
Analysis of the hydrolysis of inulin using real time 1H NMR
spectroscopy

Thomas Barclaya,*, Milena Ginic-Markovica, Martin R. Johnstona, Peter D. Cooperb,c, and
Nikolai Petrovskyc,d

Thomas Barclay: thomas.barclay@flinders.edu.au; Milena Ginic-Markovic: milena.ginic-markovic@flinders.edu.au; Martin
R. Johnston: martin.johnston@flinders.edu.au; Peter D. Cooper: peter.cooper@anu.edu.au; Nikolai Petrovsky:
nikolai.petrovsky@flinders.edu.au
aSchool of Chemical and Physical Sciences, Flinders University, Adelaide, Australia 5042
bCancer Research Laboratory, ANU Medical School at The Canberra Hospital, Australian
National University, Canberra, Australia 2605
cVaxine Pty Ltd, Flinders Medical Centre, Adelaide Australia 5042
dDepartment of Endocrinology, Flinders Medical Centre, Adelaide, Australia 5042

Abstract
The hydrolysis of various carbohydrates was investigated under acidic conditions in real time
by 1H NMR spectroscopy, with a focus on the polysaccharide inulin. Sucrose was used as a model
compound to illustrate the applicability of this technique. The hydrolysis of sucrose was shown to
follow pseudo first order kinetics and have an activation energy of 107.0 kJ.mol−1 (s.d. 1.7
kJ.mol−1). Inulin, pullulan and glycogen also all followed pseudo first order kinetics, but had an
initiation phase at least partially generated by the protonation of the glycosidic bonds. It was also
demonstrated that polysaccharide chain length has an effect on the hydrolysis of inulin. For short
chain inulin (DPn 18, s.d. 0.70) the activation energy calculated for the hydrolytic cleavage of
glucose was similar to sucrose at 108.5 kJ.mol−1 (std. dev. 0.60). For long chain inulin (DPn 30,
s.d. 1.3) the activation energy for the hydrolytic cleavage of glucose was reduced to 80.5 kJ.mol−1

(s.d. 2.3 kJ.mol−1). This anomaly has been attributed to varied conformations for the two different
lengths of inulin chain in solution.
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1. Introduction
Inulin is a naturally occurring storage polysaccharide, mostly found in plants of the
Compositae family including chicory, dahlia, and Jerusalem artichoke.1–3 The polymer
comprises linear chains of fructosyl groups linked by (2→1) glycosidic bonds and
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terminated at the reducing end by an α-D-(1→2)-glucopyranoside ring.4–6 Generally, plant
inulins are found to have chains incorporating 2–100 fructose units, with the chain length
and polydispersity depending on plant species and the point in its life cycle.2,7,8 This range
of chain lengths provides varying aqueous solubility that makes inulin useful for a number
of different applications in diverse fields, most predominantly the food and pharmaceutical
industries, where the fact that inulin is nontoxic and biochemically inert is also of value.9

Particulate inulin is useful because particular isoforms afford anti-cancer10,11 and
immunomodulatory properties not shared by soluble inulin.12–16 Partially solubilised natural
and chemically modified inulins can form gels, which have been used as drug delivery
vehicles for water soluble drugs,17–19 and as stabilising matrices for labile drugs.20–22 Inulin
gels are also used extensively in the food industry, primarily as a bulking agent replacing fat,
sugar and flour.2,5,23 Solubilised inulin is used in food products as well, adding texture to
drinks.24 In these food applications the fact that inulin is indigestible to humans, but can be
broken down by microorganisms in the gut, means that it provides low food energy while
also promoting healthy intestinal microflora.25–28 Dissolved inulin is also applied as an
analytical tool in diagnoses, such as measurements of extracellular volume and renal
function testing.29,30

Inulin, being capped at the reducing end of the polyfructosyl chain with glucose, is stable to
redox chemistry when compared to reducing carbohydrates,9 though a small percentage of
glucose-free, reducing chains is usually found in naturally sourced inulin.3,31 Inulin is also
stable to hydrolysis in aqueous systems at room temperature and neutral pH. However, at
higher temperatures in the presence of acid, hydrolysis of inulin can become significant
leading to the eventual decomposition of the polymer into its component monosaccharide
units.24,32–35 While hydrolysis of inulin can also be induced by basic pH, this only occurs
through carbonyl chemistry and thus can only happen for inulin that is already cleaved and
contains a reducing end.35–38

