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ABSTRACT: Many dietary products containing polysaccharides, mostly starch and cellulose, are processed by thermal
treatment. Similarly to the formation of caramel from mono- and disaccharides, the chemical structure of the carbohydrates is
dramatically altered by heat treatment. This contribution investigates the products of thermal decomposition of pure starch and
cellulose as model systems followed by an investigation of bread obtained at comparable conditions using a combination of
modern mass spectrometry techniques. From both starch and cellulose, dehydrated oligomers of glucose and dehydrated glucose
have been predominately observed, with oligomers of more than four glucose moieties dominating. Moreover,
disproportionation and oligomers with up to six carbohydrates units are formed through unselective glycosidic bond breakage.
MALDI-MS data confirm the presence of the majority of products in toasted bread.
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Bl INTRODUCTION

Carbohydrates, the most abundant biomolecules in nature, are
present in all living system as monosaccharides or combined as
polysaccharides," playing an important role as structural
material and energy reserves.” All foods of plant origin contain
polysaccharides in abundance. Starch and cellulose are the two
most common polysaccharides present in dietary plants,
consisting of glucose connected via a-1,4- and f-1,4-glycosidic
bonds, respectively.> In particular, starch is observable in
various dietary plant sources (e.g, corn, potato, wheat, and
rice)** being the most important source of chemical energy in
food as well as the predominant contributor to energy intake in
a typical human diet.*”®

Most foods are consumed by humans after thermal treatment
including cooking, baking, frying, or roasting. In the process of
these thermal treatments all carbohydrates in food undergo
significant chemical changes frequently described as non-
enzymatic browning reactions. In the field of carbohydrate
chemistry the best-known examples are the thermal conversion
of glucose and sucrose to caramel and the Maillard reaction
between saccharides and amino acids at elevated temperatures,
forming a material referred to as melanoidins. Melanoidins are
present in all thermally treated carbohydrate-rich foods with
their daily human intake from all dietary sources estimated by
Fogliano and Morales at 10 g per day.’ Melanoidins are
composed of reaction products arising from thermal treatment
of carbohydrates alone and from reaction products of
carbohydrates with nitrogen-containing species including
amino acids and proteins. Despite many advances, the
molecular composition of melanoidins and the mechanism of
formation of thermally treated carbohydrates must be
considered as sketchy. This fact is closely linked to the
limitations of analytical chemistry, which in the past, due to
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restrictions in resolving power, has struggled to provide
methods capable of analyzing extremely complex materials
containing thousands of individual analytes.

Recently, modern mass spectrometry has evolved as a
technique able to overcome these limitations and provide for
the first time detailed insight into the myriad compounds
formed in food processing providing both structural informa-
tion and mechanistic information. We have developed an
analytical strategy, which we have termed domino tandem mass
spectrometry. In a first step we take advantage of the ultimate
resolving power of ultrahigh-resolution mass spectrometry
(MS) to count all detectable analytes within the sample and
provide extensive lists of molecular formulas present in the
sample. Using graphical and chemometric tools such as van
Krevelen analysis, Kendrick analysis, or homologous series
analysis, the experimental data set is exploited to establish a
structural and mechanistic model accounting for all chemical
processes in the sample. In a second consecutive step (therefore
the term domino tandem) using LC-tandem MS, the structural
hypothesis is verified or not. Using LC-tandem MS, it is
possible to resolve isomeric compounds in the chromatographic
dimension and obtain valuable structural information based on
fragment spectra. We have applied this approach to the analysis
of black tea thearubigin formation,'® to the formation of
roasted coffee melanoidins,'" and recently to the investigation
of caramel formed from glucose, fructose, and sucrose.'” In this
contribution we apply our analytical strategy to the
investigation of thermal decomposition products obtained
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from starch and cellulose model systems followed by an
investigation on thermal degradation products in toasted bread
as a real food example, thereby identifying a large series of
compounds structurally identical to those formed in the model
systems.

Besides the important area of food chemistry, thermal
treatment of polysaccharides is used in many other industries, ">
including products such as paper, adhesives, cosmetics,
bioplastics, and, most importantly, biofuel.'* Cellulose is the
main cell wall polysaccharide,”” and the most abundant
biological material on Earth,'® with production of approx-
imately 1.5 X 10'? tons annually.'” In particular, the production
of biofuels from cellulose-rich agricultural plants takes frequent
advantage of thermal processing steps to achieve carbonization,
including steps chemically identical to those observed in baking
or roasting.

B MATERIALS AND METHODS

Chemicals. All solvents (analytical grade) and chemicals were
purchased from Sigma-Aldrich (Bremen, Germany).

