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ABSTRACT: A new matrix-assisted laser desorption ioniza-
tion (MALDI) mass spectrometry matrix is proposed for
molecular mass and structural determination of glycans. This
matrix contains an iron oxide nanoparticle (NP) core with
gluthathione (GSH) molecules covalently bound to the
surface. As demonstrated for the monosaccharide glucose
and several larger glycans, the mass spectra exhibit good
analyte ion intensities and signal-to-noise ratios, as well as an
exceptionally clean background in the low mass-to-charge (m/
z) region. In addition, abundant in-source decay (ISD) occurs
when the laser power is increased above the ionization
threshold; this indicates that the matrix provides strong energy
transfer to the sample. For five model glycans, ISD produced extensive glycosidic and cross-ring cleavages in the positive ion
mode from singly charged precursor ions with bound sodium ions. Linear, branched, and cyclic glycans were employed, and all
were found to undergo abundant fragmentation by ISD. 18O labeling was used to clarify m/z assignment ambiguities and showed
that the majority of the fragmentation originates from the nonreducing ends of the glycans. Studies with a peracetylated glycan
indicated that abundant ISD fragmentation occurs even in the absence of hydroxyl groups. The ISD product ions generated using
this new matrix should prove useful in the sequencing of glycans.

Glycans and glycoconjugates with proteins and lipids are
involved in numerous biological processes such as energy

storage, cell−cell communication, and membrane transport.
These biomolecules play important roles in human diseases,1,2

including muscular dystrophy, diabetes, neurodegenerative
diseases, and cancer.3−5 Identifying the specific structures of
glycans is important to the understanding of their interactions
with biological systems.6 Glycan structures have been widely
analyzed by mass spectrometry,7−9 which generally provides
two types of identified product ions: glycosidic and cross-ring.
Glycosidic cleavages rupture the bonds between residues and
provide both composition and sequence information; however,
the cross-ring cleavages break bonds of a sugar ring, yielding
linkage information.10

Glycosidic and cross-ring cleavages were originally observed
by mass spectrometry in experiments involving fast atom
bombardment (FAB), collision-induced fragmentation (CID),
and infrared laser desorption (IRLD).11−13 Later, softer
ionization methods that more efficiently ionize large bio-
molecules, such as electrospray ionization (ESI) and matrix-
assisted laser desorption ionization (MALDI), gained popular-
ity.14 Coupled to ESI or MALDI, a variety of dissociation
techniques have been explored to study glycans, including high
or low energy CID,15−19 electron capture dissociation
(ECD),20 electron excitation dissociation (EED),20 electron
transfer dissociation (ETD),10 electron detachment dissociation

(EDD),21,22 postsource decay (PSD),23,24 and in-source decay
(ISD).23,25−27 These fragmentation techniques are associated
with different mass analyzers such as quadrupole ion trap
(QIT),10,17,18 Fourier transform-ion cyclotron resonance (FT-
ICR),19−22,26 orbitrap,19 and time-of-flight (TOF).15,16,23,25,27

The various dissociation methods have provided complemen-
tary information and expanded glycan structural studies over
different instrument platforms.
The tandem MS dissociation technique and the precursor ion

identity both affect fragmentation efficiency. Glycan precursor
ions in the positive mode are most commonly protonated or
sodiated, although other alkaline, alkaline earth, and transition
metals have also been employed as cationizing agents.14 In the
negative mode, deprotonated or chloride-adducted glycan ions
have been reported.21−23 Multiple sodium attached ions are
also observed in negative mode for a highly sulfated
glycosaminoglycan.19 Positively charged protonated and
sodiated glycans produce primarily glycosyl cleavages during
low energy CID and PSD, whereas the negative ion mode
promotes cross-ring fragmentation for both low energy CID
and PSD.23,28,29 Multiple alkaline or dication metal attachment
also enhances cross-ring fragmentation for low energy
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CID.12,19,30−33 High energy CID readily produces cross-ring
fragmentation for sodiated glycans.15,16 Electron-based process
such as ECD, EED, and ETD on metal cation attached glycans
and EDD on deprotonated and chloride-adducted glycans also
produce abundant cross-ring cleavages.10,20−22