A better understanding of the hydrolysis of inulin is important for its commercial uses, as
processing commonly involves the factors of heat and/or acidity that promote inulin
hydrolysis, with hydrolysis actually being desired in some cases to create lower molecular
weight oligosaccharides.24 Generally, methods to measure the hydrolysis of inulin and other
carbohydrates are relatively inconvenient, such as chromatography techniques24,32 or are
relatively nonspecific, such as colorimetric and polarimetry techniques.35,39 Herein we
report on a new method to monitor the hydrolysis of inulin in real time using 1H Nuclear
Magnetic Resonance (NMR) spectroscopy that provides both convenience and specificity.

2. Results and Discussion
2.1 Experimental Conditions

Hydrolysis reactions were conducted in deuterium oxide (D2O) so that they could be
monitored by 1H NMR spectroscopy. While reactions that utilise acid or base catalysis can
proceed more rapidly in water than in D2O, due to ionisation and solvation changes,40

generally the reactions behave similarly and it was important in this case that there was
maximum deuterium exchange of the hydroxyl groups on the sugar molecules to simplify
the complex NMR spectra as much as possible.41 The 1H NMR spectral complexity is
caused by the overlapping resonances for inulin and for both of the component monomeric
species and their multiple tautomeric forms.42–45 Assignment of the 1H NMR resonances for
inulin in D2O has been conducted previously by extensive NMR spectroscopic analyses43,46

and our own 2D NMR spectroscopic analysis confirmed those assignments. Glucose and
fructose 1H NMR spectroscopic assignments in D2O are also available in the
literature,42,47–49 demonstrating that glucose consists of two anomers in solution while
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fructose equilibrates into at least 5 different tautomers.50–53 Despite the number of
detectable species in solution, sufficiently separated resonances for each species have been
identified to make this analysis possible (see supplementary data for tables of 1H NMR
shifts for each carbohydrate discussed).42,47–49

2.1.1 DPn of Inulin—The hydrolysis of two different types of inulin was investigated in
this research; a shorter chain synthetic inulin (Fuji FF) and a longer chain natural chicory
inulin (OraftiInutec®). The number average degrees of polymerisation (DPn) of the two
inulin samples were determined by end group analysis using 1H NMR spectroscopy. The
DPn of inulin has more commonly been measured using chromatography. This technique
suffers from a lack of calibration standards, poor resolution for some specific short chain
lengths and in general for higher molecular weights,9,25 but does provide an indication of
polydispersity that NMR spectroscopy is unable to determine. Using 1H NMR spectroscopy
the relative amount of the single glucose group of the polymer chain is represented by the
integral of the resonance for the anomeric glucose proton at 5.44 ppm. This resonance is
isolated from the other overlapping resonances and its integral was set to one. The other
peaks for the glucose unit and the fructose units of inulin occur in the region of the spectrum
between 3.30 ppm and 4.40 ppm. This region was integrated and calibrated to the anomeric
glucose proton, giving the number of protons in the rest of the chain (Integral X). The DPn
was then calculated using the following formula, ([Integral X − 6]/7) + 1. To mitigate the
influence of inconsistent data manipulation of the spectra, two 1H NMR spectra were
obtained for each sample and analysis on each spectrum was conducted three times and the
results averaged. This resulted in a calculated DPn for the short chain inulin of 18 (s.d. 0.70)
and for the long chain inulin of 30 (s.d. 1.3). The result for short chain inulin (Fuji FF) falls
within the range of DPn determined by others using chromatography.54

2.1.2 Acidification—Acetic acid was a component of the hydrolysis mixture operating as
reference and as an internal standard, as well as contributing to the acceleration of
hydrolysis.55 Acetic acid alone was not a strong enough acid to hydrolyse the carbohydrates
at a sufficient rate for timely analysis of the reaction at concentrations in which it could also
operate effectively as an internal standard. As such, trifluoroacetic acid (TFA) was also
added as TFA has nearly 5 orders of magnitude greater acidic strength than acetic acid. TFA
is popular in carbohydrate hydrolysis reactions33,56–58 because it has been determined to
help prevent the decomposition of the monosaccharides during the hydrolysis reaction.33

