4. Reactive DESI mass spectra showing the ionic species produced via the inte
odide (0.2 mM in water) with (a) galactose (5.2 mM in water) and (b) maltoheptao

altoheptaose (m/z 1254).

n the text) with glucose (5 mM in H2O). The reaction equation is
hown in Eq. (2), Scheme 4. Upon CID (Fig. 2b), water losses give rise
o the fragment ions of m/z 264 and 246. In addition, the fragment
ons of m/z 252 and 222 arise from the losses of HCHO and C2H4O2
nd the formation of m/z 192 and 162 is a result of ring cleavage
rom m/z 282 by losses of C3H6O3 and C4H8O4, respectively, con-
istent with the proposed ion structure shown in Eq. (2), Scheme 4.
n Fig. 2a, the peak of m/z 120 is produced from the dehydration
f the reactant ions of m/z 138, due to the high temperature of the
eated ion transfer capillary of the mass spectrometer used for ion
esolvation in the experiment.

The LOD for glucose using N-methyl-4-pyridineboronic acid
odide was determined to be 6.9 �M (S/N = 3, SIM scan mode was
sed to monitor the ion of m/z 282), which is much lower than
hat of using phenylboronic acid, probably due to the favorable
ffect of charge-labeling on the ionization efficiency, as men-

ioned above. Fig. 2a inset further shows the obtained spectrum
or the analysis of 10 �M of glucose in water using the reac-
ive DESI and the linear dynamic range from 0 �M to 500 �M
as observed for this method (R2 = 0.9987). To further confirm

his charge-labeling effect, another reactive DESI experiment using
n of charged microdroplets generated by ESSI of N-methyl-4-pyridineboronic acid
mM in water); (c) CID MS2 spectrum of the ion of the DESI reaction product from

2-picoline-4-boronic acid (Scheme 2), a neutral compound struc-
turally similar to the N-methyl-4-pyridineboronic acid iodide, was
also carried out. Fig. 2c shows the ionic species produced via
the interaction of charged microdroplets generated by ESSI of
containing 2-picoline-4-boronic acid (0.2 mM) and tetramethy-
lammonium chloride (0.2 mM, severed as an internal standard)
with glucose (5 mM in water). It has been shown that the ratio
of the intensity of the ion of the DESI reaction product (m/z 282)
in the case of N-methyl-4-pyridineboronic acid iodide (Fig. 2a)
to the intensity of the internal standard ion, Me4N+ (m/z 74), is
0.65, which is much higher than the corresponding ratio of 0.1 in
the case of 2-picoline-4-boronic acid (Fig. 2c), in agreement with
the hypothesis that the sensitivity enhancement for N-methyl-4-
pyridineboronic acid iodide does stem from the charge-labeling
effect.

We further compared the reactivity of the N-methyl-4-

pyridineboronic acid iodide with other cationic sugar derivatizing
reagents like the Girard’s reagent T in this reactive DESI
experiment. When an aqueous solution containing both N-methyl-
4-pyridineboronic acid iodide (0.2 mM) and Girard’s reagent T
(0.2 mM) was sprayed and the glucose (5 mM in water) was chosen
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s sample, it was found that the intensity of the ion of m/z 282 from
-methyl-4-pyridineboronic acid iodide is ca. 12 times higher than

hat of the ion of the DESI reaction product (m/z 294) from Girard’s
eagent T (see spectrum in Fig. 2-S, Supporting information), sug-
esting that the former reagent has higher reactivity in the reactive
ESI experiments. This result also indicates that the formation of
oronic acid ester is easier than the formation of hydrozone for
accharides in the DESI conditions.

Unlike phenylboronic acid or 3-nitrophenylboronic acid, N-
ethyl-4-pyridineboronic acid iodide can be used to detect glucose

n acidic conditions. It has been found that the ion of the DESI reac-
ion product (m/z 282) was readily observed even when the glucose
olution was acidified by acetic acid to pH 2. This feature of reac-
ive DESI will facilitate the direct sugar detection in both neutral
nd acidic physiological conditions.