Sample Preparation. All sugar samples (1 g) were heated in an
oven for 2 h at 180 °C (glucose) and 220 °C (starch and cellulose).
The heated samples were stored at room temperature. Heated
carbohydrates (1 mg) were dissolved in water, filtered, and directly
used for mass spectrometry measurements. Toast was prepared from
bread purchased from a supermarket in Bremen, Germany. The slices
of bread were heated in the toaster for 3 min. Afterward, the crust was
removed and dissolved in water for analyses.

ESI-FT-ICR MS. ESI-FT-ICR experiments were performed on a
high-resolution mass spectrometer FT-ICR (Fourier Transform Ion
Cyclotron Resonance) Varian-920, provided with a 7.0 T actively
shielded superconducting magnet and equipped with an ESI source in
line with a triple-quadrupole Varian-320 MS. The solution was directly
infused into the ESI source at 20 #L/min of the flow rate. Quadrupole
and hexapole ion guides, accumulation ion hexapole, and the other key
components were optimized to maximize detection in the m/z 200—
1500 range. Commercial beer maltooligosaccharides were used as mass
calibrants and tuning standards in both positive and negative ion
modes.'® Tandem MS experiments were performed pulsing a 10.6 um
CO, laser (Synrad model 48-2, Mukilteom WA, USA) for infrared
multiphoton dissociation (IRMPD). Product ion formation was
optimized by varying the IRMPD laser pulse around 400 ms at
~45% of total power (25 W).

High-Resolution ESI-TOF-MS. High-resolution mass spectra were
recorded using a Bruker Daltonics micrOTOF instrument employing
negative and positive electrospray ionization modes. The MicrOTOF
Focus mass spectrometer (Bruker Daltonics) was fitted with an ESI
source, and internal calibration was achieved with 10 mL of 0.1 M
sodium formate solution. Calibration was carried out using the
enhanced quadratic calibration mode. All MS measurements were
performed in negative and positive ion modes. It should be noted that
the intensities of the measured peaks in a TOF calibration, influenced
the magnitude of the mass error with high-intensity peaks resulting in
detector saturation displaying larger mass errors. Usually this problem
can be overcome by using spectra averaging on the side flanks of a
chromatographic peak or by taking more diluted samples.

Data Analysis. Molecular formulas were calculated using Bruker
software Data Analysis 4.0. The data were subsequently exported to
Excel to carry out a simple mathematical operation such as
determination of H/C and O/C ratios or Kendrick analysis. All
graphs were created using Origin 7.5.

LC-MS". The LC equipment (Agilent 1100 series, Bremen,
Germany) comprised a binary pump, an autosampler with a 100 uL
loop, and a DAD detector with a light-pipe flow cell (recording at 320
and 254 nm and scanning from 200 to 600 nm). This was interfaced
with an ion trap mass spectrometer fitted with an ESI source (Bruker
Daltonics HCT Ultra, Bremen, Germany) operating in Auto MS"
mode to obtain fragment ion m/z. As necessary, MS*, MS?, and MS*
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fragment-targeted experiments were performed to focus only on
compounds producing parent ions at m/z 143, 161, 179, 197, 287,
305, 323, 341, 359, 449, 431, 467, 485, 503, 521, 611, 629, 647, 665,
683, 773, 791, 809, 827, and 84S in negative ion mode. Tandem mass
spectra were acquired in Auto-MS" mode (smart fragmentation) using
a ramping of the collision energy. Maximum fragmentation amplitude
was set to 1 V, starting at 30% and ending at 200%. MS operating
conditions (negative mode) have been optimized using glucose with a
capillary temperature of 365 °C, a dry gas flow rate of 10 L/min, and a
nebulizer pressure of 12 psi.

HPLC. Separation was achieved on a 250 X 4.6 mm id. column
containing diphenyl S ym and a § X 4.6 mm i.d. guard column of the
same material (Varian, Darmstadt, Germany). Solvent (water/formic
acid 1000:0.05 v/v) was delivered at a total flow rate of 850 yL/min by
25 min isocratic.

MALDI-TOF-MS. All experiments were performed in positive ion
mode using an Ultraflex II MALDI TOF/TOF mass spectrometer
(Bruker Daltonics) equipped with a pulsed SO Hz N, laser
(wavelength = 337 nm) and controlled by the FlexControl 3.0.
software package (Bruker Daltonics). Laser intensity was varied in the
range from 30 to 45%. Samples (0.5 uL) were deposed on top of a
layer of crystals of 2,5-dihydroxybenzoic acid (DHB) formed by
decomposition of 0.5 uL of DHB solution on the MALDI plate and
allowing it dry at ambient temperature. A MALDI matrix was prepared
by dissolving 5 mg of DHB in a 1 mL mixture of acetonitrile/
methanol/aqueous trifluoroacetic acid (1%, v/v) (1:1:1, v/v/v). The
MS/MS experiments were carried out using the LIFT method.

