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ABSTRACT: Carbohydrates play essential roles in a variety of
biological processes that are dictated by their structures. However,
characterization of carbohydrate structures remains extremely
difficult and generally unsolved. In this work, a de novo mass
spectrometry-based workflow was developed to isolate and
structurally elucidate oligosaccharides to provide sequence,
monosaccharide compositions, and glycosidic linkage positions.
The approach employs liquid chromatography−tandem mass
spectrometry (LC−MS/MS)-based methods in a 3-dimensional
concept: one high performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (HPLC-QTOF MS) analysis for
oligosaccharide sequencing and two ultra high performance liquid
chromatography-triple quadrupole mass spectrometry (UHPLC-QqQ MS) analyses on fractionated oligosaccharides to determine
their monosaccharides and linkages compositions. The workflow was validated by applying the procedure to maltooligosaccharide
standards. The approach was then used to determine the structures of oligosaccharides derived from polysaccharide standards and
whole food products. The integrated LC−MS workflow will reveal the in-depth structures of oligosaccharides.

KEYWORDS: oligosaccharide analysis, monosaccharide analysis, linkage analysis, polysaccharides,
quadrupole-time-of-flight mass spectrometry, triple quadrupole mass spectrometry

■ INTRODUCTION

Carbohydrates have a wide range of important functions that
are dictated by their specific structures. For example, human
milk oligosaccharides (HMOs) are not digested by the infant’s
innate metabolism. However, they are catabolized by the infant
gut bacteria, thereby providing nutritional value in the form of
short chain fatty acids to the infant.1,2 The specific structures of
HMOs correspond uniquely to bacterial enzymes that ferment
them.3−10 In human cells, oligosaccharides are also found on
cell surfaces where they play important roles in cell to cell
recognition and cell-binding processes.11−14 Under some
conditions, gut bacteria are known to consume host cell
glycans in a similarly structure-specific manner.15 In food,
carbohydrates are often the largest component of the adult diet
and are similarly responsible for shaping the composition of
the gut microbiota.16,17

Dietary oligosaccharides such as fructooligosaccharides
(FOS) and galactooligosaccharides (GOS) are termed pre-
biotics because they are similarly not digested by the host but
are consumed by gut bacteria.18−20 These oligosaccharides are
similarly selectively fermented by microbes in a structure
specific manner in the large intestine.21,22 While FOS and GOS
represent major industrial products, they are relatively
homogeneous and are composed primarily of only a single

monomer (fructose or galactose). Very many plant-based
oligosaccharides may already be accessible to gut bacteria;
however, we currently lack the methods to produce and
characterize them. Methods for the de novo structural
elucidation of oligosaccharides and polysaccharides are
critically needed to develop new classes of prebiotics with
potentially higher biological efficacy.
The development of methods for the complete analysis of

oligosaccharides presents major challenges. A variety of
techniques are typically employed to determine different
aspects of their structures. Size-exclusion chromatography
(SEC) is used to separate oligosaccharides from complex
matrices and gives insight into the average degree of
polymerization but does not elucidate the identity of the
monosaccharides nor glycosidic linkages.23 Other methods
including capillary electrophoresis (CE), high-performance
liquid chromatography (HPLC), and high-performance anion-
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exchange chromatography (HPAEC) are used to separate
oligosaccharides, while ultraviolet−visible (UV−vis) spectro-
photometers, refractive index detectors (RID), and pulsed
amperometric detectors (PAD) are used for detection.24−27

While these methods are sensitive, they lack throughput,
structural information, and integration in a way that allows a
deep characterization of structure. Gas chromatography (GC)
is typically less used for the analysis of oligosaccharides but has
long been used as the standard method for monosaccharide
and linkage analysis.28,29 GC methods, however require long
separation times, have low sensitivities and throughput, require
extra derivatization steps in the sample preparation, focus on a
limited number of monosaccharides and linkages, and yield
little to no absolute quantitative information.30−32 Mass
spectrometry method such as collision-induced dissociation
(CID) have been employed with sodiated oligosaccharides to
yield specific structural information.33−35 Newer MS techni-
ques, such as ion mobility mass spectrometry (IM-MS) while
still being developed could potentially provide anomer and
sequence information. However, this and similar methods do
not yet provide de novo monosaccharide nor linkage
information.36−38