Nonetheless, it rapidly induces hydrolysis in a manner comparable to mineral acids57 and
can be relatively simply removed post reaction by evaporation.57,58 Removal of TFA is not
necessary for 1H NMR spectroscopy as it has no interfering signals and can actually benefit
the spectra by narrowing the broad HDO signal.59

For the hydrolysis of inulin (25 mg.mL−1) in D2O, pH measurements showed that
acidification of the reaction mixture with 0.25% (v/v) acetic acid and 0.025% (v/v) TFA
gave an initial pH of 2.3, within the range commonly used in inulin processing.60 Upon
heating to 60 °C the pH of the reaction mixture rose, in an exponential fashion, a total of 0.3
pH units over the course of an hour due to the consumption of hydrogen ions in the
protonation of the glycosidic bonds in the inulin chains.34 This process was observed
occurring in the 1H NMR spectra for the glucosyl to fructosyl glycosidic bond by the upfield
shift of the adjacent glucose anomeric proton over time (Figure 1). We associate this
acidification process with an initiation step in which the initial rate of hydrolysis is slowed,
confirming that protonation of the glycosidic oxygen is an important initial step for the
hydrolysis of inulin, as claimed previously.24,34 In separate tests, the reaction was first order
with regards to acid concentration over the temperature range from 60 °C to 80 °C, in
agreement with the previous literature.60
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2.2 Hydrolysis of Sucrose
The disaccharide sucrose is the material from which inulin is biosynthesised.61 It is the
starting molecule, explaining the glucose end cap of inulin, as well as the ultimate source of
fructose for the growing chain.3,6,61 Due to this relationship with inulin, along with its
simplified molecular structure, sucrose was used as a model system to show that 1H NMR
spectroscopy is a valuable tool to analyse carbohydrate hydrolysis.

Sucrose hydrolysis was monitored by 1H NMR spectroscopy at five temperatures in 5 °C
increments from 55 to 75 °C at a concentration of 25 mg.mL−1. Two resonances for sucrose,
those for SucFH3 and SucGH1 (Figures 2 and 3), were used to follow the decrease in
sucrose concentration. Three monosaccharide resonances, those for Glu H1, Glu H1 and Glu
H2, were used to follow the increase in glucose concentration and one combined peak,
which contained resonances for Fru PyrH5 and Fru PyrH6, was used to follow the increase
in fructose concentration. Plots of the integration of these resonances (calibrated to the
integration of the shift for the methyl group of the acetic acid internal standard) versus time
were highly correlated to exponential trend lines, reiterating that this is a pseudo first order
process (example plot for all resonances at 65 °C in Figure 4).24,34 This enabled the
calculation of values for the rate constant for each temperature from the curve fits generated
using Kaleidagraph scientific graphing software. Unsurprisingly, given that a single type of
glycosidic bond is cleaved, the consumption of sucrose and the production of both fructose
and glucose for the hydrolysis reaction all had closely matching calculated rate constants.
The rate constants were used in Arrhenius plots (Figure 5) for each peak analysis from
which the average activation energy of 107.0 kJ.mol−1 (s.d. 1.7 kJ.mol−1) was determined
for the hydrolysis of sucrose. This activation energy falls within the range of literature
values for the hydrolysis of sucrose of between 98 kJ.mol−1 and 119.7 kJ.mol−1.62,63 and
agrees well with the results from Tombari et al.64 (109.2 kJ.mol−1 using calorimetry) and
Buchanan et al.39 (108.0 kJ.mol−1 using polarimetry). Overall these kinetic results for the
hydrolysis of sucrose provide justification that NMR spectroscopy was able to accurately
monitor this type of hydrolysis reaction, and would be a valuable tool for the analysis of
carbohydrate hydrolysis.