Thermogravimetric Analysis (TGA). TGAs were performed
using a TA SDT Q600 instrument. The temperature was ramped from
25 to 180 °C for glucose and to 220 °C for starch and cellulose at a
rate of 5 °C/min and kept at final temperature for 2 h using a nitrogen
atmosphere.

Infrared (IR) Analysis. Infrared spectra were recorded on KBr
pellets using a Nicolet Avatar 370 spectrometer.

"H NMR and *C NMR. 'H and *C NMR spectra were acquired
on a JEOL ECX-400 spectrometer at room temperature in D,0, using
a S mm probe, operating at 400 and 100 MHz, respectively. The
chemical shifts (5) are reported in parts per million (ppm).

B RESULTS AND DISCUSSION

For our investigations into the thermal decomposition of
polysaccharides in food we chose starch and cellulose as the
most relevant dietary polymers as model systems, although
many other polysaccharides are found in foods such as glycogen
in meat or arabinogalactans and galactomannans in coffee. In
addition, we compared the data obtained with those of
thermally treated glucose as a benchmark, the data of which
have been discussed in detail previously.'” If available data on
the thermodegradation of starch and cellulose, differing by the
stereochemistry of the 1,4-glycosidic linkage, are compared, no
clear picture regardin§ their relative stabilities emerges.
Whereas Alvarez et al.” reported a higher thermal stability
for cellulose determined by TGA measurements (starch
exothermic at 300 °C and cellulose at 320 °C), Aggarwal et
al.* reported the opposite behavior, determining the activation
energies for decomposition at values of 474 kJ/mol for starch
and 242 kJ/mol for cellulose, indicating a higher stability for
starch. The actual products of starch and cellulose thermal
degradation have been investigated on two occasions by Zhang
et al.*! using solid state *C NMR spectroscopy, identifying
ether linkages and carbonyls formed after dehydration at 300
°C, and by Hakkarainen using solid phase extraction followed
by GC-MS analysis,** identifying 138 distinct products after
heating to 230 °C and only 40 after heating to 190 °C, with
aldehydes and ketones such as pentanal and pentanone,
dicarboxylic acids, and y-butyrolactone as the main volatile
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Figure 1. Mass spectrum of heated starch in negative jon mode using direct infusion into an ESI-FT-ICR instrument.
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Figure 2. Mass spectrum of heated cellulose in negative ion mode using direct infusion into an ESI-FT-ICR instrument.

products. To the best of our knowledge no data exist on the
nonvolatile fraction at temperatures typically employed in food
processing.

To start our investigation, we acquired data from TGA for
glucose, starch, and cellulose. All samples were heated from
ambient temperature to 180 °C (glucose) and 220 °C (for
starch and cellulose) and were kept for 2 h at these

676

temperatures. Thermogravimetric curves of glucose and
polysaccharides exhibited during this time span around 10—
12% weight loss, which statistically corresponds to one water
molecule per monosaccharide moiety, yet with slightly different
patterns (see the Supporting Information). Gradual mass
reduction was observed for polysaccharides, whereas for
glucose, weight loss starts at higher temperature, compared to
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Table 1. High-Resolution Mass (ESI-FT-ICR) Data of Heated Starch and Their Parent Ions [M — H]~

peak assignment mol formula
1 (Glu), — H,0 Cy4Hy9050
2 (Glu) 4 — H,0 Cs6HegoO30
3 (Glu), C1sH3,016
4 (Glu), — 3 X H,0 CyyH36018
5 (Glu), — 2 X H,0 Cy4H33019
6 (Glu), — H,0 Cy4Hyo040
7 (Glu) — 2 X H,0 CoHoeOs
8 (Glu); — H,0 C30Hs005s
9 (Glu) Cs0Hs2026
10 (Glu)s — 2 X H,0 Ci36HssO040
11 (Glu)y — H,0 Cs36HegoO30
12 (Glu), C36HexO31
13 (Glu), — H,0 Cy4oH70O35
14 (Glu)gy — H,0 CysHgoO0u40

“From TOF-MS because of mass accuracy. “Doubly charged ion.

exptl m/z [M — H]~

theor m/z [M — H]~ rel error (ppm)

323.0998° 323.0984 0.9
485.1518° 485.1512 63
503.1597° 503.1618 4.1
611.1835° 611.1829 1.0
629.1967 629.1935 0.5
647.2036° 647.2040 0.6
791.2491 791.2463 04
809.2557 809.2568 8.6
827.2638° 827.2674 43
953.3027° 953.2991 3.8
971.3097 971.3097 5.6
989.3198° 989.3202 0.5
1133.3631 1133.3631 0.1
1295.4191 1295.4196 0.2

the two polysaccharides. The enhancement of temperature
showed a comparable reduction of mass for starch and
cellulose, and their TGA curves were observed to be identical.