The impact that carbohydrates have on the microbiota has
renewed interests in developing analytical methods for poly-
and oligosaccharide analysis.39−43 The understanding of the
role of HMOs, for example, has increased when we developed
methods to obtain complete structures of large pools of
compounds through LC−MS profiling. Tandem mass
spectrometry (LC−MS/MS) further revealed structural
information such as the degree of polymerization (DP) with
composition and some sequence information when mass
heterogeneity of the monomers are available.44,45 However,
challenges in oligosaccharide analysis using LC−MS/MS
remain. Many monosaccharides have identical masses so that
CID fragmentation is insufficient for differentiating the isomers
or branching positions. A hexose monosaccharide with a single
mass can have several isomers which include fructose, glucose,
galactose, mannose, or allose and cannot be resolved using
standard LC−MS/MS workflow. Enzymatic treatments
coupled with LC−MS/MS have been employed to identify
the monosaccharide isomers and yield complete oligosacchar-
ide structures.46 Enzymes used in this way were effective;
however, they require prior knowledge of the monosaccharide
compositions, possible linkages, and commercial availability.
We previously described a method for producing novel

oligosaccharides from polysaccharides. In this report, we
describe a multidimensional LC−MS/MS workflow for de
novo structural elucidation of oligosaccharides derived not only
from polysaccharide standards but also from a more
complicated matrix such as from plant and food products.
The concept involves three types of LC−MS/MS analyses
representing a three-dimensional mass spectrometry (3D-MS)
approach to reveal each oligosaccharide’s sequence, composi-
tion, and linkages. HPLC separation of the oligosaccharides is
performed followed by a two-way split to an in-line
fractionation and a high-resolution quadrupole time-of-flight
mass spectrometry instrument. A 96-well plate fraction
collector is used to isolate the oligosaccharides. Structural
information regarding the DP is obtained through tandem MS
(MS/MS). The collected fractions are subjected to a series of
relatively fast methods to provide monosaccharide and linkage
profiles.41,47,48 For each oligosaccharide, the method yields
absolute quantitation of the monosaccharides and the relative

abundance of each glycosidic linkage. Using this combinatorial
approach that comprises sequence information from the
QTOF MS/MS and the monosaccharide and linkage
compositions from separate LC−MS/MS analyses, the in-
depth oligosaccharide structures of the mixtures are elucidated.

■ EXPERIMENTAL SECTION

Samples and Materials. Sodium acetate, hydrogen
peroxide (H2O2) (30% v/v), iron(III) sulfate pentahydrate
(Fe2(SO4)3), trifluoroacetic acid (TFA) (HPLC grade),
chloroform (HPLC grade), ammonium acetate, sodium
hydroxide pellets (semiconductor grade 99.99% trace metals
basis), ammonium hydroxide solution (NH4OH) (28−30%),
3-methyl-1-phenyl-2-pyrazoline-5-one (PMP), dichlorome-
thane (DCM), methanol (HPLC grade), anhydrous dimethyl
sulfoxide (DMSO), glacial acetic acid, D-galactose, D-mannose,
D-glucose, D-allose, D-fructose, D-xylose, L-arabinose, D-xylose,
L-fucose, L-rhamnose, N-acetyl-D-glucosamine (GlcNAc), N-
acetyl-D-galactosamine (GalNAc), D-glucuronic acid (GlcA),
and D-galacturonic acid (GalA) were purchased from Sigma-
Aldrich (St. Louis, MO). Maltotriose, maltotetraose, malto-
pentaose, and maltohexaose were obtained from Carbosynth
(Compton, UK). Galactan was purchased from Megazyme
(Bray, Ireland). C18 and porous graphitized carbon (PGC)
solid phase extraction (SPE) plates were purchased from
Glygen (Columbia, MD). Formic acid (FA) (99.5% optima
LC/MS grade) was purchased from Fisher Scientific
(Hampton, NH). Acetonitrile (ACN) (HPLC grade) was
purchased from Honeywell (Muskegon, MI). All purchased
chemicals were used without further purification. Butternut
squash was purchased from Pedrick Produce (Dixon, CA).
Nanopure water was used for all experiments.

Preparation of the Maltooligosaccharides. A stock
solution comprising of maltotriose, maltotetraose, maltopen-
taose, and maltohexaose was prepared in water at a
concentration of 2 mg/mL. A 10 μL aliquot was subjected
to the 3D MS workflow.

Preparation of Polysaccharide-Derived Oligosacchar-
ides. An oxidative digestion step, Fenton’s initiation toward
defined oligosaccharide groups (FITDOG), was used to
generate oligosaccharides from polysaccharides.49 Briefly, a
reaction solution was prepared containing 95% (v/v) 40 mM
sodium acetate buffer adjusted to pH 5 with glacial acetic acid,
5% (v/v) hydrogen peroxide (30% v/v), and 65 nM iron(III)
sulfate. A whole butternut squash was cut to small pieces,
lyophilized, and ground to fine powder. The reaction mixture
was added to 1 mg of dry galactan and 1 mg of lyophilized
butternut squash powder to make a final solution of 1 mg/mL
of both. The reaction was incubated at 100 °C for 1 h. The
reaction was quenched by adding half of the reaction volume
of cold 2 M NaOH. Glacial acetic acid was added for
neutralization. A total of 30 reactions were performed on a 96-
well plate.
Oligosaccharides generated from galactan were purified by