2.3 Hydrolysis of Inulin
2.3.1 Hydrolysis of Short Chain Inulin—The synthetic short chain inulin is produced
enzymatically from sucrose and provides higher water solubility than natural inulins, having
shorter and less polydisperse chain lengths.54 It also provides an important structural
contrast to the longer chain natural inulin tested here. For example, the short chain species
have a relatively larger amount of end groups and a relatively smaller amount of mid-chain
glycosidic bonds. There are several differences between the hydrolysis of inulin and sucrose.
Firstly, sucrose only has one type of glycosidic bond to hydrolyse, while the hydrolysis of
inulin can be represented by at least three different types of glycosidic bonds.65 These types
include the glucosyl to fructosyl bond; the fructosyl to fructosyl bonds internal to the
polymer chain; and the terminal fructosyl to fructosyl bond. In an attempt to define the
differences in hydrolysis between these bond types, the changes in multiple resonances for
each experiment were monitored. Generally, these included two that plotted the decrease in
inulin concentration, one for the glucosyl group InGH1 and one for the fructosyl
components InFH3 (Figure 6 and 7), though at higher temperatures the mobile HDO peak
interfered with InFH3 peak. The production of fructose monomers was monitored using the
combined peak for the Fru PyrH5 and Fru PyrH6 resonances and the combined peak for the
Fru PyrH1 and Fru FurH1+H1′ resonances. The production of glucose monomers was
monitored by the growth of the resonance for Glu H2 (Figure 7).
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The hydrolysis of both long and short chain inulin polymers was found to have an initially
depressed rate of reaction which has been documented previously24,66 and attributed to
viscosity and solubility effects.24 Our NMR analysis suggests that a distinct protonation of
the glycosidic linkage occurs initially for polysaccharides, illustrated by the shift in the
InGH1 resonance at the beginning of the reaction (Figure 1). This affects the initial rate of
reaction, by presenting an effectively reduced concentration of bonds that are protonated and
able to efficiently undergo hydrolysis.24,34 Once measurements conducted during this
initialisation phase are discarded, plots of the change in concentration of inulin, fructose and
glucose all follow exponential trend lines and as such the hydrolysis of inulin can be
considered first order with respect to inulin concentration, as established previously.24,34

In analysing the hydrolysis results of inulin, it was clear that hydrolytic production of
fructose occurred at a much faster rate, on average, than the hydrolytic production of
glucose. This was illustrated by rate constant values for the production of fructose, which
were 2.9 times greater than those rate constants associated with the formation of glucose
monomers. To further evaluate this behaviour the resonances due to InFH3 were
investigated. These peaks have been broken up into components identified by Oka et al.43 as
belonging to the glucosyl-attached fructosyl group (~4.25 ppm, except for sucrose at 4.17
ppm), the main chain fructosyl groups (~4.20 ppm) and the terminal fructosyl group (~4.15
ppm). While the overlapping nature of these peaks makes definitive quantitative analysis
difficult (only one side of the doublets for the glucosyl attached fructosyl and the terminal
fructosyl group resonances could be isolated and measured separately over a sufficient range
of time), they certainly provide relevant qualitative results.

When an integral of the left side of the glucosyl-attached fructosyl group resonance was
expressed as a percentage of the integral for the entire InFH3 region, the result slowly
decreased from 3% to 1% over a time frame roughly three half lives of the fructose
production reaction (the half-life derived from the equation based on first order kinetics).
This showed that the hydrolysis of the glucosyl to fructosyl bond occurred more rapidly than
the combined hydrolyses of all types of InFH3 bonds, in apparent contradiction to the
previous assertion that the rate of reaction for fructose production was greater than for
glucose production. The reason for this is because, while hydrolysis of the glucosyl to
fructosyl bond always produces a glucose monomer, cleavages of internal fructosyl to
fructosyl bonds do not result in the formation of fructose monomers. The prevalence of
hydrolysis of internal fructosyl to fructosyl bonds was illustrated by monitoring the integral
of the resonance of the terminal fructosyl to fructosyl bond relative to integral for the entire
In FH3 region, which increased from 5% to 16% over the same time frame as observation of
the fructosyl to glucosyl bond. The increase in the relative concentration of the terminal
fructosyl species suggested that while internal chain scission may have been relatively slow,
it was prevalent enough that hydrolysis of the terminal fructose group did not entirely
dominate the reaction. This conclusion can be made because all terminal cleavage would
produce one terminal group for each cleavage and the relative concentration of the terminal
fructosyl to fructosyl bond would remain constant. However, mid-chain cleavage produces
two terminal groups for each cleavage and is responsible for the relative increase in the
concentration of terminal fructosyl to fructosyl bonds.

