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Abstract

The identification of polysaccharide structures in biological samples remains a unique challenge
complicated by the lack of specific tools for polymeric mixtures. In this work, we present a
method that dissociates plant polysaccharides to generate diagnostic oligosaccharide markers that
are then analyzed by high performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (HPLC-QTOF MS). Rapid identification of food polysaccharides was performed
by aligning the identified oligosaccharides with a fingerprint library of oligosaccharide markers
generated from standard polysaccharides. Measurements of standard and food polysaccharides
were performed to obtain the contributions of the identified polysaccharides using percent peak
coverage and angle cosine methods. The method was validated using a synthetic mixture of
standard polysaccharides including xyloglucan, amylopectin, and arabinoxylan. Reproducibility
of the oxidative dissociation method was confirmed with experimental triplicates of butternut
squash (Cucurbita moschata) samples, where standard deviation was less than 3% for the
relative abundance of oligosaccharides. The method was further employed to examine various
foods including coconut flesh (Cocos nucifera), yellow corn meal (Zea mays), jackfruit flesh
(Artocarpus heterophyllus), guava flesh (Psidium guajava), yam leaves (Dioscorea sp.), bok
choy leaves (Brassica rapa), wheat grass ( 7riticum sp.), whole grain oat cereal (Avena sativa),
horseradish root (Armoracia rusticana), and spent coffee grounds (Coffea arabica).

INTRODUCTION

Plant polysaccharides are the most abundant biomacromolecules found in nature,

and they are central to a wide range of biological, agricultural, and industrial

applications. Polysaccharides often have bioactive properties when consumed. For example,
mushroom polysaccharides, which include chitin, a- and p-glucans, mannans, xylans,

and galactans, are found to have antitumor and immunomodulating activities.! Beyond
food, polysaccharides are also components in therapeutics and nutraceutical products.1:2
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Polysaccharides can also be used in monitoring agricultural products. Different stages in
plant maturity has been associated with changes in polysaccharide compositions.3-> Apples,
for example, are considered ripe when they reach a low glucan and high polyuronide
polysaccharide composition.® Commercialization of polysaccharide products also employ
polysaccharide composition analysis primarily for batch-to-batch product validation.”-8

For example, the polysaccharide components in tea-based Chinese herbal medicines are
monitored across batches to ensure all products contain the same composition in order to
facilitate similar health benefits.® In such practices, the methods for polysaccharide analysis
often requires tedious sample preparation and several instrument platforms, rendering them
unsuitable for broad characterization of the different structural classes of polysaccharides.

There remains a clear and considerable need for rapid polysaccharide identification.1? Plant
polysaccharides have wide structural diversity as they can be composed of a variety of
monosaccharides, linkage types, and degree of branching. As a result, there is no single
method that can fully characterize polysaccharide compositions in complex matrices such
as food. A traditional method for structural elucidation of plant polysaccharides involves
nuclear magnetic resonance spectroscopy.t However, this technique can only be performed
on a highly concentrated and pure polysaccharide sample.1213 Plant polysaccharide
composition analysis has also been performed by Fourier-transform infrared spectroscopy
and applying extensive chemometrics.141° In this analysis, the majority of the diagnostic
peaks are located in the fingerprint region of the spectrum. Even with the use of
chemometrics, significant overlap in the fingerprint region causes the analysis to increase

in complexity as the number of polysaccharides in the mixture increases.

Mass spectrometry (MS) has been employed for the characterization of plant
polysaccharides due to its high sensitivity and the ability to discriminate by mass-to-
charge ratios. However, to be amenable to MS, polysaccharides must be dissociated
into oligosaccharides through either enzymatic or chemical processes. For example,
enzymatically released plant oligosaccharides were used as diagnostic fingerprints to
identify polysaccharides. This method used matrix-assisted laser desorption ionization-
time of flight MS to characterize the oligosaccharides.16:17 However, the method lacks
isomer separation of oligosaccharides which renders branching and linear structures
indistinguishable. Additionally, a major drawback for enzymatic hydrolysis is that it
requires the use of specific enzymes for each type of polysaccharide present. There is
no single enzyme capable of universally cleaving all polysaccharides. Acid hydrolysis
with gas-chromatography MS (GC-MS) of monosaccharides has also been used to predict
the parent polysaccharide structures.18-21 However, the monosaccharide arrangement
information is lost during acid hydrolysis which renders the technique less suitable for
overall polysaccharide identification.