96-well plate PGC cartridges. PGC was used to trap the
oligosaccharides while removing the salts. The cartridges were
washed with 80% acetonitrile and 0.1% (v/v) TFA in water.
The oligosaccharides were loaded and washed with five
column volumes of water. The oligosaccharides were eluted
with 40% acetonitrile with 0.05% (v/v) TFA in water. Samples
were pooled, dried by vacuum centrifugation, and recon-
stituted in water prior to the de novo oligosaccharide analysis.
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An additional C18 clean-up step was employed to
oligosaccharides generated from butternut squash before the
PGC cartridge enrichment to remove any hydrophobic
components such as lipids and proteins. For the C18 cleanup,
cartridges were washed with pure acetonitrile followed a water
wash five times the column volumes. Analytes were loaded and
eluted with two column volumes of pure water. The effluent
containing the oligosaccharides was then enriched using the
PGC protocol described above.
Mass Spectrometry analysis. Fractionation of Oligo-

saccharides. The oligosaccharide separation was performed on
an Agilent 1260 Infinity II series HPLC. Inline fractionation
was performed on a two-way flow splitter coupled to an Agilent
6530 QTOF mass spectrometer and a Teledyne Isco Foxy 200
96-well plate fraction collector. A 150 mm × 4.6 mm
Hypercarb column from Thermo Scientific with a 5 μm
particle size was used to chromatographically separate the
oligosaccharides. A binary gradient consisting of solvent A:
(3% (v/v) acetonitrile/water + 0.1% (v/v) formic acid) and
solvent B: (90% (v/v) acetonitrile/water + 0.1% (v/v) formic
acid) was used. A 45 min gradient with a flow rate of 1 mL/
min was used for the separation of maltooligosaccharides
0.00−30.00 min, 8.00−10.00% B; 30.00−30.01 min; 10.00−
99.00% B; 30.01−33.00 min, 99.00% B; 33.00−33.01 min,
99.00−8.00% B, 33.01−45.00 min, 8.00% B. A 120 min
gradient with a flow rate of 1 mL/min was used for
chromatographic separation of oligosaccharides generated
from galactan and butternut squash: 0.00−90.00 min, 5.00−
12.00% B; 90.00−99.01 min, 12.00−99.00% B; 90.01−110.00
min, 99.00−99.00% B; 110.00−110.01 min, 99.00−5.00% B;
110.01−120.00 min, 5.00% B.
A two-way flow splitter was used to divert 90% of the

effluent to the fraction collector and the remaining 10% of the
effluent to the QTOF mass spectrometer. Fractions were
collected on 96-well plates at a rate of 0.5 min/fraction. The
fractions were then dried to completion under vacuum
centrifugation and reconstituted in 100 μL of nanopure
water. A 10 μL aliquot was transferred to a separate 96-well
plate for monosaccharide composition analysis, while the

remaining 90 μL of solution was used for glycosidic linkage
analysis. Both 96-well plates were then dried to completeness
by vacuum centrifugation prior to monosaccharide and linkage
analysis.
Sample was introduced into the QTOF instrument using an

electrospray ionization (ESI) source operated in positive
mode. The instrument was calibrated with internal calibrant
ions ranging from m/z 118.086 to 2721.895. Drying gas was
set to 150 °C and with a flow rate of 11 L/min. The fragment,
skimmer, and Octapole 1 RF voltages were set to 75, 60, and
750 V, respectively. The collision energy was based upon the
compound mass and expressed by the linear function (collision
energy = 1.3(m/z) − 3.5). The QTOF data was acquired using
Agilent MassHunter Workstation Data Acquisition version
B.08.00. The data was then further analyzed by Agilent
MassHunter Qualitative Analysis software version B.07.00.

Monosaccharide Analysis of Fractions. Monosaccharide
compositional analysis performed on separated oligosacchar-
ides used methods from Amicucci et al.47 and Xu et al.48 The
separated oligosaccharides underwent a hard acid hydrolysis
with 4 M TFA for 2 h at 100 °C. The released
monosaccharides were dried to completion by vacuum
centrifugation. A calibration curve consisting of monosacchar-
ide standards containing D-glucose, D-galactose, D-mannose, D-
fructose, D-allose, L-fucose, L-rhamnose, L-arabinose, D-xylose,
D-ribose, GlcA, GalA, GlcNAc, and GalNAc were prepared in
water at concentrations ranging from 0.001 to 100 μg/μL.
Samples and monosaccharide standards were derivatized with
0.2 M PMP dissolved in methanol and 28% NH4OH at 70 °C
for 30 min. Derivatized products were dried to completion
under vacuum centrifugation and reconstituted in nanopure
water. Excess PMP was removed with chloroform extraction. A
1 μL aliquot from the aqueous layer was analyzed by an Agilent
1290 Infinity II UHPLC coupled to an Agilent 6495A QqQ
MS employing dynamic multiple reaction monitoring
(dMRM) mode. An external standard curve was used for
absolute quantitation of each monosaccharide in the fraction.
The data analysis was performed using Agilent MassHunter