Overall, the preceding analyses suggests that the hydrolysis of the fructosyl to fructosyl
bonds at the ends of the chains occurs fastest followed by the hydrolysis of the glucosyl to
fructosyl bonds with hydrolysis of the internal glycosidic bonds being slowest. An
explanation for the relatively slow hydrolysis of the main chain bonds compared to the end
groups is that the molecules are more flexible at the end of the chain and more easily
undergo the changes in conformation that are part of the hydrolysis process.60,65,67

Previously, the fructosyl to fructosyl bond has been identified as being more labile than the
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other glycosidic linkages in inulin, calculated to be 4–5 times less resistant to hydrolysis
than the glucosyl to fructosyl bond.60 This was for very short chain inulin oligomers (DPn of
2–7) for which the influence of internal bonds was minimised. For inulin having a DPn of
~18 the relative rates of the fructosyl to fructosyl and glucosyl to fructosyl cleavage are
more influenced by the slower to react mid-chain bonds, explaining our lower ratio of 2.9.

Interestingly, despite the different rate constants for the hydrolytic formation of fructose
compared to the hydrolytic formation of glucose, the rate of change of the rate constants
with temperature was similar and the activation energies were essentially the same at 107.7
kJ.mol−1 (std. dev. 1.1) and 108.5 kJ.mol−1 (std. dev. 0.60), respectively (Figure 8). These
values agree well with that found previously for the hydrolytic formation of fructose for
short chain inulin (109±10 kJ.mol−1) measured using chromatography.24 These researchers
found that the activation energy for short chain inulin-based oligofructose samples having
DPn values from 3–22 units was independent of pH and chain length.24 They also found a
close match between the activation energy of short chain inulin samples and sucrose, in
accord with our results.

2.3.2 Hydrolysis of Long Chain Inulin—The hydrolysis of long chain inulin followed
similar trends to the short chain inulin in most respects, but differed in the kinetics of the
hydrolysis reaction. For example, at lower temperatures the rate constant values were lower
for short than for long chain inulin, which is in agreement with Heyraud et al.60 who found
that rate constants for the cleavage of terminal fructose units generally increase slightly with
molecular weight. For the highest temperature (80 °C), however, the rate constants for short
chain inulin were higher than those for long chain inulin. This means that the rate of change
of rate constants with temperature was different between short and long chain inulin
hydrolyses. This variation resulted in a lower activation energy calculated from the rate
constants for the hydrolysis of long chain inulin. Hydrolysis of the glucosyl to fructosyl
glycosidic bond had an activation energy of 80.5 kJ.mol−1 (s.d. 2.3 kJ.mol−1)while the
cleavage of fructose had an activation energy of 80.4 kJ.mol−1 (s.d. 1.0 kJ.mol−1), much
lower than those calculated for short chain inulin or sucrose (Figure 9).

The reason for this observation is difficult to determine definitively, but it is clear that the
kinetics of hydrolysis for different inulin chain lengths are affected differently by
temperature. The evidence that the hydrolysis of the glucosyl to fructosyl glycosidic bond
requires less energy for the long chain inulin compared to short chain inulin and sucrose
suggests that the conformation of long chain inulin is different in solution than the
conformation of short chain inulin. It is possible that long chain inulin holds an ordered
structure in solution that alters the geometry of the glycosidic bonds such that hydrolysis is
easier at lower temperatures. Concomitantly, the ordered structure also means that at higher
temperatures the long chain inulin resists increases in flexibility that otherwise might
contribute to increases in the rate constants. Crystalline inulin has a helical structure4,68 and
it has previously been shown that solubilised short chain inulin, although it does not have a
completely random conformation, is unable to maintain a regular helical structure in
solution.69 It seems likely that the longer chains are better able to maintain a helical
structure in solution, which could facilitate hydrolysis at lower temperatures while the
increased order of the helical structure suppresses hydrolysis at higher temperatures.