In this research, we employed a recently developed chemical method for the dissociation

of plant polysaccharides into oligosaccharides.?2 The method was optimized to be universal
among plant polysaccharides. The resulting oligosaccharides were analyzed using liquid
chromatography-mass spectrometry. Generated oligosaccharides were matched against a
library of oligosaccharide fingerprints created from standard polysaccharides to determine
the polysaccharide composition.
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METHODS

Samples and Materials.

Sodium borohydride (NaBH,), sodium hydroxide (NaOH), sodium acetate, glacial

acetic acid, trifluoroacetic acid (TFA), hydrogen peroxide (H»O5), and iron(l11) sulfate
pentahydrate (Fex(SO4)3-5H20) were purchased from Sigma-Aldrich (St. Louis, MO).
Galactan, amylose, p-glucan, arabinan, xyloglucan, curdlan, arabinoxylan, lichenan,
glucomannan, mannan, galactomannan, arabinogalactan and xylan were purchased from
Megazyme (Bray, Ireland). Microcrystalline cellulose was purchased from ACROS
Organics. Yellow corn meal (Zea mays), wheat grass ( 7riticum sp.), whole grain oat

cereal (Avena sativa), horseradish root (Armoracia rusticana), and coffee grounds (Coffea
arabica) were purchased from the Davis Co-op (Davis, CA). Coconut (Cocos nucifera),
jackfruit (Artocarpus heterophyllus), guava (Psidium guajava), yam leaves (Dioscorea sp.),
bok choy leaves (Brassica rapa) were purchased from 99 Ranch Market (Sacramento, CA).
Acetonitrile (ACN, HPLC grade) was purchased from Honeywell (Muskegon, MI). Formic
Acid (FA) was purchased from Fisher Scientific (Belgium, UK). Porous graphitized carbon
(PGC) solid phase extraction (SPE) plates were purchased from Glygen (Columbia, MD).
Nanopure water (18.2 MQ-cm) was used for all experiments.

Generation of Representative Oligosaccharides.

Polysaccharides were dissociated using an oxidative method optimized toward several
polysaccharides.?2 The treatment was performed on standard polysaccharides and food
samples. Briefly, a reaction solution was prepared using 95% (v/v) 40 mM sodium acetate
buffer adjusted to pH 5 with glacial acetic acid, 0.29 M hydrogen peroxide, and 65 pM
Fe,(S04)3. The reaction mixture was vortexed and added to polysaccharide standards and
food samples resulting in a final concentration of 1 mg/mL. To initiate the reaction, samples
were incubated at 100 °C for 20 mins with a follow-up treatment with equal volume of 2 M
NaOH to quench the reaction. Neutralization was performed by the addition of glacial acetic
acid.

Reduction of Oligosaccharides.

Oligosaccharides were reduced by treatment with 1 M NaBH, for 1 hour of incubation

at 65 °C. Purification of oligosaccharides was performed using PGC cartridges. Cartridges
were conditioned with 80% ACN and 0.1% (v/v) TFA. After loading the reaction mixture,
samples were washed with five column volumes of water. Elution of oligosaccharides was
performed using 40% ACN with 0.05% (v/v) TFA. Evaporative centrifugation was used to
dry the samples to completion.

High performance liquid chromatography-quadrupole time of flight mass spectrometry
(HPLC-QTOF MS) analysis.

