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Abstract In this study the interactions between Serish root
inulin and the main biopolymer types of wheat flour namely
gluten, starch and phospholipid, were investigated in different
model systems using Fourier transform infrared (FTIR) spec-
troscopy to unravel the underlying physical mechanism by
which inulin impacts dough and bread properties. Interactions
of inulin with starch and phospholipid were not considerable
compared to gluten, but it was also clear that the modes of
these interactions varied with the type and the amount of ad-
ditives used in model formulation. This study revealed that
when inulin is added to gluten, water redistribution promotes
partial dehydration of gluten and collapse of β-spirals into
intermolecular β-sheet structures; this trans-conformations
might be due to physical reasons are believed to further impact
the poor quality of bread containing added inulin. Upon
performing Gaussian–Lorenzian curve fitting, it was observed

that by adding of inulin to model systems, the relative contri-
bution of characteristic peaks of β-turn and intramolecular β-
sheet was progressively decreased whereas intermolecular β-
sheet and α-helix contents were increased.

Keywords Wheat flour component interactions .
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Introduction

There has been increasing demand for food products with
additional health benefits including reduction of risk of colon-
ic diseases, noninsulin-dependent diabetes, obesity, osteopo-
rosis and cancer (Roberfroid 1999). In this respect, the enrich-
ment of wheat bread with the functional components such as
inulin, is considered an interesting subject to both the consum-
er as well as the cereal industry, since wheat bread is consid-
ered as an important staple food in the world (Peressini and
Sensidoni 2009).

Inulin as a natural component of several edible fruits and
vegetables, is a mixture of molecules consisting of fructose
moieties linked to each other by β (2→1) bonds. Inulin-type
fructans are known to exert many food and pharmaceutical
applications and are widely used in functional foods through-
out the world for their nutritional and techno-functional prop-
erties (O’brien et al. 2003).

Serish (Eremurus spectabilis) belongs to the family of
Liliaceae and geographically distributed in the area of South
and Central Asia, including Iran, West Pakistan, Afghanistan,
Iraq, Turkey, Palestine, Lebanon, Syria and Caucasus. Its roots
accumulate high levels of fructans during their growth and
thus it could be used as a new resource of inulin (Pourfarzad
et al. 2015a).
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Food is composed of molecular dispersions of biopolymers
and their complexes. The major biopolymers in wheat flour,
protein and starch, are fundamental to the structure, rheology,
and other physical properties of breads, as well as their taste
and sensory perception. Water and lipids, binding to other
components or acting as solvents, are important factors as
well. In the case of bread, it had already been reported that
its properties changed compared to the individual compo-
nents. As such, the functional properties of bread reflect the
physico-chemical properties of both the complex network and
the individual macromolecules. In this way, interactions be-
tween macromolecules contribute to the diversity of bread
structures. During dough mixing, the mechanical energy com-
municated makes conformational changes in wheat proteins,
such as breakage and formation of both covalent and non-
covalent bonds e.g., hydrophobic and H bonds (Aït Kaddour
et al. 2008). Baking involves heat and mass transfer, causing
thermally induced protein structural changes and/or denatur-
ation, as well as increased cross-linking and polymerization of
gluten polymers due to increased sulphydryl (SH) and di-
sulphide (SS) interchange reactions (Tiwari et al. 2011). Inter-
actions take place between gelatinized starch granules and the
gluten network through hydrogen bonding interactions during
baking. Although, lipids and in particular phospholipids, are
present in small quantities in wheat, they have a significant
effect on the final texture of wheat containing food products.
As indicated in the literature reports, polar lipids, i.e., phos-
pholipids and glycolipids interact primarily with wheat gluten
protein (Sivam et al. 2012).

FTIR spectroscopy identifies specific functional groups
within a molecule based on absorption bands at characteristic
frequencies. It is a well-established tool in the determination
of chemical composition and molecular structure of heteroge-
neous foods and biological materials and can provide valuable
information in the development process of ideal formulations
and process parameters (Vonhoff et al. 2010). IR spectroscopy
is based on the changes in the electrical dipole moment of
chemical bonds, and thus yields different vibrational spectro-
scopic information. FTIR spectroscopy can be used to analyze
the secondary structures and conformations of protein/
polysaccharides based on the characteristic absorption bands
of specific functional groups contained within these biopoly-
mers such as the amide I band of proteins at 1600–1700 cm−1

and the bands of carbohydrates at the region 1200–950 cm−1

(Sivam et al. 2012).
Previous studies showed that inulin addition significantly

influences the properties of bread dough and subsequently
bread (Peressini and Sensidoni 2009). To our knowledge, no
reports have been found on the investigation of the interac-
tions between added inulin and typical bread ingredients,
which may then lead to the development of novel and im-
proved functional breads. Thus, the present study is consid-
ered the first attempt aiming: (a) to explore the conformational

changes of systems containing Serish inulin and wheat bio-
polymers (gluten, starch and phospholipids) in model systems
using FT-IR technique; (b) to investigate the secondary struc-
ture changes of gluten caused by other wheat biopolymers and
inulin using second-derivative transformation and Gaussian–
Lorenzian curve fitting.