Using this information, optimized temperature conditions
were chosen, based on 10% weight loss, color formation (a
visible degree of browning was observed), and recorded mass
spectra of samples heated at different temperatures showing an
abundance of product signals. In fact, 2 h at 180 °C for glucose
and at 220 °C for starch and cellulose turned out to be the
heating parameters used in all further studies. These heating
conditions are similar to those employed in typical bread baking
(220—240 °C for 60—100 min). The observation of the brown
color of heated samples suggested that the caramelization
process occurred in a manner similar to that for the roasting
procedure of coffee beans or the heating of sugar food
products.”?

The thermal degradation products were hence dissolved in
water and filtered. The weight percentage of the water-soluble
fraction was 62% for starch, 23% for cellulose, and 100% for
glucose. It is worth noting that both polymeric cellulose and
starch in its granular form display poor water solubility.

In the following sections we will present and discuss data
according to the work-flow of domino tandem mass
spectrometry. We will start with a description of high-resolution
MS data followed by application of chemometric tools. In a
second consecutive step we will discuss analysis and structure
elucidation for selected examples of hypothetical structures
derived from the first part using LC-tandem MS. Finally, we
apply our findings to the investigation of toasted bread.

Electrospray Fourier Transform lon Cyclotrone Reso-
nance (ESI-FT-ICR) Mass Spectrometry. As a first step ESI-
FT-ICR mass spectra were acquired in both negative and
positive ion modes for heated starch (1) and cellulose (2).
Mass spectra for heated starch and cellulose in negative ion
mode are shown in Figures 1 and 2, respectively. The positive
ion mass spectra were dominated by sodiated molecular ions.
Table 1 illustrates the mass/charge ratio (m/z) of the product
ions, elemental composition, and average mass error for heated
starch as the representative saccharide in negative ion mode. An
inspection of the mass spectra showed the presence of
oligomeric structures of glucose tetramer, pentamer, and
hexamer 8 at m/z 665, 827, and 989. Oligomers of dehydrated
glucose at m/z 647, 809, 971, 1133, and 1295 dominated the
spectra. Dehydrated tetrameric 4 and hexameric 6 glucose

appeared at m/z 323 and 485 as doubly negative charged ions,
respectively (Figure 3). Further dehydration products arising

OH on
OH o 0 o OH
HO —Q, HO o - o _-0
HO OH | HO HO OH
oh|  oH OH
n OH
o)
HO

0 Cellulose 2
OH|/ n OH OH
-0 HO —Q,
o OH HO OH
OH OH
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D-glucose 3
o
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OH OH 179.0561
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143.035 HO:
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m/z 647.2043

Figure 3. Chemical structures of starch, cellulose and p-glucose and
fragmentation pattern observed for dehydrated tetramer of glucose 4
by IRMPD-FT-ICR-MS measurement.

from multiple water loss, including dehydration of monomeric
carbohydrates and their oligomers demonstrating successive
loss of up to eight water molecules, were observed.
Interestingly, the thermal breakdown of both starch and
cellulose leads to oligomers of glucose with a minimum
number of four glucose moieties. No smaller oligomers were
observed.

Signals displaying the nominal mass of hydration products
were observed similar to those found in caramelized glucose;
however, a close inspection of the accurate mass values in the
case of starch and cellulose shows that these signals originate
from ions with a different molecular formula (see the
Supporting Information) and are assigned as condensed
heterocyclic structures.
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Figure 4. Two-dimensional van Krevelen plots (elemental ratio plot) showing the O/C ratio versus H/C ratio of heated (a) starch and (b) cellulose

in negative ion mode in the m/z range between 50 and 1200.

The mass spectra of the thermal degradation products of
starch and cellulose are remarkably similar, however showing
the following subtle differences. The ion at m/z 683.18224,
which corresponds to Cj;yH;340;5 in negative ion mode, is
observed only in the spectrum of starch, whereas the ion at m/z
941.29871 (C33HiOy; Gleg — C; — 2H,0) is found for
cellulose. Both ions can be used as analytical markers indicating
the presence of thermally treated starch or cellulose,
respectively.