Samples were reconstituted in nanopure water before HPLC Q-TOF MS analysis. Analytical
separation was carried out using an Agilent 1260 Infinity Il HPLC coupled to an

Agilent 6530 Accurate-Mass Q-TOF mass spectrometer operated in the positive mode.
Chromatographic separation was performed on an analytical PGC column (Hypercarb, 5
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um, 1 x 150 mm, Thermo Scientific). A binary gradient was employed and consisted of
solvent A (3% (v/v) ACN/H,0 with 0.1% FA) and solvent B (90% ACN/H,0 with 0.1%
FA). A 45-min gradient with a flow rate of 0.150 mL/min was used for chromatographic
separation: 3-25% B, 0-15 min; 25-25% B, 15-18 min; 25-99% B, 18-30 min; 99-99%

B, 30-32 min; 99-3% B, 32-34 min; 3-3% B, 34-45 min. Internal calibrant ions ranged
from m/z121.051 to m/z2421.914. Drying gas temperature and flow rate were set to

150 °C and 11 L/min, respectively. Operation voltages for the fragment, skimmer, and
octupole 1 RF were 175, 60, and 750 V, respectively. The acquisition rate was set to 0.63
spectra/second. For fragmentation, the linear function, Collision Energy = 1.45*(m/2)-3.5,
was employed. Data obtained from the HPLC-QTOF MS was collected using Agilent
MassHunter Workstation Data Acquisition version B.06.01. The acquired data was analyzed
using Agilent MassHunter Quantitative Analysis version B.06.00. Oligosaccharides were
manually identified using tandem MS, where neutral mass losses of the monosaccharides
were monitored. The LC-MS profiles were annotated with the number of monosaccharides
per monosaccharide class (Hexose or Hex, Pentose or Pnt, 4- O-Methylated Glucuronic
Acid or GcaOMe) involved in the makeup of the identified oligosaccharide. The number of
monosaccharides was represented as a subscript. For example, oligosaccharides containing
a mixture of monosaccharide classes were labeled as Hex,Pnt,,, where 17 represents the
number of hexoses and /m represents the number of pentoses. Thus, a monosaccharide
composition of HexsPnt indicated the presence of an oligosaccharide composed of 3 hexoses
and 1 pentose resulting in an overall degree of polymerization (DP) of 4.

Measurement of similarity between chromatographic profiles.

Two methods were employed to examine the similarity between the chromatographic
profiles of standard and food polysaccharide samples. Peak coverage determines the
percentage of oligosaccharide peaks observed in the food sample relative to the
polysaccharide standard. Therefore, the higher the number of matched oligosaccharide peaks
between the food and standard polysaccharide LC-MS profiles, the higher the percent peak
coverage value for that polysaccharide.

A second approach involves a chemometric technique using the angle cosine method. In
this method, the two chromatograms under investigation are treated as vectors. The number
of oligosaccharide peaks along with the corresponding area are included in the similarity
computation. The angle cosine method was applied to measure the similarity between the
two vectors which was calculated using Equation (1):

n
i = 1XiVi

#COS —
\/Zzn= 1xi22?= 1yi2

where x;and y;refer to the chromatographic peak areas of oligosaccharide 7between the two
samples, respectively and 7 is the number of chromatographic peaks. In this manner, a 7%
value of 0 indicates that there is no similarity between the two chromatograms while a value
of 1 signifies that the two chromatograms are the same.
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RESULTS AND DISCUSSION

The method employs oxidative dissociation of polysaccharides followed by reduction of
product oligosaccharides and purification before HPLC-QTOF MS analysis (Figure 1).
Dissociation of polysaccharides to oligosaccharides was performed using a metal catalyst,
Fe»(S04)3, and an oxidizing agent, H,O», to produce hydroxyl radicals. Oligosaccharides
were released and neutralized using NaOH and glacial acetic acid, respectively. The
generated oligosaccharides were reduced using NaBH, to prevent chromatographic anomer
separation during analysis. A final cleanup procedure employing solid phase extraction
was performed to purify the oligosaccharide fraction. Reduced oligosaccharides were then
analyzed by HPLC-QTOF MS.