Materials and methods

Materials

The Serish root powders were obtained from the local
medical plant market, Mashhad, Iran. Wheat gluten (cat-
alog number G-5004, ≥80 % protein), soybean L-α-
lysophosphatidylcholine (catalog number 62963, ≥98 %
phospholipid), and wheat starch (catalog number G-5004,
≥98 % starch) were purchased from Sigma–Aldrich (Gil-
lingham, Dorset, UK). All other chemicals, reagents and
solvents were of analytical grade.

Methodology

Preparation of Serish inulin

Inulin extraction was carried out in a water bath (model WB/
0B7-45, Memmert Company, Schwabach, Germany). Serish
root powder was suspended in distilled water at a ratio of 1:50
(w/v) and was allowed to stand at 85–90 °C for 30 min under
agitation (Pourfarzad et al. 2015a). The suspension was then
filtered through muslin cloth to remove the insoluble residues.
The resulting solution was turbid due to the presence of par-
ticulate and colloidal matter, i.e., pectin, protein, and cell wall
substances. To remove these impurities, the concentrate was
mixed with 5 % slurry of calcium hydroxide and incubated at
50–60 °C for 30 min, resulting in the formation of a flocculent
precipitate and a brighter yellow supernatant. By this tech-
nique, the pH of solution was increased from 5–6 to 10–12.
After filtration under vacuum using paper filter (WhatmanNo.
4), 10 % phosphoric acid was added to the filtrate with vigor-
ous stirring to adjust its pH to 8–9, causing the precipitation of
surplus calcium and coagulated organic material. The mixture
was permitted to stand at 60 °C for 2–3 h before re-filtration
(Whatman No. 4). The clarification process was repeated
twice. Activated carbon powder was added to the filtrates at
60 °C and mixed for 15–30 min to facilitate elimination of
coloring materials. The treated solution was filtered
(Whatman No. 1) and the clear achieved solution was further
concentrated by rotary evaporation at 70 °C. The concentrated
inulin solution with soluble solids level of 40 °Brix which was
obtained after the evaporation process, was mixed with 8.5
parts by weight of ethanol (abs. 99 %) and stored at 20–
25 °C for 3 days (Pourfarzad et al. 2014). After storage, the
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supernatants were removed and the precipitates washed with
ethanol. Precipitated Serish inulin was frozen at −20 °C for
24 h followed by drying at −30 °C in a freeze dryer (Martin
christ, 8891, type 317, Germany) for 24 h (Pourfarzad et al.
2015b). The dried inulin was dry milled and passed through a
1.0 mmmesh sieve and packed in the air-tight containers prior
to further spectroscopic analyzes. The purity and degree of
polymerization of produced inulin, which were determined
with methods described by Pourfarzad et al. (2014), were
93.8 % and 13, respectively.

Model systems preparation

The compositions of model systems consisting of inulin,
starch, gluten and phospholipid investigated in this study are
given in Table 1. The weight ratios of components in models
were selected according to the their ratio in the wheat flour.
Level of inulin addition in models 18–24 was 10 % of total
amount of other components according to the literature (Mor-
ris and Morris 2012). The weight ratio of water to total solids
content (i.e., inulin + starch + gluten + phospholipid) in the
blends was 3:1. First, the blends were dispersed in distilled
water under continuous agitation. Then the dispersions were

held at 30 °C for 16 h to allow the components of model
systems to interact completely with each other (Mohamed
et al. 2009). The resulting blends were freeze-dried and pul-
verized under liquid nitrogen to give fine powders that were
used to obtain the test spectra. It should be indicated that
moisture content of prepared models after freeze-drying was
about 6.5 %. As shown in Table 1, inulin, starch, gluten and
phospholipid were each treated separately, as mentioned
above, to prepare control spectra of the components alone.