Chemometric Data Interpretation. We aim to character-
ize the nature of compounds formed during the heating
procedure of the aforementioned carbohydrates. We applied
novel mass spectrometric data interpretation strategies, such as
van Krevelen and Kendrick plot analyses, to visualize the
complex data, to give a general overview of all products of the
heated carbohydrates, and to use as an inspiration for the
further characterization of groups of compounds. The van
Krevelen and Kendrick analyses have been on rare occasions
employed for dietary materials, such as wine,> black tea
thearubigins,26 and caramel.'? Therefore, in this study we
applied these methods for the first time to heated
polysaccharides. A general chemical reaction such as dehy-
dration, reduction, or oxidation involves changes in the atomic
ratios of O/C and H/C, and consequently some classes of
compounds are characterized by a defined location on the
graph, for instance, carboh_?fdrates with typical atomic ratios
(H/C ~ 2 and O/C ~ 1).*” The van Krevelen plots generated
from experimental high-resolution MS data for heated 1 and 2,
shown in Figure 4, have been annotated according to the class
of products formed in the thermal decomposition reactions. In
general, the profile of all graphs is similar to the predominant
visible trend of the dehydration process for the group of points
in the middle of the graph (II) and the group of points of
carbohydrates in the upper right corner (I). The group of
points is present in the upper left corner (III) with a significant
deficiency in O among the molecules, probably due to the
formation of disproportional redox reaction products. The next
group of points in the bottom left corner with a significant
deficiency in H indicates presumably the presence of
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condensed heterocyclic ring structures (IV). Only a limited
number of points appears after point 1 in the O/C ratio and 2
in the H/C, which indicates that reduction instead of oxidation
is a preferential process and dehydrogenation instead of
hydrogenation during heating of carbohydrates.

The second graphical technique, which we applied to study
the composition of heated polysaccharides, was the Kendrick
plot, which allows identification of homologous series of
compounds, differing by a predefined mass increment. The
Kendrick plot is constructed using the values of Kendrick mass
defect versus nominal Kendrick mass, derived from the
conversion of high-resolution mass data from TOF-MS
experiment into the Kendrick scale. To afford the Kendrick
mass, the JUPAC mass of the compound is multiplied by
0.999413399, originating from 18/18.010565 for a water
molecule. The nominal Kendrick mass (NKM) is defined as
the Kendrick mass rounded to the nearest integer. The
Kendrick mass defect (KMD) is defined as the difference
between the exact Kendrick mass and the NKM.*® If
compounds belong to the same homologous series, they
would have an identical Kendrick mass defect and lie on the
horizontal lines in the graphs.*’ For our purpose, Kendrick
plots were constructed with H,O increment, and the graph for
starch is shown in Figure 5. The graphs for all heated samples
showed the presence of homologous series of the compounds
with increment of water molecules indicating the presence of
oligomers with up to five monomeric glucoses in the case of
heated glucose and up to six glucoses in the case of heated
polysaccharides, showing consecutive loss of up to eight water
units. We used different colors to represent the groups of
polymers; green represents monomers; gray, dimers; red,
trimers; violet, tetramers; and blue, pentamers. Two novel high-
resolution mass data interpretation techniques showed the
whole range of products and reactions during the heating
procedure of polysaccharides and their monomeric glucose.
The further investigation was focused on the characterization of
predominant products of the thermal treatment of the studied
carbohydrates. Tandem MS and tandem MS coupled to liquid
chromatography data for heated polysaccharides were acquired,
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analyzed, and compared to data of their monomeric glucose to
allow further structure elucidation combined with separation of
isomeric products in the chromatographic dimension.*
Characterization of Oligomers of Glucose. The MS"
data of monomeric glucose and their oligomers under heating
of 1, 2, and 3 have been acquired in negative ion mode using a
direct infusion into an ESI ion-trap mass spectrometer. The
mass spectra of the fragment ion 179.0 monomers of glucose in
the negative ion mode showed a loss of 18 as the main peak of
1 and 2 and a loss of 90 as the main peak of 3, which
corresponds to a water molecule and three formaldehyde
molecules derived from the cross-ring cleavage, respectively.