Optimization of Reaction Conditions

To achieve the optimal reaction conditions, several parameters were optimized including
the concentration of Fey(SQO4)3 and H,0,, pH, reaction time and temperature. A substrate
with a diverse monosaccharide and glycosidic linkage composition and a high degree

of branching was chosen for the optimization of the reaction conditions. Xyloglucan,

a heteropolysaccharide known to contain a B(1—4) glucose backbone with occasional
a(1—6) xylose side-chains capped with galactose residues?® was used for the optimization
of the concentrations of Fey(SO4)3 and HoO», pH, reaction time and temperature. The
efficacy of the reaction was monitored by examining the total peak area and average DP of
the generated xyloglucan oligosaccharides in the chromatogram.

Concentrations of Fe;(SO4)3 and H,0, were found to have significant roles on the

overall efficiency of the oxidation reaction.2425 The optimal Fe,(SQO4)3 concentration was
determined by comparing the total peak areas of the generated xyloglucan oligosaccharides
with concentrations of 0.0065, 0.065, 0.65, 1.95, 6.5, and 65 uM. Maximum yield

of oligosaccharides was observed at 65 UM of Fe;(SOg4)3 (Figure 2A). The optimized
Fe,(S04)3 concentration was then used to optimize for the concentration of H,O,. The H,0,
concentration was varied at concentrations of 0.06, 0.29, 0.58, and 1.16 M. Oligosaccharide
yield was highest at 0.29 M of H,O5 (Figure 2B). Correspondingly, the highest average DP
of the generated product oligosaccharides was also observed at 0.29 M H,0,.

To optimize the buffer pH, a pH range between 2.0 to 12.0 was evaluated with the optimized
concentrations of Fey(SO,4)3 and HoO». Previous studies on similar reactions revealed a
strong pH dependency.26:27 The optimal pH for efficient oligosaccharide production was
determined to be approximately 5.0 as shown in Figure 2C. At pH 12.0, the average

DP increased further. However, the total peak area of oligosaccharides was substantially
lower. Under alkaline conditions, the decline in the progress of the oxidation reaction was
attributed to the precipitation of Fe(OH)3.24

Reaction time and temperature were also determined to be important parameters in the
efficiency of the oxidation reaction. The temperature was varied between 25 °C and 100 °C
in increments of 25 °C while time was varied between 0 min and 120 min in increments

of 20 min. Optimal yield was obtained at a temperature and time of 100 °C and 20 min
(Figure 2D). The highest average DP of product oligosaccharides in the chromatogram was
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observed at 75 °C after 60 min (Figure 2E). However, the total yield at these conditions was
substantially lower. Thus, a temperature of 100 °C and time of 20 min was chosen as the
optimal condition for effective polysaccharide dissociation.

Method Validation

The optimized reaction conditions were used to generate a series of oligosaccharides

that would fingerprint the corresponding plant polysaccharides. These oligosaccharides
generated from commercially available polysaccharide standards were tabulated in
Supplementary Information 1, which includes their retention time, monoisotopic mass,
oligosaccharide composition, and parent polysaccharide of each identified oligosaccharide.

A validation step was performed to confirm the concept of fingerprinting plant
polysaccharides using diagnostic oligosaccharides. The method was validated using a
synthetic mixture of polysaccharide standards including arabinoxylan, xyloglucan, and
amylopectin. The polysaccharides, mixed at equivalent ratios by mass, were reacted

using the optimized conditions for oxidative dissociation to produce representative
oligosaccharides. The LC-MS oligosaccharide profile of a mixture of the three
polysaccharides is shown in Figure 3D. Peak annotation and matching were performed using
the individual LC-MS profiles for arabinoxylan, xyloglucan, and amylopectin as shown in
Figure 3A-C, respectively.