In-source decay (ISD) occurs in the MALDI source region
directly after the desorption/ionization event and before ion
extraction into the flight tube.34−36 The mechanism of ISD may
depend on the matrix employed and is believed to follow both
radical-induced (ECD- or ETD-like) and thermal-activated
(CID-like) pathways.37−39 Several studies have reported that
MALDI ISD produced prominent glycan cross-ring fragmenta-
tion. Yang et al.26 performed ISD using a Nd:YAG frequency
tripled laser at 90% full power on a MALDI/FT-ICR
instrument with 2,5-dihydroxybenzoic acid (DHB) as the
matrix. Asakawa et al.27 observed glycan cross-ring fragmenta-
tion with an oxidizing matrix, 5-nitrosalicylic acid (5-NSA), and
they proposed a hydrogen abstraction mechanism. Negative
mode glycan ISD cross-ring fragmentation was reported by
Yamagaki et al. using norharman (9H-pyrido[3,4-b]indole) as
the matrix.23

A variety of nanoparticle (NP) species (e.g., gold,40 silver,41

platinum,42 cadmium sulfide,43 silicon,44 and iron oxide45)
exhibit strong UV absorption and have been successfully
utilized as MALDI matrices. Some authors have termed such
particulate matrix-based MALDI as surface-assisted laser
desorption (SALDI).46−48 The most current NP MALDI
applications have been focused on peptides and small molecules
and have exhibited the advantage of a clean background in the
low mass-to-charge (m/z) regions of the spectra.40−45 NP
matrices for direct glycan analysis have been reported,49−52 but
little work has focused on NP matrix enhancement of glycan
MALDI ISD fragmentation. In this study, for the first time we
demonstrate the use of glutathione (GSH)-capped iron oxide
NPs as a MALDI matrix for glycan analysis. Enhanced cross-
ring ISD fragmentation is observed using a routine nitrogen
laser for MALDI.

■ EXPERIMENTAL SECTION
Materials. For nanoparticle synthesis, the following

chemicals were purchased from Thermo Fisher Scientific
(Waltham, MA, U.S.A.): iron(III) chloride (ACROS, 98%
purity), sodium oleate (TCL, 95%), and oleic acid (Fisher,
95%). Trioctylphosphine oxide (90%) and 1-octadecene (90%)
were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
Glutathione (97%, reduced) was purchased from Alfa Aesar
(Ward Hill, MA, U.S.A.).
Chemicals for glycan analysis by mass spectrometry include

glucose, sucrose, isomaltotriose, and maltoheptaose were
purchased from Sigma-Aldrich. β-Cyclodextrin was purchased
from VWR International (Radnor, PA, U.S.A.). Lacto-N-
difucohexaose I (LNDFHI) and Cambridge Isotope Labo-
ratories H2

18O (97%) were obtained from Thermo Fisher
Scientific. Maltoheptaose tricosaacetate was purchased from
Carbosynth US LLC (San Diego, CA, U.S.A.). The MALDI
matrix 2,5-dihydroxybenzoic acid was obtained from Bruker
Daltonics (Billerica, MA, U.S.A.). All the other reagents,
solvents, and salts were obtained from VWR International.
Synthesis of Iron Oxide NPs. Iron oxide NPs were

synthesized using a modified “heat-up” method.53,54 In brief,
iron oleate complex (the reaction precursor) was first prepared
by reacting iron(III) chloride with sodium oleate in a solvent
mixture (hexane/ethanol/deionized water) at 65 °C for 4 h.