To test the analytical utility of the reactive DESI using N-
ethyl-4-pyridineboronic acid iodide as reagent, a urine sample

pH 6) was chosen to be examined. Urine glucose monitoring is a
otentially valuable noninvasive way for clinical diagnosis of dis-
ases such as renal defects or diabetes [65,66]. First we simply
ested direct electrospray ionization of glucose-containing urine
0.1 mM glucose) mixed with N-methyl-4-pyridineboronic acid
odide (0.2 mM) aqueous solution (the mixing volume ratio of 1:3).
s shown in the ESI mass spectrum (Fig. 3a), we failed to detect the
roduct signal at m/z 282 and there is a high noise background in the
pectrum. This is probably because of the well-known suppression
f ion signals in electrospray ionization in the presence of abundant
alts from urine. When reactive DESI was performed to examine the
rine sample containing 0.1 mM of glucose by spraying N-methyl-
-pyridineboronic acid iodide in water (the injection flow rates of
rine sample and spray solution are 1 �L/min and 3 �L/min, respec-
ively, analogous to the mixing of two individual solutions in the
SI experiment mentioned above; the concentration of 0.1 mM was
elected for testing because it is lower than the LOD of 1.3 mM for
lucose oxidase-based sensors [67] and the LOD of 2 mM for dip-
ticks [68] used for urine glucose monitoring), the ion of m/z 282
s detected and the detection was confirmed with CID of the mass-
elected m/z 282 that shows the correct fragmentation pattern as
escribed above (c.f. Fig. 2b), emphasizing the known salt tolerance
f DESI [33,69]. This is probably because DESI ionization does not
nvolve in the direct spray of salt-containing urine, thus decreasing
he complexity caused by salts. However, the signal of m/z 282 is
eak (2.5 × 104 accounts, Fig. 3b) and background noise level is still
igh, probably because the merged secondary charged droplet still
ontains salts as the spray solution and urine are completely mis-
ible. Interestingly, when the spray solvent of water was replaced
y acetonitrile, the intensity of m/z 282 was considerably enhanced
with intensity of 7.8 × 105 accounts, Fig. 3c) and much lower level
f noise was observed. Again, upon CID, the product ion of m/z 282
ndergoes dehydration and ring cleavage (c.f. Fig. 2b), confirming

ts assignment. It is likely that the pronounced solvent effect is due
o the low solubility of urine salts in sprayed organic solvent of
cetonitrile. Thus, as the charged acetonitrile microdroplets con-
aining N-methyl-4-pyridineboronic acid iodide pick up the sugar
n urine on the surface, salts in urine were being excluded so that
he resulting secondary charged droplets contain low amounts of
alts. Indeed, in a separate experiment, when 900 �L of acetonitrile
as added to 300 �L of the saturated sodium chloride solution (in

he ratio of 3:1 by volume), we found that there was salt precipitate
ormed in the mixed solution, in agreement with our hypothesis.
he phenomenon of salt exclusion in this reactive DESI experiment

i.e., the online desalting using organic spray solvent for DESI ion-
zation to gain enhanced sensitivity) is analogous to that previously
bserved in the fused-droplet ESI (FD-ESI) experiments [70] in
hich ultrasonically nebulized sample aerosols (e.g., peptides and
roteins) are ionized via fusion with charged methanol droplets. In
ass Spectrometry 289 (2010) 98–107 105

our study, samples were injected directly without the nebulization
process and the urine analysis did not involve any sample pre-
treatment processes such as extraction or drying, enabling both
online desalting and online derivatization and thus suggesting a
novel and fast protocol to the trace analysis of complicated biologi-
cal fluids with high salt content. It is also found that a linear dynamic
range of 0–1 mM of glucose in urine can be achieved (R2 = 0.954, see
the calibration curve in the inset of Fig. 3c).

In addition to the urine glucose test, reactive DESI was also
performed to examine glucose-containing human serum samples
using N-methyl-4-pyridineboronic acid iodide as the chemical
reagent and acetonitrile as the spray solvent. Fig. 3d shows the mass
spectrum obtained from the direct detection of serum containing
0.5 mM of glucose in serum using the reactive DESI and the ion of
the DESI reaction product (m/z 282) can be seen clearly. The inset
of Fig. 3d further displays the linear dynamic range of 0–0.5 mM
(R2 = 0.9777) for the analysis.