LC-MS profiles of the individual standard polysaccharides were compared with the LC-MS
profile of the mixture using the peak coverage method. The peak coverage value of a
polysaccharide represents the percentage of oligosaccharide peaks observed from a mixture
in relation to the oligosaccharide peaks observed from a pure polysaccharide solution.
When compared to the pure sample, oligosaccharides in the mixture from amylopectin

had a peak coverage value of 93%, while xyloglucan and arabinoxylan had 45% and

25%, respectively. The discrepancy in the peak coverage values was ascribed to the

wide distribution of molecular weights of the manufactured pure polysaccharides. There
was an inherent difference in the molar ratio of the polysaccharides introduced into

the oxidative dissociation reaction. However, the three polysaccharides in the mixture

were successfully identified using oligosaccharide fingerprint information, which included
monosaccharide composition, retention time, and monoisotopic mass. Thus, employing

the oligosaccharide fingerprint library from pure polysaccharides for the identification of
unknown polysaccharide compositions in a mixture was successfully validated.

Polysaccharide fingerprinting

The capabilities of the polysaccharide fingerprinting method were probed by analyzing
unknown polysaccharide compositions of various foods. The optimized oxidative
dissociation method for polysaccharides was applied to food samples to generate
representative oligosaccharides. Oligosaccharide fingerprints from food LC-MS profiles
were matched with the library of oligosaccharide fingerprints generated from standard
polysaccharides to confirm the corresponding polysaccharide composition. For example,
if a Hexg at a retention time of 14.36 min was observed in the food LC-MS profile, it
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was inferred using the fingerprinting library that the Hexg was generated from amylose.
Retention time shifts were corrected during peak alignment and library matching.

The reproducibility of the oxidative dissociation reaction was determined using a food
sample. Experimental triplicates of butternut squash were analyzed to ensure that the
method generates reproducible LC-MS profiles and polysaccharide compositions. For
each identified oligosaccharide, the retention time, oligosaccharide composition, and
polysaccharide of origin are shown in Table 1. Average relative abundances and their
corresponding standard deviations were also tabulated. Overall, standard deviation values
were less than 3% for relative abundances greater than 1%, demonstrating reproducibility
of the method for oxidative dissociation of polysaccharides. Moreover, the polysaccharide
composition of butternut squash correctly identified amylose and cellulose, which were in
good agreement with literature.28 Oligosaccharide peaks that were not identified using the
library were binned until future assignments.

In addition to identification of the polysaccharides, an estimation of relative abundances was
performed using similarity calculations between the LC-MS profiles of food and standard
polysaccharides, specifically, the peak coverage and angle cosine methods. Identified
polysaccharides that have high peak coverage values encompassed a greater number of
oligosaccharide matches to the corresponding LC-MS profiles of standard polysaccharides.
While peak coverage was an adequate method for running a quick measure of similarity by
peak count, it did not consider peak areas. Thus, a chemometrics approach, employing

the angle cosine method, was additionally used to measure similarity by treating the
chromatograms from food and standard polysaccharides as vectors. The angle cosine method
calculates r<°s values (similarity indices) using Equation 1, where a value of 1 indicates

high similarity and a value of 0 indicates low similarity between the two chromatograms.
The calculated similarity indices along with the percent peak coverage values between the
LC-MS profiles of food and standard polysaccharides are summarized in Table 2.

An estimation of the abundance of the identified polysaccharides was performed using
output values from the angle cosine method.2%:30 Similarity index were used to estimate
which polysaccharides have the highest contribution to the polysaccharide composition of
different food samples. The LC-MS profiles of identified polysaccharides that have high
similarity indices resembled the profiles from standard polysaccharides. Therefore, such
polysaccharides could have higher abundances in the sample relative to others. Validation of
the concept was performed by evaluating of how well similarity indices conformed with the
abundances of polysaccharides reported in literature as discussed below.