FT-IR analysis

Fourier-transform infrared spectroscopic (FT-IR) studies were
performed in transmission mode on a spectrophotometer (Par-
agon 1000, Perkin Elmer, USA). Samples were blended with
KBr powder, and pressed to form a tablets before measure-
ment. Spectra were obtained at 4 cm−1 of resolution from 4000
to 400 cm−1. The interference of water and CO2 from air was
deducted during scanning (Panchev et al. 2011).

Direct comparisons of spectral changes were done on vec-
tor normalized second derivatives of average spectra of the
discussed spectral classes, because most IR absorption bands
are broad and composed of overlapping components. Second
derivative resolution enhancement were used to narrow the
width of infrared bands and increase the separation of the
overlapping components with Unscrambler v. 9.2 software
(Camo process AS, Oslo, Norway). The resolution enhance-
ment resulting from the second derivative was such that the
number and the position of the bands to be fitted were readily
determined. In experiments involving inulin, starch and phos-
pholipid addition, the spectrum of them was subtracted from
the gluten spectrum. At first, normalized spectra were subject-
ed to a multipoint linear base-line correction using the Un-
scrambler software. The spectra were then curve fitted with
Gaussian–Lorenzian mix function for the amide I band region
(1600–1700 cm−1). The iterative data fitting was performed
until a satisfactory ‘goodness of fit’was achieved. The relative
peak areas (RPAs) of the absorbance bands were expressed as
Bpercentage of the area of fitted region^ (Byler and Susi 1986;
Sivam et al. 2012).

Statistical analyses

Results given as the average of three replications (all treat-
ments were evaluated in three batches). In order to assess the
significant differences among different interactions, a com-
plete randomized design of triplicate analyzes of samples
was performed using the Minitab 15 (Minitab Inc., State Col-
lege, PA, USA) software. Duncan’s new multiple range tests
were used to study the statistical differences of the means with
95 % confidence.

Table 1 Variables and weight ratios used in model systems

trial inulin gluten starch phospholipid

1 1 0 0 0

2 0 1 0 0

3 0 0 1 0

4 0 0 0 1

5 1 0.5 0 0

6 1 1 0 0

7 1 1.5 0 0

8 1 2 0 0

9 1 0 0.5 0

10 1 0 1 0

11 1 0 1.5 0

12 1 0 2 0

13 1 0 0 0.5

14 1 0 0 1

15 1 0 0 1.5

16 1 0 0 2

17 0 1 7 0

18 0.8 1 7 0

19 0 1 0 0.2

20 0.12 1 0 0.2

21 0 1 7 0.2

22 0.82 1 7 0.2

The weight ratios of components inmodels were selected according to the
their ratio in the wheat flour; Level of inulin addition was 10 % of total
amount of other components according to the literature

7966 J Food Sci Technol (December 2015) 52(12):7964–7973



Results and discussion

FT-IR spectra for ingredients

FT-IR absorbance spectra for the models ingredients are pre-
sented in Figs. 1, 2 and 3. In this study, all ingredients showed
bands at 2800–3000 cm−1 and a broad feature at ~3300 cm−1,
due to C―H stretching modes and intermolecular H-bonded
and O―H stretching modes respectively (Nikolic and Cakic
2007). The gluten spectrum had peaks centered at 2934 and
3397 cm−1 region (CH, and NH or OH stretching modes,
respectively). For starch and inulin, additional features are
observed around 800–1200 cm−1 which are characteristic for
polysaccharides. The characteristic bands of starch are at
1010, 1080 and 1150 cm−1, which are associated with the
coupled C―O and C―C stretching vibrations of the polysac-
charide molecules. In the inulin spectrum, the absorbance
around 600–800 cm−1 reflected the absorption of the C-H
aliphatic bending. The relatively strong absorption peak at
around 1653 cm−1 reflected the absorption of the OH bending
signal of adsorbed water (Pal et al. 2005). On the other hand,
C–C stretching vibrations were observed at 1100–1200 cm−1

in the spectrum of phospholipid. Other peaks are assigned to
C-H bond (724 and 1460 cm−1) and C=O stretching
(1745 cm−1) vibrations. The spectra are basically similar to
the previously analyzed spectra of other examined systems
(Sivam et al. 2012).

It should be mentioned that the direct comparisons of spec-
tral changes were done on vector normalized spectra. The
discussion on the results were done basis on the normalized
spectra. The complexity of normalized spectra led to an un-
clear view. Thus, spectra shifting were used in order to reso-
lution and best evaluation of them. This process resulted in
some changes in the displaying of their intensity.