Figure 1. Workflow for the de novo structural elucidation of oligosaccharides using the 3D LC−MS/MS. Samples are injected in the LC−QTOF
MS. The effluent is split using a flow splitter between the LC and the QTOF MS to a 96-well plate collector. The collected oligosaccharide fractions
are subjected for UHPLC−QqQ MS analyses to determine monosaccharide and linkage compositions.
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Qualitative Analysis software version B.07.00. and Agilent
MassHunter Quantitative Analysis software version B.05.02.
Linkage Analysis of Fractions. Linkage analysis performed

on separated oligosaccharides used the method from Galermo
et al.41 In short, permethylation was performed on separated
oligosaccharides by reacting the compounds with 5 μL of 1.26
g/mL saturated aqueous NaOH and 150 μL of DMSO. A 40
μL aliquot of iodomethane was added to the mixture and
reacted under argon on a shaker at room temperature for 50
min. Residual NaOH and DMSO were removed by extraction
with DCM and water. The DCM layer was dried to completion
by vacuum centrifugation. Permethylated oligosaccharides
were hydrolyzed and derivatized in the same manner as the
monosaccharide analysis. After the PMP derivatization step
and the drying step, the permethylated glycosides were
reconstituted in 100 μL of 70% (v/v) methanol/water. A 1
μL aliquot was analyzed on an Agilent 1290 Infinity II UHPLC
coupled to an Agilent 6495A QqQ MS instrument in multiple
reaction monitoring (MRM) mode. The data analysis was
performed using Agilent MassHunter Qualitative Analysis
software version B.07.00. and Agilent MassHunter Quantita-
tive Analysis software version B.05.02. A pool of oligosacchar-
ide standards was used to assign linkages.

■ RESULTS AND DISCUSSION
Description of the Overall Workflow. A 3D mass

spectrometry workflow was developed to structurally elucidate
oligosaccharides from polysaccharides using a combination of
high-resolution and targeted mass spectrometry methods. This
approach incorporates a nonenzymatic digestion step to
generate polysaccharide-based oligosaccharides followed by
three mass spectrometry analyses to obtain the in-depth
structural characterization of oligosaccharides. Oligosacchar-
ides were subjected to the workflow shown in Figure 1. The
oligosaccharides are first subjected to HPLC separation using a

Hypercarb PGC column. During the chromatographic run, the
effluent was split two ways, one toward a QTOF MS and the
other toward a 96-well plate fraction collector. The isolated
oligosaccharides were characterized in the QTOF by their
respective MS and MS/MS spectra. To further determine the
monosaccharides and linkages of the separated oligosacchar-
ides, collected fractions were subjected to monosaccharide
analysis and linkage analysis. The workflow is the first to use a
combination of three LC−MS platforms to elucidate deep
structures of oligosaccharides. Furthermore, it provides several
advantages, namely higher throughput in the monosaccharide
and linkage determination employing a 96-well plate format.

Workflow Validation Using Maltooligosaccharides.
The workflow was demonstrated using an oligosaccharide
mixture comprised of maltotriose, maltotetraose, maltopen-
taose, and maltohexaose. The maltooligosaccharides were
chosen to model plant-based oligosaccharides derived from
polysaccharides. A stock solution of the standards were pooled
and subjected to the workflow. To isolate the oligosaccharides,
chromatographic conditions were optimized to yield a 45 min
run while still achieving base peak separation for the
oligosaccharides. Complete chromatographic separation of
the oligosaccharides was preferred, yet challenging to achieve,
as many oligosaccharides had similar structures that tend to
coelute in the more complicated mixtures described below.
The first dimension of MS results in the workflow was

oligosaccharide analysis obtained through LC−QTOF MS.
Two scan modes were employed on the oligosaccharides: a
precursor ion scan mode to identify possible oligosaccharides
based on their corresponding m/z value and a fragmentation
mode, where collision-induced dissociation (CID) was
employed to selected oligosaccharide ions. Fragmentation of
oligosaccharide ions yielded structural information. In general,
native oligosaccharide ions fragmented under CID inducing
cleavages at the glycosidic bonds. Depending on the