Food polysaccharide composition analysis

Oligosaccharide profiles of food samples including coconut flesh, yellow corn meal,
jackfruit flesh, guava flesh, yam leaves, bok choy leaves, wheat grass, whole grain
oatmeal cereal, horseradish root, and spent coffee grounds are shown in Figure 4A—
J. The results of the identified polysaccharides from food samples were compared to
the profiles found in literature. However, literature values typically did not provide
deep coverage in the polysaccharide analysis of most foods. In such cases, the
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reported monosaccharide composition analyses were compared with our findings from the
polysaccharide fingerprinting method.

The LC-MS profile of the copra of coconut (Cocos nucifera) was determined to be
composed of galactomannan, cellulose, mannan, arabinogalactan, B-glucan, arabinan,
lichenan, and glucomannan (Figure 4A). In literature, it was reported that the coconut flesh
was composed of mannan-based polysaccharides, which were the highest in abundance.3!
From our results, similarity indices from the angle cosine method for galactomannan

and mannan were 0.586 and 0.494, respectively. Thus, the similarity indices were

most likely directly proportional to the true abundance of the observed polysaccharides.
Additionally, our method was capable of differentially identifying mannan, glucomannan,
and galactomannan polysaccharides. Based on the results, it was evident that coconut

flesh was mainly composed of mannan and galactomannan polysaccharides. Yellow corn
meal (Zea mays), which is largely composed of corn starch, was expected to contain
amylose polysaccharides.32 Similarly, the results indicated that yellow corn meal was mainly
composed of amylose as shown in Figure 4B. The peak coverage was 95% with a similarity
index of 0.947, indicating a high abundance of amylose. Additionally, several Hex,Pent,
peaks were observed that did not correspond to any reference polysaccharides. These peaks
were binned for future assignments of currently unknown polysaccharides.

Jackfruit flesh (Artocarpus heterophyllus) polysaccharides were determined to be composed
of amylose, cellulose, p-glucan, galactomannan, arabinoxylan, and glucomannan (Figure
4C). Based on literature, jackfruit flesh was mainly composed of glucose, arabinose,

and galactose monosaccharide components.33:34 While the literature results did not

include polysaccharide compositions, the overall polysaccharide composition from the
fingerprinting method matched with the reported monosaccharide compositions. Both
amylose and cellulose were comparable to the standard profiles as represented by similarity
indices of 0.976 and 0.705, respectively. Previous reports indicated a high abundance

of glucose,33:34 which could be attributed to amylose and cellulose. Moreover, several
Hex,Penty, oligosaccharides were also identified. Based on the reported monosaccharide
composition,33:34 arabinose could be one of the potential sources of the Hex,Pent,
oligosaccharides.

Guava flesh (Psidium guajava) was composed of amylose, cellulose, arabinoxylan,
xyloglucan, xylan, and glucomannan. A previous report found that guava flesh was primarily
composed of glucose, xylose, and arabinose constituents,3° confirming the results from the
fingerprinting method (Figure 4D). Here, cellulose and amylose were the large contributors
of the glucose content with similarity indices of 0.823 and 0.567, respectively. Additionally,
one of the polysaccharides isolated from guava flesh in a previous study was characterized
to contain a combination of 3-linked arabinose, 5-linked arabinose, 2,3,5-linked arabinose
backbone with occasional glucose branching.3¢ Thus, the binned Hex,Pent,, peaks could
potentially correspond to the presence of a ‘glucoarabinan’ type polysaccharide.

Polysaccharides from yam leaves (Dioscorea sp.) are composed of B-glucan, cellulose,
curdlan, galactomannan, amylose, and arabinan, as shown in Figure 4E. There have been no
report to our best knowledge of polysaccharides in yam leaves, however several studies have
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reported the presence of mannan in yam.37-38 Using our method, galactomannan was found
with a peak coverage of 7% and a similarity index of 0.202. Based on this observation,
galactomannan was present at a lower abundance in yam leaves. Moreover, polysaccharide
analysis of other types of yam have found B(1—3) linked glucose residues,3® which was
consistent with the presence of B-glucan and curdlan polysaccharides with similarity indices
of 0.435 and 0.568, respectively.