2.4 Hydrolysis of other soluble polysaccharides
Two other soluble polysaccharides were tested for suitability for analysis of the hydrolysis
reaction using 1H NMR spectroscopy. Both pullulan and glycogen had pseudo first order
kinetics for the hydrolysis reaction after an initial protonation phase, matching the behaviour
of inulin. However, both pullulan and glycogen were hydrolysed much more slowly than
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inulin despite use of a higher temperature (90 °C) and more strongly acidic conditions
(initial pH of 1.8 at 60 °C by using a ten-fold increase in the concentration of TFA). These
conditions have been reported as extreme enough to lead to the decomposition of the
monomeric species,52 but the protective use of TFA meant that there was no measureable
decomposition by the completion of the experiments.33

Pullulan consists of glucose linked together through α-(1→4) glycosidic bonds to form
maltotriose subunits, the trisaccharide units then further linked together through α-(1→6)
glycosidic bonds creating linear polysaccharide chains. The hydrolysis of the α-(1→4)
glycosidic linkages was faster than the hydrolysis of the α-(1→6) glycosidic linkages, as
illustrated by the faster disappearance of the resonances attributable to the PuGH1(1→4)
than PuGH1(1→6) (Figure 10). Monitoring the increase in the Glu H1 and Glu H2 of
reducing ends for glucose or cleaved polymer chains showed that oligomers are initially
produced at a faster rate than the monomer glucose units, indicating that mid chain cleavage
was significant. Eventually the oligomers were all further hydrolysed to glucose.

Glycogen has a related molecular structure to pullulan, being a polymer of glucose
connected through α-(1→4) and α-(1→6) glycosidic bonds. Glycogen, however, is a
branched polymer consisting of linear chains of glucose connected through α-(1→4)
glycosidic bonds and branched through α-(1→6) glycosidic linkages. Having similar
glycosidic linkages, the hydrolysis of glycogen closely followed the behaviour of pullulan
(Figure 11), though the reaction occurred more quickly as the glycogen used (sourced from
bovine liver) had much less of the relatively more stable α-(1→6) glycosidic linkages, the
polymer being branched approximately every 11 subunits.

2.5 Conclusion
1H NMR spectroscopy was demonstrated to be useful tool to monitor the hydrolysis of
polysaccharides. This technique is suitable for any soluble carbohydrate that provides at
least one separated, discrete resonance between the starting material and its hydrolysed
products. For insoluble carbohydrates the analysis is complicated, but monitoring the
evolution of soluble intermediates and products by taking aliquots, quenching and separating
would be sufficient to make conclusions about the kinetics of the reaction. Such a method
could also be used to produce samples for analysis for those that do not have direct access to
an NMR spectrometer.

All carbohydrates tested in this work (inulin, sucrose, pullulan and glycogen) exhibited
pseudo first order kinetics for the hydrolysis reaction, apart from an initiation step attributed
to the protonation of the glycosidic linkages of the polymers. The observation of the
difference between the kinetic parameters for the hydrolysis of short and long chain inulin
suggests that these polysaccharides adopt different conformations in solution.

3. Experimental
3.1 General

The long chain chicory inulin was food grade OraftiInutec® obtained from Orafti Group
(Belgium) and the short chain inulin was food grade Fuji FF manufactured by Fuji Nihon
Seito Corporation (Japan). Sucrose (≥99.5%), pullulan from Aureobasidiumpullulans,
bovine liver glycogen Type IX and trifluoroacetic acid (≥99%)were purchased from Sigma-
Aldrich Pty. Ltd. (Australia), acetic acid (analytical reagent) was purchased from Ajax
Finechem Pty. Ltd. (Australia) and deuterium oxide (D2O, 99.9%) was obtained from
Novachem Pty. Ltd. (Australia). All were used as received.
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3.2 NMR
NMR spectra were recorded on a BrukerAvance III 600 operating at 600 MHz for 1H. 1D
and 2D spectra were collected using standard gradient-based pulse programs. The 1D 1H
NMR data were obtained over 64 scans with a 30° flip angle (90° pulse = 8.4 μs), an
acquisition time of 2.7 s, a relaxation delay of 2 s and 65k data points. Temperature was held
constant using an in-built heater that was calibrated using ethylene glycol. All experiments
were conducted in D2O using carbohydrate concentrations of 12.5 or 25 mg.mL−1 with
chemical shifts reported in parts per million (ppm) downfield from 3-
(trimethylsilyl)propionic acid sodium salt (TPS) by referencing to the acetic acid internal
standard (acetic acid methyl group at 2.08 ppm70). See supplementary data for tables of 1H
NMR shifts for each carbohydrate discussed.