Figure 2. Elucidated maltooligosaccharide structures obtained from 3D LC−MS/MS workflow. (A) The first dimension corresponds to base peak
chromatogram (BPC) to yield the oligosaccharide profiles. (B) The second dimension revealed the absolute monosaccharides abundances in the
fractions (inverted solid line graph). The third dimension produced the glycosidic linkages within the oligosaccharide (inset, pie charts).
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monosaccharide type (a hexose versus a pentose or a
deoxyhexose), oligosaccharides can produce unique fragmen-
tation spectra. For example, hexose, pentose, and a
deoxyhexose yield losses of 162, 132, and 146 Da, respectively.
The neutral mass differences and the resulting fragment ions
are used to determine the monosaccharide class, some spatial
arrangements, and the DP. We further note that rearrange-
ments can occur with protonated species during CID. These
rearrangements can complicate structural analysis, therefore it
was helpful to identify the monosaccharide and linkages in the
oligosaccharide to aid in elucidating the structure.
For the standards, the LC−QTOF MS chromatogram

revealed a total of four oligosaccharides in the mixture
shown in Figure 2A. The MS and MS/MS analysis revealed
the m/z 505.178 as a trisaccharide, m/z 667.231 tetrasacchar-
ide, m/z 829.283 pentasaccharide, and m/z 991.331
hexasaccharide. The compounds were split by the α and β
anomer content except for the trisaccharide, which did not
interact as strongly on the stationary phase. The DP of the
oligosaccharides and the monosaccharide compositions
(hexoses) were readily identified in the standards.
To illustrate the details of the oligosaccharide analysis,

maltohexaose was used. In the positive mode, the precursor ion
corresponded to the mass of the protonated species [M + H]+

(991.331 Da, Figure 3A). Maltohexaose was subjected to CID

fragmentation at a collision energy of 9.4 eV and yielded
abundant fragment ions revealing the connectivity and
confirming the DP (Figure 3B). The fragment ions m/z
163.062 (B1), m/z 325.113 (B2), m/z 487.166 (B3), m/z
649.212 (B4), and m/z 811.272 (B5) corresponded to one to
five hexose residue(s), respectively. The observed fragment
ions were consistent with the known structure of maltohex-
aose.
The next dimension of MS in the 3D workflow yielded the

monosaccharide compositional analysis. This analysis was
performed on the collected fractions that were split from the
LC−MS and collected in 96-well plates. A total of 76 fractions
were collected and subjected to acid hydrolysis to produce
monosaccharides. The released monosaccharides were then
reacted in a PMP derivatization and subsequently analyzed by
UHPLC−QqQ MS. The LC−MS monosaccharide analysis
was performed in 10 min. The monosaccharides in the
respective fractions were identified using a monosaccharide
library based on retention times and MRM transitions.48 They
were further quantified in absolute terms using an external
calibration curve. For the standard pool, the monosaccharide
results were plotted as an inverted chromatogram shown in
Figure 2B. The chromatogram was constructed by plotting the
absolute monosaccharide concentrations in each collected
fraction with line smoothing performed to produce the figure.

Figure 3. (A) MS and (B) MS/MS spectra of protonated maltohexaose species [M + H]+ with assigned fragmentation obtained from the LC−
QTOF MS.

Table 1. Recovery Analysis of Maltooligosaccharide Pool Based on Glucose Quantitation

maltooligosaccharide
degree of polymerization

(DP)
collection window

(min)
prefractionated glucose amount

(ug)
fractionated glucose amount

(ug)
glucose recovery

(%)

maltotriose 3 4−8 21.9 15.1 69.0
maltotetraose 4 8−12 16.6 14.2 85.8
maltopentaose 5 14−18 13.3 12.0 89.8
maltohexaose 6 21−26 11.1 9.2 82.5
Total N/A N/A 62.9 50.5 80.2
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The compositional analysis included 14 monosaccharides;
however only glucose was found as expected.
The absolute quantitation of monosaccharides was used to

validate the fractionation of the oligosaccharides. Recovery
analysis was performed on the LC of the maltooligosaccharide
pool. LC fractions were analyzed for glucose content using the
method for monosaccharide analysis. The total amounts of
glucose in the fractions were determined by measuring the
total glucose amounts (the prefractionated glucose amount) in
the pool multiplied the molar fraction for each oligosaccharide.
These values were then compared to the measured values in
the fractions (fractionated glucose amount). Fractional
recoveries were obtained using the absolute amounts measured
in each fraction (Table 1). The glucose recoveries for
maltotriose, maltotetraose, maltopentaose, and maltohexaose
were determined to be 69.0%, 85.8%, 89.8%, and 82.5%,
respectively. These were acceptable recoveries for all
oligosaccharides with the exception of maltotriose, which
may have degraded faster in the strong acid hydrolysis
treatment.
The third MS analysis in the workflow was used to

determine the glycosidic linkages. Linkage analysis was
performed by permethylating the oligosaccharides, subjecting