Then, the iron oxide nanoparticles were synthesized by heating
the precursor in 1-octadecene to 315 °C in the presence of the
oleic acid and trioctylphosphine oxide as the initial capping
molecules. After synthesis, the nanoparticles were transferred to
water through a ligand exchange method using GSH as the
capping molecule.53,54 The nanoparticles were further washed
three times with distilled water through precipitation and
redispersion cycles. The NP precipitation was facilitated by
applying a magnet, which attracts their iron oxide core. To
enhance charge repulsion and prevent NP aggregation in water,
sodium hydroxide was added at a final concentration of 20 mM.
The morphology and size of the iron oxide NPs were studied
using a Hitachi (Tokyo, Japan) 7860 transmission electron
microscope (TEM). The surface charges of the nanoparticles
were measured using a Malvern (Malvern, UK) Zetasizer Nano
series dynamic light scattering device. The UV−vis spectrum
was collected on a Shimadzu (Kyoto, Japan) UV−vis
spectrophotometer (UV-1700 series).

Glycan 18O Labeling. 18O labeling on the reducing end was
conducted for maltoheptaose, isomaltotriose, and LNDFHI.10

2-Aminopyridine (2.7 mg) was added to 1 mL of anhydrous
methanol to make the catalyst solution, and subsequently, 1.5
μL of catalyst solution, 20 μL of H2

18O (97%), and 0.8 μL of
acetic acid were added to 1 μg of dry native glycans. The
mixture was incubated at 40 °C for 16 h and then used directly
for MALDI analysis.

Mass Spectrometry. MALDI ISD experiments were
performed using a Bruker Daltonics Ultraflex MALDI/TOF
mass spectrometer with linear and reflectron modes and a total
flight tube distance of 3.2 m. An LTB Lasertechnik Berlin
(Berlin, Germany) MNL100 nitrogen laser with 337 nm
wavelength pulsed at 150 μJ/3 ns was used to ionize and excite
the samples. All glycan samples were prepared at 0.1 mg/mL in
water, and mixed with the nanoparticle matrix (0.1 mg/mL) at
a 1:1 ratio. One microliter of the analyte/matrix solution was
then applied to a Bruker AnchorChip target.55,56 The
hydrophilic inner surface of the AnchorChip attracted and
concentrated the analyte and matrix, whereas the AnchorChip’s
hydrophobic outer surface kept the mixture droplet from
spreading. To remove impurities remaining in the NP matrices,
2 μL of 67:33 (v/v) chloroform/methanol was applied to the
dried sample spot and removed quickly with a pipet tip. For
comparison experiments, DHB matrix was prepared at a
concentration of 5 mg/mL in 50:50 acetonitrile/water with
0.1% trifluoroacetic acid. The mass spectra were acquired in
reflectron and linear modes, with signal averaging of 200 scans.
Normally, 65−75% of the maximum laser power was employed.
Electrospray ionization (ESI) experiments were performed

on a Bruker HCTultra PTM Discovery System high-capacity
quadrupole ion trap mass spectrometer. Glycan sample (0.1
mg/mL, 50/50 acetonitrile/water) was infused into the ESI
source with a syringe pump at a rate of 200 μL/h. Nitrogen
heated to 300 °C was used as the nebulizing gas with a pressure
of 10 psi and the drying gas at 5 L/min. Mass spectra were
collected in positive mode using a capillary voltage of
approximately −3500 V with the ESI needle held at ground.

■ RESULTS AND DISCUSSION
Synthesis of GSH-Capped NP Matrix. The nanoparticles

were synthesized using our modified heat-up method,53,54,57−60

which produces iron oxide nanoparticles with a controlled
narrow size distribution and selective surface coatings.53 The
particles used here are spherical with a diameter of 12 nm and a
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size variation of less than 10%. The nanoparticle dimension is
limited by the synthesis technique to 4−25 nm. Above 25 nm,
the magnetic interaction between the particles readily causes
aggregation during the magnetic field-assisted particle precip-
itation, whereas smaller nanoparticles (<4 nm) have such high
surface area that the surface functionalization and purification
become difficult. Unlike metallic nanoparticles (e.g., Au or Ag),
the optical absorbance of iron oxide nanoparticles is not
sensitive to particle size and shape (Supplemental Figure S-1),
which is useful for MALDI matrix application. The surface
coatings directly affect the matrix interaction with the analytes,
which defines the type of samples to be analyzed.
After synthesis, the iron oxide nanoparticles are only soluble