Glucose pentamers and hexamers 8 appeared at m/z 827 and
989. Fragmentation of tetrameric ion at m/z 341 (note it is the
dimeric ion for 3) gave different main peaks for all studied
samples. The base fragment at m/z 179.0 is detected for 3
formed by the glycosidic bond cleavage between two
monosacharides and may occur at either the reducing or
nonreducing end, whereas the main peak at m/z 323 present
for 1 and 2 corresponds to a dimer without one water molecule.
MS? spectra of the ion at m/z 503 showed the main fragment
ion at m/z 341 for glucose and at m/z 485 for starch and
cellulose, derived from the glycosidic bond cleavage on the
nonreducing end and dehydration of the precursor ion,
respectively. MS® fragmentation of the ion at m/z 665, tetramer
of glucose, gave predominant ions at m/z 503 for glucose and
at m/z 647 for starch, indicating the cleavage of the glycosidic
bond on nonreducing end and dehydration, respectively.
Fragmentation of tetrameric ion of cellulose was not possible
due to the low intensity. MS® spectra of the ion m/z 827
exhibited the main fragment ion at m/z 809 for starch and
cellulose with a neutral loss of 18 (H,0). The base peak at m/z
665, attributed to the pentamer of glucose, is present in the
MS? spectrum of heated glucose and came from glycosidic
bond cleavage on the nonreducing end, as observed for the
aforementioned tetramers. MS? spectra of m/z 989, a hexamer
of glucose, provided a base peak at m/z 827, from glycosidic
bond cleavage at the nonreducing end for glucose, and at m/z
971 in the case of starch and cellulose. The predominant
fragmentation pathway for glucose’s oligomers of heated
glucose involves cleavages of glycosidic bonds at the non-
reducing end of the molecules. Fragmentation data of
oligomers of glucose for studied polysaccharides are consistent
with dehydration in the product ions. ESI-LC-MS experiments
using the optimized chromatographic conditions for all heated
carbohydrates were carried out. The extracted ion chromato-
grams (EICs) were generated for all oligomers of glucose and
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Figure 6. EICs of LC-MS of pseudomolecular ions at m/z (a) 665.0 (C,,;H,0,;) and (b) 647.0 (C,4H,40,) of heated cellulose in negative ion

mode.
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detected different numbers of chromatographic peaks. As an
example, the EIC of the ion at m/z 665 of tetrameric glucose
gave one chromatographic peak for heated cellulose (Figure 6).
The presence of a single chromatographic peak suggested that
chemoselective single site cleavages of the glycosidic bonds
occur in starch and cellulose as opposed to glycosidic bond
breaking to form monomeric glucose followed by reassembling
through de novo glycosidic bond formation as observed for
caramelized glucose. Multiple chromatographic peaks were
observed for the tetramer of heated glucose, indicating the
nonselective formation of numerous isomers.

Characterization of Dehydration Products. Dehydrated
oligomers of glucose with dehydrated glucose were the
predominant products of the thermal treatment of the studied
carbohydrates, and all were visualized and hence assigned using
van Krevelen and Kendrick mass analyses. Dehydrated
oligomers of heated samples derived from a loss of a single
water molecule were observed at m/z 323.1, 485.1, 647.2, and
809.2 with dehydrated monomer of glucose at m/z 161.1 for
glucose and at m/z 647.2, 809.2, 971.3, 1133.4, and 1295.4 for
heated starch and cellulose. When a water molecule is
eliminated from glucose at C1—C4 positions, an enol is
formed, which tautomerizes to its carbonyl form (Figure 7).
NMR and IR data analyses of all heated samples supported the
presence of such carbonyl groups. Alternatively, the formation
of a 1,6-anhydroglucose at the reducing terminus must be
considered.

To compare the structure and fragmentation behavior of the
dehydrated oligomers of glucose, an infrared multiple photon
dissociation (IRMPD) experiment was carried out on a selected
precursor ion at m/z 647 of a dehydrated tetramer with the
empirical molecular formula C,,H,,O,, 4 for both heated
starch and cellulose. The spectra are shown in the Supporting
Information and the fragment ions in Table 2. Major fragment
ions are shown for the example of starch in Figure 3. Again, the
fragment ions originating from starch and cellulose are
remarkably similar, displaying the following subtle differences.
Fragment ions unique for starch are present at m/z 467.140S8,
which correspond to didehydrated trimer with the molecular
formula C;gH,30,, and ions at m/z 383.11701 (C,,H,,0,,)
and 221.06659 (CgH,;;0;,), both originating from cross-ring
cleavages. Unique peaks for cellulose are present at m/z
394.76693 and 254.85563. Moreover, the intensity of the
fragment ion at m/z 179 differed for cellulose and starch,
appearing at 30 and 50% intensities, respectively. Reinhold and
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Table 2. MALDI-MS/MS Data in Positive Ion Mode of the
Bread Sample (Presented Ions Are Sodiated Adducts)

m/z assignment S* m/z (intensity)

5270  (Glu), 85.2 (1%); 103.2 (5%); 123.9 (1%); 182.7 (9%);
201.8 (1%); 345.4 (4%); 363.4 (11%); 380.7
(1%); 465.4 (3%)

689.0  (Glu), 74.6 (2%); 331.8 (10%); 346.3 (2%); 354.2 (4%);
364.4 (3%); 508.4 (3%); 526.4 (6%)