3.3 Hydrolysis Studies
3.3.1 Hydrolysis of Sucrose—Sucrose was dissolved in D2O (25 mg.mL−1) at room
temperature and then the solution was acidified with acetic acid (0.25% v/v, 44 mM) and
trifluoroacetic acid (0.025% v/v, 3.3 mM). This solution was then heated (55, 60, 65, 70, and
75 °C) within the NMR instrument and the hydrolysis was monitored by 1H NMR
spectroscopy.

3.3.2 Hydrolysis of Inulin—Inulin was dissolved in D2O (12.5 and 25 mg.mL−1) by
heating briefly to 75 °C before cooling to room temperature. The solution was then acidified
with acetic acid (0.25% v/v, 44 mM) and trifluoroacetic acid (0.025% v/v, 3.3 mM).
Subsequently the acidified solution was then heated (60, 65, 70, 75 and 80 °C) within the
NMR instrument and the hydrolysis was monitored by 1H NMR spectroscopy.

3.3.3 Hydrolysis of Pullulan and Glycogen—The polysaccharide was dissolved in
D2O (25 mg.mL−1) by heating briefly to 85 °C before cooling to room temperature. The
solution was acidified with acetic acid (0.25% v/v, 44 mM) and trifluoroacetic acid (0.25%
v/v, 33 mM). This solution was then heated to 90 °C within the NMR instrument and the
hydrolysis was monitored by 1H NMR spectroscopy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The kinetics of the hydrolysis of carbohydrates was monitored using 1H NMR
spectroscopy

• Hydrolysis of all carbohydrates investigated were found to have pseudo first
order kinetics

• Polysaccharides all exhibited an initiation phase due to the protonation of the
glycosidic bond

• The chain length of inulin was found to influence kinetics of the hydrolysis
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Figure 1.
1H NMR spectra of short chain inulin dissolved in D2O (25 mg.mL−1), acidified with acetic
acid (0.25 % v/v) and TFA (0.025 % v/v) and heated to 60 °C. Note the shift in the peak at
5.44 ppm (InGH1) over time due to the protonation of the glucosyl to fructosyl glycosidic
bond. The intensity of this peak also reduced over time as the bond was hydrolysed,
generating glucose as illustrated by the growing peak at 5.24 ppm for α-D-glucose (Glu H1)
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Figure 2.
Reaction scheme for the hydrolysis of sucrose
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Figure 3.
1H NMR spectra over time of sucrose dissolved in D2O (25 mg.mL−1), acidified with acetic
acid (0.25 % v/v) and TFA (0.025 % v/v) and heated to 65 °C.
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Figure 4.
Plots of 1H NMR relative integral intensities versus time monitoring the acid hydrolysis at
65 °C of sucrose into glucose and fructose. The trend lines were generated using
Kaleidagraph scientific graphing software following an exponential curve fit.

Barclay et al. Page 15

Carbohydr Res. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Example Arrhenius plot for the hydrolysis of sucrose (rate constants derived from
concentration measurements calculated from the integrals of the resonance for SucGH1)
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Figure 6.
Reaction scheme for the hydrolysis of inulin
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Figure 7.
1H NMR spectra over time of short chain inulin dissolved in D2O (25 mg.mL−1), acidified
with acetic acid (0.25 % v/v) and TFA (0.025 % v/v) and heated to 60 °C.
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Figure 8.
Example Arrhenius plots for the hydrolysis of short chain inulin (rate constants derived from
concentration measurements calculated from the integrals relating to the hydrolytic
production of glucose and fructose)
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Figure 9.
Example Arrhenius plots for the hydrolysis of long chain inulin (rate constants derived from
concentration measurements calculated from the integrals relating to the hydrolytic
production of glucose and fructose)
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Figure 10.
1H NMR spectra over time of pullulan dissolved in D2O (25 mg.mL−1), acidified with acetic
acid (0.25 % v/v) and TFA (0.25 % v/v) and heated to 90 °C.
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Figure 11.
1H NMR spectra over time of glycogen dissolved in D2O (25 mg.mL−1), acidified with
acetic acid (0.25 % v/v) and TFA (0.25 % v/v) and heated to 90 °C.
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