in nonpolar organic solvents. A ligand exchange method was
recently developed to attach desired water-soluble molecules
onto the iron oxide nanoparticle surfaces.53 The success of this
approach is based on the design of introducing a ligand with a
low affinity to iron oxide nanoparticle, trioctylphosphine oxide
(TOPO), as a cocapping molecule during synthesis. The
introduction of TOPO molecules is critical for the surface
functionalization. The reason for this is that the weaker binding
affinity of TOPO molecules to iron oxide surfaces and their
bulky C8 tails create preferred sites or “naked” spots on the
nanoparticle surfaces for hydrophilic ligands to attach or
bond,61,62 ensuring an effective ligand exchange process. In the
present study, GSH functions as the surface-capping molecule,
with its amino group, NH2, attached to the nanoparticle
surface via Fe−N coordination, leaving its carboxylic acid
group, COOH, facing outward. Disulfide bond formation
between the capping molecules further stabilizes the capping
layer, and the surface carboxylic groups create a negatively
charged surface, whose structure is shown in Figure 1a. The
negatively charged surfaces of the nanoparticles are further
confirmed by their zeta-potential measurement of −50 mV, as
shown in Figure 1b.
Zeta-potential is an electrokinetic potential describing the

surface potential between particle electric double layer and the

surrounding medium.63 The zeta-potential value is a stability
indicator of a NP dispersion, where a colloidal system is
generally stable if its zeta potential is higher than 30 mV or
smaller than −30 mV.64 For the iron oxide NPs, their high
absolute value (50 mV) of the zeta potential indicates high
stability of the NP water dispersion. The negative zeta-potential
of the GSH-coated NPs further supports the hypothesis that
the amino groups of GSH are attached to the NP surfaces,
leaving the carboxylic groups oriented outward, which enhances
water solubility. In addition, sodium hydroxide (20 mM) was
added to prevent aggregation of the charged nanoparticles. The
TEM image of Figure 1c demonstrates that the GSH-capped
(12 nm diameter) nanoparticles are highly uniform, well-
dispersed, and free of aggregation. Figure 1d shows the UV−vis
absorption spectrum of the 12 nm GSH-capped iron oxide
nanoparticles. The nanoparticles exhibit a strong absorption
below 400 nm, which is within the optimal range of the MALDI
laser (337 nm) used in the mass spectrometry experiments and
should facilitate energy transfer from laser photons to analyte
molecules.

MALDI Ionization of Glycans with a GSH-Capped NP
Matrix. GSH-capped NPs demonstrate unique properties for
glycan analysis by MALDI. Compared to the traditional organic
matrix DHB, GSH-capped NPs provide a much cleaner mass
spectral background in the region below m/z 500, while
maintaining a strong analyte ion signal and good signal-to-noise
ratio. As shown in Figure 2a, using a GSH-capped NP matrix,

the mass spectrum of glucose is dominated by [M + Na]+ with
minimal background ions from the matrix. In contrast, using
the conventional matrix DHB as shown in Figure 2b, matrix
peaks are prominent and result in a noisy spectral background.
The clean background and the intense signal using the GSH-
capped NP matrix is believed to result from several factors.
First, nanoparticles are heavy and are surface-bound during
analyte desorption, which should greatly minimize their ability
to ionize during the MALDI process. Second, the matrix is very
clean because any small molecule impurities during synthesis

Figure 1. Characterization of GSH-capped NP: (a) schematic drawing
of the structure, (b) zeta-potential plot of the NP dispersion, (c) TEM
image of the NP size distribution, and (d) UV−vis absorption
spectrum of the NP dispersion.