to acid hydrolysis, and labeling with PMP. The partially
methylated compounds were subjected to UHPLC−QqQ MS
analysis. The separation for the UHPLC−QqQ MS analysis
was performed in 15 min for each fraction. The unknown
linkages in the fractions were identified using a known library
based on retention times and MRM transitions.41 This analysis
revealed only two types of species: a terminal glucose (t-
glucose) and 4-linked glucose (4-glucose) for all fractionated
oligosaccharides (Figure 2B). For the oligosaccharides,
maltotriose, maltotetraose, maltopentaose, and maltohexaose
were observed to contain t-glucose and 4-glucose in ratios 1.24,
0.75, 0.56, and 0.43. The expected values were 0.50, 0.33, 0.25,
and 0.20, respectively. The relative abundances for observed
and expected values were plotted as a function of DP (Figure
S-1) and showed an over-representation of t-glucose compared
to 4-glucose (Table 2). The disparity is likely due specific
issues such as differences in the ionization between the various
partially methylated species. Terminal monosaccharides are
fully methylated, while internal linkages have at least one free
hydroxide group. Permethylated species ionize better than
partially methylated species. Thus, the MS method may
generally overrepresent terminal linkage species over internal
linkage residues.

Table 2. Degree of Polymerization (DP) versus Relative Linkage Composition of Observed and Expected Linkages for
Maltooligosaccharides

observed linkages expected linkages

maltooligosaccharide DP t-glucose (%) 4-glucose (%) ratio (t-glucose/4-glucose) t-glucose (%) 4-glucose (%) ratio (t-glucose/4-glucose)

maltotriose 3 55.4 44.6 1.24 33.3 66.7 0.50
maltotetraose 4 42.8 57.2 0.75 25.0 75.0 0.33
maltopentaose 5 35.8 64.2 0.56 20.0 80.0 0.25
maltohexaose 6 30.2 69.8 0.43 16.7 83.3 0.20

Figure 4. Characterization of oligosaccharide structures derived from galactan using the 3D LC−MS. (A) Base peak chromatogram (BPC) from
the QTOF MS with the proposed oligosaccharide structures. (B) Mirrored chromatogram represents the monosaccharide composition in fractions
and relative linkage compositions are shown in pie charts both obtained through UHPLC−QqQ MS analysis.
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Based on the three LC−MS/MS analyses, the structures of
each maltooligosaccharides were deduced. The first QTOF MS
with MS/MS yielded the DPs as 3, 4, 5, and 6. The
quantitative UHPLC−QqQ MS analysis revealed that the
maltooligosaccharides were solely composed of glucose, while
the linkage UHPLC−QqQ MS analysis yielded 4-glucose and
t-glucose were the only two linkage species observed. The
maltooligosaccharide structures were determined to be
composed of (1 → 4) glucose repeating units as shown in
the annotated chromatogram in Figure 2A. While the α/β
stereochemical information is currently not obtained with this
workflow, future strategies are described below.
Validation of Structural Analysis of Oligosaccharides

from Standard Polysaccharide Sources. A homopolysac-
charide galactan was chemically digested using the Fenton’s
initiation toward defined oligosaccharide groups (FITDOG)
process described in previous publication.49 In this process,
polysaccharides were subjected to oxidative cleavage with
Fe3+/H2O2 conditions. The process yields distinct oligosac-

charides corresponding to each polysaccharide. The resulting
oligosaccharides were subjected to the workflow. The
generated oligosaccharides were chromatographically separated
using a 120 min run and collected into 192 fractions. The
oligosaccharides were then analyzed using Q-TOF MS to
determine the DP, hydrolyzed then derivatized to determine
the monosaccharide compositions with UHPLC−QqQ MS
analysis, and permethylated, hydrolyzed, and derivatized to
determine the glycosidic linkages with UHPLC−QqQ MS
analysis.
The LC−QTOF MS chromatogram of the digested galactan

yielded at least seven dominant oligosaccharides (Figure 4A).
The MS and MS/MS results revealed a Hex3 (6.5 min, 7.5
min), Hex4 (12.5 min, 15.0 min), Hex5 (19.5 min, 22 min),
Hex6 (24.5 min, 27.5 min), Hex7 (31.5 min, 34.5 min), Hex8
(45.0 min, 47.0 min), Hex9 (65.0 min), and Hex10 (83.0 min).
Over oxidation and cross-ring cleavages were observed for
some oligosaccharides and were annotated with asterisks in
Figure 4A. These modified oligosaccharides were sequenced by

Table 3. Degree of Polymerization (DP) and Relative Linkage Composition of Observed and Expected Linkages for
Fractionated Galactose Derived Oligosaccharides

observed linkage expected linkage

DP t-galactose (%) 4-galactose (%) ratio (t-galactose/4-galactose) t-galactose (%) 4-galactose (%) Ratio (t-galactose/4-galactose