3.3. Reactions with other saccharides

Different mono-, di- and oligosaccharides, including galac-
tose, mannose, N-acetyl-d-glucosamine, maltose, cellobiose and
maltoheptaose, were also tested by the reactive DESI using N-
methyl-4-pyridineboronic acid iodide as chemical reagent. In all
cases, the ions of the DESI reaction products were observed and
their MS/MS data are summarized in Table 1. Fig. 4a and b dis-
play the reactive DESI mass spectra of the ionic species produced
via the interaction of charged microdroplets generated by ESSI of
N-methyl-4-pyridineboronic acid iodide (0.2 mM in water) with
galactose (5.2 mM in water) and with maltoheptaose (5 mM in
water), respectively. In the case of galactose, the ion of the DESI
reaction product (m/z 282) appears as the base peak and its high
intensity is probably because one favored conformer of galactose
in water, galactopyranose, contains cis-diol functionality in the ring
carbons 3 and 4. Besides the ion of m/z 282, sodium adduct ion of
galactose (m/z 203) is also observed as sodium ion is ubiquitous and
has high binding affinity toward carbohydrate compounds [71,72].
In the case of oligosaccharides of maltoheptaose, CID MS2 spec-
trum of the ion of the DESI reaction product (m/z 1254) shows the
consecutive glycosidic cleavages to produce a series of y and z ions
(Fig. 4c), probably involving a charge-remote cleavage mechanism
[73] (see the proposed structure and cleavages of the product ion
in the inset of Fig. 4c). The formation of a series of y and z ions could
be useful in the structure elucidation of oligosaccharides [74–77].

3.4. High throughput analysis using tip-sampling

One intrinsic advantage of DESI is the capability for high
throughput analysis [31,78,79]. In this study of reactive DESI exper-
iments, a variant sample introduction protocol using pipette tips
was also demonstrated, allowing analyzing multiple samples of a
small volume in a short period of time. As illustrated in Scheme 3b,
a small volume (200 nL) of saccharide solutions was introduced
as a thin layer of liquid film contained in a pipette tip. The
spray-generated microdroplets containing the chemical reagent
of N-methyl-4-pyridineboronic acid iodide were allowed to pass
through the saccharide liquid film for ionization. The angle between
the electrospray tip and saccharide sample and the angle between
the sample and capillary inlet to the mass spectrometer were both
set to 0◦ (such a linear arrangement is similar to that reported pre-
viously in the transmission mode DESI experiments [32], which is

helpful to overcome the geometry problem for enhanced DESI sen-
sitivity). Fig. 5 shows the extracted ion current chromatogram of
the glucose DESI reaction product (m/z 282) for five glucose sam-
ples (200 nL, 5 mM in water) sequentially analyzed by reactive DESI
(in the experiment, another pipette with a new sample was man-
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ig. 5. Extracted ion current chromatogram of the ion of the DESI reaction product
m/z 282) for five glucose samples (200 nL, 5 mM in water) sequentially analyzed by
eactive DESI using N-methyl-4-pyridineboronic acid iodide (0.2 mM in water) as
he chemical reagent.

ally placed in between the EESI source and MS inlet for sample
eplacement once the analysis of last sample was done). As each
ample was ionized, the ion signal of m/z 282 arose and it took
min to complete the analysis of the five glucose samples. This
emonstration on the ionization of small volume of samples in high
hroughput manner might be of value in dealing with the analysis
f precious biological samples in small volumes.

. Conclusions

In summary, in comparison to the prototype reactive DESI of
sing phenylboronic acid, the employment of its derivatives with
lectron-withdrawing and especially permanently charged groups
ignificantly enhances the sensitivity of the method and expands
he application scope to acidic solution samples. The secondary
onization nature of DESI allows one to have freedom to select
avorable spray solvents and chemical reagents, which allows both
nline desalting and online derivatization for analysis of high salt-
ontaining biofluid samples. Given the high selectivity, fast analysis
peed, salt tolerance and high throughput capability of the reac-
ive DESI as well as the significance of saccharides, this method
eported would be valuable in saccharide analysis in many complex
iological samples.
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