Figure 2.MALDI/TOF mass spectra of glucose (0.1 mg/mL in water)
acquired using (a) GSH-capped NP matrix and (b) DHB. Peaks
marked with x are ions from the matrix.
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are easily removed by concentrating nanoparticles with a
magnet and then washing with solvents. In addition, on-target
washing during sample preparation further removes impurities.
(For instance, a chloroform/methanol on-target wash effec-
tively removes lipids contaminant originating from the
synthesis.) Third, the strong glycan ion signal intensity of
Figure 2a suggests that efficient sample-matrix mixing and
energy transfer are achieved. Ion intensity may be enhanced
because the sodium counterions that are present in the electric
double layer of the negatively charged NP surface readily serve
as the ionization cationizing agents for [M + Na]+.
The NP−Na+−glycan interaction and energy transfer is

sufficiently efficient to cause abundant cross-ring ISD
fragmentation for glycans with a sugar chain length greater
than two, as discussed below. In contrast, the monomer glucose
does not show significant ISD fragmentation, while the ISD
spectrum of sucrose (with two sugar units) only shows
glycosidic cleavage products. Several glycans containing three
to seven sugar units were utilized as model compounds to
evaluate the MALDI ISD effectiveness of the GSH-capped NP
matrix. The product ions discussed below are assigned using
Domon and Costello nomenclature.11

ISD of Maltoheptaose and Isomaltotriose. Isomalto-
triose and maltoheptaose are linear α-D-glucosyl sugars, with
three and seven sugar units, respectively, and different linkage
types (1 → 6 versus 1 → 4). Figures 3 and 4 show their

MALDI ISD spectra. For both compounds [M + Na]+ is the
primary precursor ion, and cross-ring cleavages are more
intense than glycosidic cleavages (Bn, Cn/Yn). In the
maltoheptaose spectra, the [M + K]+ precursor ion and related
fragmentation are also observed, albeit of lower intensity. 2,4An
and 0,2An and corresponding water loss ions are generated from
the 1 → 4 linked maltoheptaose. 0,4An,

0,3An, and
0,2An occur

from the 1→ 6 linked isomaltotriose without further water loss.
This suggests the possibility of differentiating linkages based on
fragmentation pattern using the GSH-capped NP induced ISD.
If not specified, all cleavage products in Figures 3 and 4 retain

one Na+ or K+ from the precursor ions. For 2,4An or
0,4An, ion

series with an extra Na replacing a H, [2,4An + Na − H]+ and
[0,4An + Na − H]+, are also observed. These ions may be
formed from disodium adducted precursor ions, [M + 2Na −
H]+; the absence of such precursor ions in the spectra indicates
that these disodiated ions are more readily dissociated. The fact
that only 2,4An or

0,4An disodium ions are observed may suggest
these glycan fragments better stabilize the two adducted sodium
ions. This is consistent with the observation that dilithiated
carbohydrates produce primarily 2,4An or

0,4An as CID product
ions for 1 → 4, and 1 → 6 linkages, respectively.12

Because the reducing end and nonreducing end product ions
for maltoheptaose and isomaltotriose are degenerate in mass,
18O labeling of the anomeric carbon was performed to clarify
assignment ambiguity. After 18O labeling, product ions from the
reducing end (Y, Z, and X) experience a mass shift of 2 Da,
whereas the masses of product ions from the nonreducing end
(B, C, and A) are unchanged. Both maltoheptaose and
isomaltotriose 18O labeling produced only very slight ion
intensity growth for peaks 2 Da higher than the ambiguous Cn/
Yn product ions, indicating that the majority of the observed
glycosidic and cross-ring product ions originate from the
nonreducing end (B, C, and A). Thus, ambiguous Cn/Yn ions
are labeled as Cn in the mass spectra.