3 68.0 32.0 2.13 33.3 66.7 0.50
4 58.3 41.7 1.40 25.0 75.0 0.33
5 53.3 46.7 1.14 20.0 80.0 0.25
6 45.4 54.6 0.83 16.7 83.3 0.20
7 44.0 56.0 0.79 14.3 85.7 0.17
8 39.3 60.7 0.65 12.5 87.5 0.14
9 36.2 63.8 0.57 11.1 88.9 0.13
10 35.5 64.5 0.55 10.0 90.0 0.11

Figure 5. Results from the 3D LC−MS/MS workflow for butternut squash oligosaccharides. (A) Oligosaccharide profiles from QTOF MS analysis
with annotated elucidated structures. (B) Mirrored chromatogram represents the absolute monosaccharide compositions of each fraction. Linkage
compositions are shown in pie charts. In the inset structures, the “X” denote undefined linkages.
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tandem MS spectra and were not analyzed further. Subsequent
optimization have eliminated these side products.49 Separation
of anomers (α and β at the reducing end) resulted in split
peaks with the exception of Hex9 and Hex10. The CID spectra
confirmed the presence of anomers and were further consistent
with the proposed monosaccharide compositions (hexoses).
The monosaccharide analysis confirmed the composition to

be exclusively galactose (Figure 4B). The linkage analysis
similarly yielded only two species, namely 4-galactose and t-
galactose. The ratios of t-galactose and 4-galactose were
consistent with the expected ratios, although the terminal
linkage species were overrepresented as observed for the
maltooligosaccharide (Table 3). The ratios of t-galactose and
4-galactose as a function of DP were plotted and were found to
follow the trend as with the expected values (Figure S-2). The
measured ratios were generally higher than expected and were
significantly higher for the low DP oligosaccharides suggesting
an over representation of t-galactose. As mentioned with the
maltooligosaccharide example, the terminal species are more
abundant than internal linkage species with the effect
decreasing with higher DP. A response factor normalized to
a polynomial curve may be deduced and used for future
measurements if quantitation of the linkages were desired.
Nonetheless, the information provided the oligosaccharide
structures using the 3D MS analyses. On the basis of the
information, the oligosaccharide structures were determined to
be a linear (1 → 4) linked galactose oligomers as expected for
galactan.
Determination of Oligosaccharides Produced from

Food Polysaccharides. The 3D MS approach was performed
on oligosaccharides produced from a plant product, namely
butternut squash. The LC−QTOF chromatogram (Figure 5A)
of the resulting oligosaccharides were separated and collected
into a total of 96 fractions in 0.5 min increments. The mirrored
chromatogram was constructed from the respective mono-
saccharide analysis of the corresponding fraction (Figure 5B).
The linkage analysis of the same fraction was obtained and
were represented in the inset pie charts. The resolution of the
LC−QTOF was limited by the flow splitter between the LC
and the QTOF. Chromatograms without the flow splitter were
of significantly higher resolution and were used to confirm the
identities of the broad peaks. The major components were
composed of DPs varying from disaccharides to pentasacchar-
ides (Table 4). As expected, a complete plant product such as
butternut squash is composed of several polysaccharides. The
resulting oligosaccharides yielded a small number of major
products namely those composed primarily of hexose units.
The monosaccharide analysis of the fractionated effluent
yielded the monosaccharide compositions of the peaks (Figure
5B). Based on the combined analyses, several compounds were

readily identified as those composed of starch. These
oligosaccharides consisted of three, four, and five monomer
units (m/z 505.180 at 11 min, m/z 667.235 at 27 min, and m/
z 829.285 at 41 min). Split chromatographic peaks were
observed and corresponded to the alpha and beta anomers.
These compounds were comprised almost exclusively of
glucose (81.7%, 90.4%, 78.1%, respectively). The coelution
of other compounds decreased the relative glucose abundan-
ces. The linkage analysis of these compounds yielded 4-glucose
(43%, 59%, 55%, respectively) and t-glucose (48%, 38%, 39%)
(pie chart insets, Figure 5B). By combining the results from
the three analyses, we conclude that the oligosaccharides were
maltotriose, maltotetraose, and maltopentaose, respectively.
Both the retention times and tandem MS matched the
maltooligosaccharide standards, although different LC gra-
dients were used in the separate analyses.
Oligosaccharides with mixed monosaccharide compositions