The diverse composition of bok choy leaves (Brassica rapa) included cellulose, mannan,
galactomannan, and glucomannan (Figure 4F). Previous neutral monosaccharide analysis
indicated a high abundance of glucose, galactose, and mannose residues.%0 Therefore, it
was consistent with the presence of cellulose, mannan, glucomannan, and galactomannan.
The similarity indices for cellulose, mannan, glucomannan, and galactomannan were 0.564,
0.472, 0.103, and 0.188, respectively. This indicated that cellulose and mannan contributed
to the high concentration of glucose and mannose. A significant amount of arabinose was
previously reported,*0 which could be a possible component of the observed Hex,Penty,
oligosaccharides.

The polysaccharide composition of wheat grass ( 7riticum sp.) included cellulose, xylan,
arabinan, and amylose (Figure 4G). Previous studies reported xylan, arabinan, and p-glucan
as significant polysaccharide components of wheat grass.*142 Literature from hydrolysis
experiments determined high abundance of glucose, xylose, and arabinose residues.*3 The
similarity indices of amylose, cellulose, xylan, and arabinan were 0.893, 0.593, 0.500, and
0.0086, respectively. Thus, the largest contribution to the overall polysaccharide concentration
originated from amylose, cellulose, and xylan. The results were similarly consistent with the
previously reported compositions.

Whole grain oat (Avena sativa) cereal was composed of amylose, mannan, and arabinan

as shown in Figure 4H. Several reports indicated the presence of amylose,** arabinan,*°
and B-glucans.#6:47 Using the fingerprinting method, amylose and mannan had the highest
similarity indices, with 0.863 and 0.349, respectively. The results indicate that whole grain
oat is largely abundant in amylose. Polysaccharides from horseradish (Armoracia rusticana)
root included arabinan, p-glucan, curdlan, cellulose, xylan, and amylose (Figure 41). In
literature, cellulose and starch were the most notable components of horseradish roots.*8
Results from the polysaccharide fingerprinting method indicated a predominant presence of
amylose and cellulose with similarity indices of 0.947 and 0.431, respectively. The percent
peak coverage values were 32% for amylose and 100% for cellulose.

The polysaccharide fingerprinting method was also applied to spent coffee grounds (Coffea
arabicd) (Figure 4J). Spent coffee grounds were composed of amylose, cellulose, p-glucan,
galactomannan, and arabinogalactan. Monosaccharide composition analysis from literature
indicated that glucose, galactose, and mannose were major residues present.#? These results
were in agreement with the corresponding polysaccharides from the fingerprinting method.
The angle cosine similarity values for amylose, p-glucan, and arabinogalactan were 0.995,
0.568, and 0.319, respectively. Here, amylose and B-glucan are likely to be the more
abundant polysaccharide structures which is comparable to the reported monosaccharide
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analysis.* The percent peak coverage values for amylose, B-glucan, and arabinogalactan
were 79%, 33%, and 2%, respectively.

CONCLUSIONS

We have developed a method for determining the polysaccharide composition of food
based on polysaccharide dissociation and oligosaccharide fingerprints generated from
polysaccharide standards. This method represented a substantial improvement to the slow
and stepwise methods for polysaccharide analysis. The oligosaccharide fingerprinting
method was validated using a synthetic mixture of standard polysaccharides comprising
of xyloglucan, amylose, and arabinoxylan. Method reproducibility was confirmed with
experimental triplicates of butternut squash samples, where the overall standard deviation
values were calculated to be less than 3% for oligosaccharides with relative abundances
greater than 1%. Successful polysaccharide composition identification was performed for
ten various food samples. The identified polysaccharide list was validated by comparison
with the known compositions in literature. Similarity index from angle cosine method
was proven to be consistent with previously reported polysaccharide compositions of food
samples and demonstrated to be an effective measure of similarity between pure standard
and food polysaccharide LC-MS profiles.