ISD of Lacto-N-difucohexaose I (LNDFHI). Figure 5
shows the ISD spectrum of a branched glycan, lacto-N-
difucohexaose, LNDFHI. The C-ion series is complete and
intense, whereas the B- and Y-ion series are incomplete and
weak. No Z-ions are present. The branch point GlcNAc shows
no cross-ring fragmentation, and multiple glycosidic bonds
cleave simultaneously. Fucose loss readily occurs, either directly
from [M + Na]+ (Y4α/Y3β) or from product ions (B3 − F, C3 −
F, 2,4A4 − F, 1,4A4 − F, B3 − 2F). In one case, the complete α
chain is lost from a B3 fragment (Y3αB3). The product ions B3
− F, C3 − F, 2,4A4 − F, 1,4A4 − F could also be assigned as
complete α chain loss from B4, C4,

2,4A5, and
1,4A5 ions.

18O labeling of the anomeric carbon helped to clarify
ambiguous assignments. For example, m/z 816.1 could be
1,3X3α or 0,2A5 − F. In the 18O-labeled spectra, this mass does
not show distinctive intensity growth for [M + 2] (m/z 818.1),
thus the ion is assigned to 0,2A5 − F. Similarly, m/z 714.1 is
assigned to C4 − F rather than Y3α. In the 18O labeled
spectrum, a product ion that undergoes an increase in [M + 2]
intensity is Y4α/Y3β (m/z 876). The

18O labeling results indicate
that there are no distinctive X cleavages by ISD and that A
cleavages dominate the cross-ring fragmentation.

ISD of β-Cyclodextrin. Figure 6 shows the ISD spectrum
of the cyclic glycan β-cyclodextrin. Multiple sodium attachment
[M + nNa − (n − 1)H]+, n = 1−3, is more prominent than in
the spectra of the linear and branched glycans. This is likely
because the cyclodextrin cavity readily allows coordination of
alkaline metal ions. For example, multiple lithium attachment
during ESI has been reported by Madhusudanan.30 Even
though two bonds must cleave before product ions can be
observed for a cyclic glycan, abundant fragmentation is found in
the ISD spectrum of sodiated β-cyclodextrin. There is a series
of ions resulting from consecutive sugar unit loss (m/z 185,
347, 509, 671, 833, 995) by double glycosidic bond cleavages.
There also is an ion series formed by a 2,4A cleavage, as well as
glycosidic Z cleavages (m/z 227, 389, 551, 713, 875, and 1037).
Because these ions contain one Na+, the consecutive sugar unit
loss and 2,4A + Z fragmentation are most likely produced from
[M + Na]+ precursor ions. In addition, several ion series are

Figure 3.MALDI/TOF ISD mass spectrum of isomaltotriose acquired
using a GSH-capped NP matrix. All cleavage products retain one Na+

from the precursor [M + Na]+ except [0,4An + Na − H]+, which has
attachment of two Na+.
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formed by a 2,4A cleavage, as well as glycosidic Y cleavages with
one, two, or three Na+ (m/z 245, 407, 569, 731, 893; 267, 429,
591, 753, 915; 289, 451, 613, 775, 937, respectively). These
ions are likely produced from single or multiple Na+ attached
precursor ions. Overall, ion series formed by combined cross-
ring and glycosidic cleavages (2,4A + Y and 2,4A + Z) are more
intense than the double glycosidic cleaved (consecutive sugar
unit loss) ion series.
Several cyclodextrin dissociation studies have reported

consecutive sugar unit loss with or without cross-ring and
glycosidic combined cleavages.26,28,30,31 Cross-ring and glyco-
sidic combined cleavages were observed by negative PSD for
[M − H]+ precursors and by low energy CID for multiple
lithium or doubly charged metal ion attached precursors.28,30,31

In comparison, ISD spectra taken with a Nd:YAG frequency
tripled laser at 90% full power in a Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer using DHB
as matrix only yielded product ions from consecutive sugar
units loss.26 Here, we demonstrate that combined cross-ring
and glycosidic cleavages (2,4A + Y and 2,4A + Z) are also
observed in MALDI ISD for [M + nNa − (n − 1)H]+, n = 1−3,
precursors using a GSH-capped NP matrix. This observation
further demonstrates that the iron oxide NP matrix allows facile
energy transfer to the analyte.