11750  (Glu), 74.5 (19%); 346.8 (13%); 508.8 (18%); 526.8 (8%);
670.9 (16%); 688.9 (11%); 832.8 (7%); 850.9
(8%); 1013.2 (14%)

11570  (Glu), — H,O  70.0 (2%); 347.0 (9%); 509.1 (21%); 671.3 (22%);
833.4 (15%); 851.4 (2%); 995.7 (11%)

13190  (Glu)y — H,O  104.0 (22%); 347.1 (40%); 509.2 (60%); 671.3
(60%); 833.4 (34%); 995.6 (22%); 1157.6 (19%)

1643.0  (Glu);, — H,O  74.1 (33%); 346.7 (26%); 508.6 (40%); 670.6

(41%); 832.7 (34%); 994.8 (22%); 1156.8 (14%);
1318.7 (14%); 1480.7 (18%)

co-workers noted that in fragmentation processes a-glycosidic
linkages are more labile compared to S-glycosidic linkages
observed in cellulose, which is in agreement with this
observation.**

To distinguish between these two alternatives of a carbonyl
tautomer or 1,6-anhydroglucose as the dehydration products,
we argue using the appearance of fragment ions at m/z
383.11701 and 221.06659 in the IRMPD tandem MS spectra
of, for example, the tetrameric ion at m/z 647.20410 as the
precursor ion (see Supporting Information S4). These two
fragment ions can be rationalized only by assuming loss of one
or two C4¢H,,O5 moieties followed by the loss of a C,0;Hg
moiety. The latter would require breakage of at least three
covalent bonds in 1,6-anhydroglucose and therefore supports
the structural alternative of a carbonyl tautomer. Fragmentation
of monodehydrated trimers at m/z 485 furnished the main
fragment at m/z 323 with a neutral loss of 162 (C¢H,,O;) for
all analyzed samples. MS” spectra of the ion m/z 647, the
monodehydrated tetramer of glucose, showed the main peak at
m/z 485, and it is consistent for all analyzed samples with a
neutral loss of 162 (C4H,(Os). In comparison to the previously
discussed IRMPD data of this precursor ion, the collision-
induced dissociation (CID) obtained here revealed a smaller
number of fragment ions as expected. Fragmentation of the
monodehydrated pentamer at m/z 809 gave the main peaks at
m/z 647 for all studied saccharides and excluded the cleavage of
the glycosidic bond at the internal part of the molecule.
Dehydration reaction products with two or more water
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molecules were observed for the studied oligomers of glucose
of heated polysaccharides and glucose itself. Didehydrated ions
of a trimer, tetramer and pentamer appeared at m/z 467.1,
629.2, and 791.2 in negative ion mode. The MS? spectra of an
ion at m/z 467 exhibited for all studied samples the main
fragment with a neutral loss of 18 (H,0). Low intensities and
MS? data are not discussed. Tridehydrated oligomers of
glucoses appeared at m/z 287.1, 449.1, and 611.2. MS? spectra
of the ion at m/z 287, a dimer after losing three water
molecules, gave neutral losses of 126 (C¢HgO;) as the main
fragments for 2 and 3. This su%gests the presence of isomaltol
as suggested by Moreira et al.” or 5-hydroxymethylfurfural as
observed in the tridehydration of glucose,'* supporting the fact
that elimination of all three water molecules appeared at one
saccharide moiety. In the absence of a diagnostic fragment ion
that could be further interrogated to be able to distinguish
between isomaltol and its structural alternative, the nature of
this moiety remains speculative. The main fragment ion for 287
of heated glucose appeared at m/z 238.7, whereas the ion with
a neutral loss of 126 was present with an intensity around 20%.
MS? spectra of the ion at m/z 449.1 provided the main peak at
m/z 405 for 1 and 2 with a neutral loss of 44 (C,H,0), whereas
for 3 the ion at m/z 431 showed a neutral loss of 18 (H,0),
although ions with neutral losses of 126 are present. MS* data
of the tridehydrated tetramer at m/z 611 were recorded only
for heated glucose and gave an ion at m/z 449 as the base peak.
The ion of tridehydrated pentamer at m/z 773 fragmented and
gave the main ion at m/z 611 for glucose and at m/z 75$ for
starch and cellulose, which derived from glycosidic bond
cleavage at the nonreducing end and dehydration, respectively.

The EIC of the ion at m/z 647 of a dehydrated tetramer of
glucose gave one chromatographic peak in the case of heated
cellulose (Figure 6). This confirmed the extensive cleavage of
the glycosidic bonds.