Conventional methods for polysaccharide analysis mostly rely on monosaccharide and
linkage information to predict the polysaccharide structures in the sample, which

often results in several predicted candidates of the parent polysaccharide structures.>°

In contrast to previous techniques, the presented method is capable of differentially
identifying polysaccharides in food matrices such as glucose polysaccharides including
amylose, cellulose, curdlan, lichenan, and B-glucan, which would otherwise be rendered
indistinguishable from monosaccharide composition data.

Extending the current polysaccharide fingerprinting method for quantitation of
polysaccharides would require an orthogonal tool to measure the concentration of identified
polysaccharides. In combination with the polysaccharide fingerprinting method, quantitation
of polysaccharides using an LC-MS platform is currently being developed and will be

the topic of future reports. The presented optimized oxidative method for polysaccharide
dissociation and the comprehensive library of oligosaccharide fingerprints will allow for a
more targeted and rapid workflow for profiling polysaccharides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1. Reduction
2. Solid phaseextraction

HPLC-QTOF MS

|

I

MU

o=

Oxidative dissociation of polysaccharides generates representative oligosaccharides which
were reduced and purified for HPLC-QTOF MS analysis. Oligosaccharides identified in
the LC-MS profile were aligned with the oligosaccharide fingerprint library to identify the

corresponding parent polysaccharide.
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Effective polysaccharide dissociation was performed by optimizing several reaction
parameters including the concentration of Fex(SO4)3 (A) and H,05 (B), and pH (C). Time
and temperature combination were also optimized to ensure high total peak area (D) and
average DP (E) of the generated oligosaccharides.
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illustrated. Using oligosaccharide fingerprints, all three polysaccharides were successfully

polysaccharide standards. Annotated base peak chromatograms of the oligosaccharide
identified in the mixture.

Polysaccharide fingerprinting method validation was performed using a mixture of three
profiles of amylopectin (A)

Figure 3.
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Curdlan
Cellulose

Food polysaccharide fingerprinting was performed with coconut flesh (A), yellow corn
meal (B), yam leaves (C), bok choy leaves (D), guava flesh (E), jackfruit flesh (F),wheat
grass (G), whole grain oat cereal (H), horseradish roots (1), and spent coffee grounds (J).
Corresponding polysaccharides are represented in a color-coded legend. Annotations of
co-eluting peaks are separated by a comma. Oligosaccharides that are not present in the
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library were binned until future assignments. Non-oligosaccharide peaks were denoted with

().
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Oxidative dissociation method reproducibility was performed with experimental replicates (7= 3) of whole
butternut squash sample. For relative abundances greater than 1%, standard deviations were calculated to be

less than 3%, signifying the method reproducibility for polysaccharide dissociation.

RT (min)

monosaccharide composition

relative abundance (%)

polysaccharide of origin

10.92
12.88
13.87
14.50
3.70

10.92
12.88
15.16
13.87
3.70

25.50
19.74
14.50
15.16
20.05
18.41
11.93
16.16
19.50
20.55
21.64

Hexy
Hexs
Hexg
Hex;
Hexs
HexsPnt
Hex4Pnt
Hexg
HexsPnt
Hex,Pnt
Hexs
Hex,
HexgPnt
Hex;Pnt
Hexy3
Hexyq

HeX3#

Hexg
Hexy,
Hex14

Hexqg

17+2
14+1
9+0
7+3
5+1
4%1
4+0
4+1
30
20
23
2+3
2+1
2+2
1+1
1+0

amylose
amylose
amylose
amylose

amylose

*

*
amylose

*

*

cellulose

cellulose

*

*

amylose
amylose

*

amylose
amylose
amylose

amylose

*
Not present in the oligosaccharide fingerprinting library

Non-reducing oligosaccharide
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