Mechanism of ISD on Glycans. Asakawa and co-workers
have reported that 5-nitrosalicylic acid (5-NSA) matrix induces
native glycan cross-ring fragmentation through hydrogen
abstraction from the hydroxyl groups of glycans, −OH.27

Figure 4. MALDI/TOF ISD mass spectrum of maltoheptaose acquired using a GSH-capped NP matrix. If not specified, all cleavage products retain
one Na+ from the precursor ion [M + Na]+. Product ions generated from [M + K]+ are labeled as An(K), although [2,4An + Na − H]+ have two Na+

attached.

Figure 5. MALDI/TOF ISD mass spectrum of lacto-N-difucohexaose I (LNDFHI) acquired using a GSH-capped NP matrix. Fucose sugar unit loss
(−F) from [M + Na]+ (Y4α/Y3β) or from product ions (B3 − F, C3 − F, 2,4A4 − F, 1,4A4 − F, B3 − 2F) is observed. * indicates peaks with poor
resolution, likely metastable ions. The expansion shows the presence of [M + Na − 2H]+ in the precursor ion region.
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These researchers proposed that the presence of a hydrogen-
deficient glycan radical, [M − H]•, led to enhanced ISD
fragmentation. This hydrogen abstraction mechanism was
based on their observation that for native glycans [M + Na]+

precursor and ISD product ions, as well as the oxidized
precursor, [M − 2H + Na]+ were present. For permethylated
glycans where −OH is replaced by a methoxy group, −OCH3,
both the oxidized precursor and ISD fragmentation were
absent, with [M + Na]+ as the base peak.27

With the GSH-capped NP matrix, [M − 2H + Na]+ is also
observed for maltoheptaose, isomaltotriose, and LNDFHI at
3%, 12%, and 19% in peak height compared to the [M + Na]+

intensity, respectively. Figure 5 expansion shows the presence
of [M − 2H + Na]+ for LNDFHI. To determine if the ISD
mechanism involves hydrogen abstraction from glycan−OH
groups, MALDI ISD spectra using GSH-capped NP matrix
were obtained for peracetylated maltoheptaose (maltoheptaose
tricosaacetate). Even with the peracetylation modification, the
ISD spectrum shows abundant cross-ring ISD product ions

(Figure 7). This indicates that −OH groups are not necessary
for glycan ISD fragmentation to proceed when using the GSH-
capped NP matrix.
Major ion series observed in the maltoheptaose tricossacetate

ISD spectrum with GSH-capped NP matrix are Bn, Cn,
0,2An,

and 2,4An. Loss of 42 and 60 Da from precursor and product
ions (Bn, Cn,

0,2An, and 2,4An) are observed. The 42 Da
elimination is likely CH2CO. Multiple losses of CH2CO have
been reported for peracetylated 1-phenylflavazole or arylglyco-
sylamine sugar derivatives in electron impact ionization
spectra.65−67 Losses of 42 Da from product ions could also
be due to internal cleavages (losses from two terminal sites).68

Gain of 42 Da is also observed for product ions (Bn, Cn,
0,2An,

and 2,4An) and may be the result of rearrangement involving a
nearby acetyl group prior to cleavage of the backbone. The
prominent 42 Da loss from the precursor ion in the ISD spectra
(43% of the precursor ion) is not a contamination peak due to
incomplete acetylation; it is instead an ISD product ion,
because the 42 loss peak is minimal (<5% of the precursor ion)

Figure 6. MALDI/TOF ISD mass spectrum of β-cyclodextrin acquired using a GSH-capped NP matrix. The fragmentation shows consecutive sugar
unit loss by glycosidic bond cleavages (◯) and 2,4A + Z (blue outline △) or 2,4A + Y (solid blue ▲) type cleavages from the [M + Na]+ precursor
ions. 2,4A + Y type cleavages also show disodium (purple ▲) or trisodium (magenta ▲) attached series. Multiple sodium attachment for the
precursor ions is prominent.