To visualize differences in ions observed in heated starch,
cellulose, and glucose, radar plots were created to show the
intensities of various ions on the apexes of the plot with all
three different samples given as lines of different colors (Figure
8). The first graph illustrates the differences in intensities of
monomeric and oligomeric ions. We found out that the
formation of oligomers in the case of glucose appeared in a
similar manner as the degradation of polysaccharides. Cellulose
degrades preferentially in comparison with starch. The second
chart shows differences in intensities of dehydrated products.
The formation of dehydrated oligomers occurs predominately
in the order starch > cellulose > glucose. On the other hand,
monomeric glucose forms dehydrated products first and starch
and cellulose in a similar manner. Finally, the third plot
describes the ratios of intensities of oligomers to dehydrated
oligomers. Glucose differs from polysaccharides with lower
degrees of dehydration, and it is followed by cellulose and
starch.

MALDI-MS Analysis of Thermally Treated Glucose and
Polysaccharides. MALDI-MS analysis with DHB as a matrix
was performed for heated polysaccharides and glucose (Figure
9). In addition to mass spectra recorded with the ESI
technique, high molecular weight oligosaccharides were
observed up to undecamers in the case of glucose and up to
dodecamers for starch and cellulose (see Figures 7 and 10). We
observed ions at m/z 527, 689, 851, 1013, 1175, 1337, 1499,
1661, and 1823 in positive ion mode attributed to sodiated
adducts of oligomeric glucoses up to undecamers. MALDI-MS
spectra of heated starch and cellulose showed the presence of
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Figure 8. Radar plots of different product ions observed for heated
starch, cellulose, and glucose.

the most intense ions at m/z 347, 509, 671, 833, 995, 1157,
1319, 1481, 1643, 1805, and 1967, corresponding to
dehydratated sodiated adducts of oligomers up to dodecamers.
The observation of ions with increased m/z ratios indicates
again the utility of MALDI-MS to cover an extended mass
range in carbohydrate analysis. Similar products were observed
in intact wood tissues by Yost et al.*’ The MALDI-MS data
confirmed the polymerization process of glucose, the
depolymerization of polysaccharides, and the formation of
dehydrated derivatives of all saccharides afforded by ESI-MS.
Moreover, MS? spectra of oligomers and dehydrated oligomer
ions of heated samples have been recorded and are presented in
the Supporting Information. The tandem MALDI-MS/MS data
confirm the identity of structures of ions observed in MALDI-
MS if compared to those observed by ESI-MS.
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Figure 11. Mass spectra of baked bread in positive ion mode using the MALDI-TOF-MS instrument.

Analysis of Polysaccharide Thermal Degradation
Products in Bread. Baked bread is one of mankind’s oldest
foods. Archeological findings in Gobekli Tepe in southeastern
Turkey from the Neolithic period 9000 BC have provided
evidence for the first use of wheat, following a genetic mutation
of wheat to produce a shattering rachis in that region, in
breadmaking. Definite evidence of baking bread originates from
a scene in the tomb of Ramses III displaying the pharaonic
bakery producing bread and cakes. Polysaccharides are the main
components of bread, and white bread contains 42.5% of starch
and 1.5% of cellulose.”>*?

To provide insight into the chemistry involved in bread
baking and relate the findings to the model systems studied
above, we investigated the carbohydrate fraction of baked
bread.

Using a simple extraction procedure of wheat-based bread
heated in the toaster followed by an ESI-TOF-MS experiment
resulted in extremely complex spectra not enable to further
interpretation. The use of MALDI-TOF-MS, however,
provided clean spectra that were dominated by signals
corresponding to oligomeric carbohydrates. It is worth noting
that ions appeared as sodiated and sometimes sodiated and
protonated ions in positive ion mode.

Two representative spectra are shown in Figure 11. High
molecular weight oligosaccharides were observed up to
undecamers. We furthermore observed ions at m/z 527, 689,
851, 1013, 1175, 1337, 1499, 1661, and 1823 in positive ion
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mode attributed to sodiated adducts of oligomeric glucoses up
to dodecamers. MALDI-MS spectra of toasted bread extracts
showed the presence of the most intense ions at m/z 347, 509,
671, 833, 995, 1157, 1319, 1481, 1643, 1805, and 1967,
corresponding to dehydratated sodiated adducts of oligomers
up to dodecamers, similar to the starch model system,
indicating that the identical thermal degradation processes
occurring in the model systems did as well take place in bread
thermal processing. Table 2 presents the fragment ions of three
oligomeric carbohydrates and dehydrated oligomeric carbohy-
drates. The main fragmentation pattern involves cleavages of
glycosidic bonds, which additionally prove the identity of the
compounds present in bread.
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