were also present. A disaccharide was found to consist of
glucose (49.5%) and fructose (50.5%), while the glycosidic
linkage revealed the presence of t-glucose. Fructose is a
ketosugar and does not derivatize well with PMP; therefore, its
linkages could not be determined. However, the results from
the LC−QTOF MS showed the presence of hexose
disaccharides. The structure was consistent with a disaccharide
having a fructose reducing end and glucose nonreducing end
(inset, Figure 5A). A trisaccharide was observed clustered at
retention times 18−26 min. The oligosaccharide was
composed of glucose (Glc, 35.6%), galactose (Gal, 26.8%),
and fructose (Fru, 37.7%). Tandem MS yielded identical
fragmentation. The multiple peaks suggested the presence of a
reducing monosaccharide and the presence of anomers.
Fructose does not produce anomers at the reducing end,
eliminating the possibility of fructose being on the reducing
end.50,51 The linkage analysis of the oligosaccharide suggested
the structure as Gal-(1 → X)-Fru-(2 → 4)-Glc. The “X”
corresponds to undefined linkage for the reasons written in the
text below. Lastly, a tetrasaccharide at 45 min was found to
consist of glucose (20.4%), galactose (20.9%), and fructose
(58.8%). The linkage analysis revealed t-galactose (33.3%),
and 6-glucose (20.1%). Because t-galactose (33.2%) is higher
in abundance compared to t-glucose (11.1%), the t-galactose
was assigned the terminal position leaving the 6-glucose to be
in the internal position. The monosaccharide analysis revealed
the presence of galactose and glucose residues, and linkage
analysis yielded the structure Gal-(1→ 6)-Glc-(1→ X)-Fru-(2
→ X)-Fru.

Limitation of 3D MS for Oligosaccharide Analysis.
The concept of 3D MS provides structural information on
oligosaccharides that have previously not been achievable by
any single method. However, there are clear limitations to the

Table 4. Table of Saccharides Characterized Using the De Novo Structural Analysis of Oligosaccharides Generated from
Butternut Squash with Retention Time, Monosaccharide Composition, and Linkage Composition

monosaccharide composition (%) linkage composition (%)

compound m/z [M + H]+ tR (min) Glca Galb Fruc 4-Glc 6-Gal 6-Glc t-Fru t-Gal t-Glc

2Hex 343.116 6 43.8 5.1 51.1 6.7 0.6 0.6 1.8 18.5 71.9
3Hex 505.180 11 81.7 6.8 11.5 42.5 0.8 0.8 0.3 7.3 48.4
3Hex 505.180 19, 24 35.6 26.8 37.7 16.8 9.6 9.6 0.1 36.8 27.1
4Hex 667.235 27 90.4 2.4 7.2 59.0 0.3 0.3 0.0 2.2 38.2
5Hex 829.285 41 78.1 7.9 14.1 54.8 0.2 0.2 0.0 6.0 38.8
4Hex 667.231 45 20.4 20.9 58.8 15.5 20.1 20.1 0.0 33.2 11.1

aGlc, glucose. bGal, galactose. cFru, fructose.
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method. Coelution of several compounds can limit the
specificity of the analysis. This condition can be remedied by
further optimizing the separation conditions by using a
different stationary phase such as HILIC and by significantly
longer chromatographic separation.
The unique structure of fructose makes it difficult to obtain

linkage information. Being a keto sugar, it was difficult to label
with PMP, and its sensitivity was significantly lower compared
to other monosaccharides. In the partially methylated form, the
monosaccharide appeared even less reactive to PMP thereby
restricting the formation of labeled, partially methylated
fructose. The differences in reactivity needs further inves-
tigation. However, the terminal fructose was observable and
measured. Work is currently being performed to find a better
labeling method for fructose.
There are additional limitations with the method serving as a

reminder of the difficulties in elucidating complete structures.
The α/β character of the glycosidic linkages could not be
resolved using the 3D MS workflow. However, the workflow
can differentiate oligosaccharide isomers by yielding differ-
ential retention times for distinct α/β linkages. For example,
maltotriose with α(1→ 4) linkages and cellotriose with β(1 →
4) linkages are isomers with widely different retention times (a
difference of as much as 5 min was observed on the PGC
column). For this study, the anomeric character was known
based on retention times and the components of the squash.
However, if needed other techniques may be used and adapted
to the workflow. NMR can be used on the isolated
compounds. Alternatively, an LC−MS approach using
enzymatic treatments that can also be applied on separated
oligosaccharides.52 Enzymes can be targeted based on the
elucidated monosaccharide and linkage information.

■ CONCLUSIONS

A 3D LC−MS/MS-based workflow was developed for the
structural elucidation of oligosaccharides derived from plant
polysaccharides. This workflow can be employed for pure
oligosaccharides, polysaccharides, and complicated polysac-
charide mixtures such as those found in plants or food. This
approach utilized LC−MS with inline collection of fractions
that are further probed by separate LC−MS analyses yielding
the corresponding monosaccharide compositions and linkage
information on the eluting oligosaccharide. Method validation
was performed on maltooligosaccharides, oligosaccharides
derived from the polysaccharide galactan, and a food product,
butternut squash. The optimized workflow yielded separated
oligosaccharides with structures. The approach can also be
applied to rapidly build glycome libraries of new and novel
oligosaccharides.
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