Figure 7. MALDI/TOF ISD mass spectrum of maltoheptaose tricosaacetate acquired using a GSH-capped NP matrix. R = CH3CO. * indicates
peaks with poor resolution, likely metastable ions. Abundant loss of 42 Da (CH2CO) and 60 Da (CH3COOH) are observed from both precursor
and product ions. # to the left side of a symbol means extra loss of 42, whereas ## to the left side means extra loss of 2 × 42. # to the right side of a
symbol means extra gain of 42 Da. Loss of 60 is denoted by a box diamond symbol to the left side of a symbol. For instance, ◆2,4A5

# means a direct
2,4A5 cleavage gained extra CH2CO through rearrangement and had a neutral loss of CH3COOH.
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in an ESI MS spectrum (Supplemental Figure S-2). The 60 Da
loss is undoubtedly acetic acid, CH3COOH. The elimination of
60 Da from a Cn fragment is identical in mass to a gain of 42 Da
from 0,2An. However, this peak series is labeled as a gain of 42
Da from 0,2An, because they are much more intense than the Cn
series. In comparison, the [Bn − 60] series is weaker than the Bn
series.
The photoelectric process of iron oxide NPs upon laser

irradiation is complicated. Upon photon absorption, electrons
in the occupied valence band of iron oxide can be elevated to
the unoccupied conduction band, leading to excited state
conduction electrons and positive valence band holes. These
charge carriers can recombine, dissipating heat to surface
adsorbents, or participate in redox reaction with surface
adsorbents.47,69 Rapid heating upon laser radiation on nano-
particle surface drives electrons toward the cooler bulk layer
and leaves positive holes on the top layer. The resulting high
electric field may also transfer energy to the adsorbents in a
process similar to field ionization.47 The presence of [M + Na
− 2H]+ peaks in native glycans confirms the oxidation process
by iron oxide. However, redox is not the only process involved,
as a peracetylated glycan also demonstrates intense ISD.
Combined field and thermal effects also play roles in ISD.
Other negatively charged capping molecules, such as

poly(acrylic acid) or dopamine also induce efficient ISD
(Supplemental Figure S-3). GSH is chosen as the matrix for
this study because it provides a variety of product ions at
comparable intensity. Positively charged polyethylenimine
(PEI, 1 mM of HCl) capping does not cause cross-ring ISD
in Figure S-3, which is likely related to the additive, HCl instead
of NaOH. Na+ ion abundance on the nanoparticle surface
seems critical for glycan ISD. Na+ ions could function as a salt
bridge between the nanoparticle capping molecules and
glycans, facilitating glycan particle surface adherence and thus
efficient energy or charge transfer. In the meantime, Na+ glycan
attachment promotes cross-ring fragmentation. In-depth
investigation on capping molecule and additive effects will be
conducted in future work.

■ CONCLUSIONS

A GSH-capped iron oxide NP matrix is demonstrated to be
effective for the analysis of glycans by MALDI mass
spectrometry. Important characteristics of this new matrix
include a clean mass spectral background in the low m/z region
and abundant ISD fragmentation. Glycosidic and cross-ring
cleavages occur for three to seven sugar unit linear, branched,
and cyclic unmodified glycans. 18O labeling experiments were
used to clarify assignment ambiguities and showed that the
majority of the fragmentation originated from the nonreducing
end of the glycans. Extensive series of ISD product ions were
formed in high intensity, suggesting that the GSH-capped NP
matrix both absorbs strongly at the laser wavelength and has
the ability to promote strong energy transfer to the analytes.
The use of iron oxide NP matrices to promote fragmentation
by ISD has great promise for the structural analysis of glycans
and other biomolecules.
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