Inulin - starch interaction

Infrared spectra of starch and inulin exhibited complex vibra-
tional modes at low wavenumbers (below 800 cm−1) due to
the skeletal mode vibrations of the fructose and glucose pyra-
nose rings (Kizil et al. 2002). In this study, major bands at 760
and 577 cm−1 and minor bands between 577 and 400 cm−1 in
the infrared spectra (Fig. 1) of starch and inulin were attributed
to the skeletal modes of the pyranose ring. The enhancement
of intensity at this wavenumbers is related to increasing levels
of starch and inulin in the models. The intensity of peaks at
862 and 805 cm−1, which were significantly originated from
the CH out-of -plane deformations of starch and inulin mole-
cules (Tipson 1968), increased with increasing of starch and
inulin levels in the system models. The region of 1300–
900 cm−1 (C-C and C-O) in the IR spectrum is sensitive to
the conformation of carbohydrates (Goodfellow and Wilson
1990). The peak at 933 cm−1 is specifically assigned to the C-
O-C in α-1,4- linkage in the glycosidic chain of starch

Fig. 1 FTIR spectra for models
containing inulin and starch;
Important bands: peaks below
800 cm−1: skeletal vibrations of
the fructose and glucose pyranose
rings, 862 and 805 cm−1: CH out-
of -plane deformations of starch
and inulin, 933 cm−1: C-O-C in
the glycosidic chain of starch,
1047 cm−1: characteristic of
crystalline starch, 1022 cm−1:
characteristic of amorphous
starch, 1160 cm−1: C-O-H and
glycosidic linkages of the starch
and inulin, 2929 and 1426 cm−1:
CH2 stretching and bending
vibrations in starch and inulin,
992, 1653 and 3433 cm−1:
hydrogen bonding of the
hydroxyl groups
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(Kačuráková and Mathlouthi 1996). Thus, the intensity of this
peak was higher in the systemmodels containing higher levels
of starch. It was reported that the peak at 1047 cm−1 is char-
acteristic of crystalline starch and the peak at 1022 cm−1 is
characteristic of amorphous material (van Soest et al. 1995).
As it could be seen from Fig. 1, intensity of peak 1022 cm−1

was increased with increasing the level of starch in the system.
Also, absence of peak at 1047 cm−1 is probably due to gel
formation during production of system models. The peak at
1160 cm−1 is assigned to the C-O-H and glycosidic linkages of
the starch and inulin (Boussarsar et al. 2007). This intensity
increment with increasing the levels of starch and inulin in the

models confirms the enhancement of bond formation between
them. It is exciting the presence of the peak at 1080 cm−1 in
the models and absence of it in the inulin and starch spectra.
This might be due to the bending vibrations of C-O-H link-
ages between starch and inulin (Boussarsar et al. 2007). The
behaviour of the bands at 2929 and 1426 cm−1, which are
respectively assigned to CH2 stretching and bending vibra-
tions in starch and inulin, increase with addition level of them.
Additionally, the peaks at 992, 1653 and 3433 cm−1, which are
related to hydrogen bonding of the hydroxyl group was re-
ported to be sensitive to the level of water present (Bello-Pérez
et al. 2005; van Soest et al. 1995). Higher levels of inulin and

Fig. 2 FTIR spectra for models containing inulin and phospholipid;
Important bands: 875 cm−1: C-O-C stretching of the fructopyranose
rings of inulin, 1747 cm−1: C=O of phospholipids, 1449, 1377, 1161
and 723 cm−1: C–H groups of phospholipids, 1098 cm−1: phosphate
group of phospholipids, 1239 cm−1: Antisymmetric stretching of PO2

−

for phosphatidylcholine, 1098 and 812 cm−1: alcohol group and
symmetric stretching of PO2

−, 3100–2750 cm−1: stretch vibrations of
C–H in the inulin and fatty acid moiety of lipids, 1654 cm−1: OH
bending of water, 3450 cm−1: OH stretching of water

Fig. 3 FTIR spectra for models containing inulin and gluten; Important
bands: peaks below 800 cm−1: skeletal vibrations of the fructose and
glucose pyranose rings, 866 cm−1: stretching of C-O-C and out of plane
bending modes of C-H in the gluten, 938 cm−1: C-C stretching, N-H
wagging and C-O-C vibrations of gluten, 1161, 1079 and 1022 cm−1:

C-O stretching mode of the C-OH groups of gluten and C-O groups of
inulin, 1654 cm−1: OH bending of water, 2929 cm−1: C-H stretching of
gluten and inulin, 3433 cm−1: N-H stretching of gluten and OH stretching
of water
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starch resulted in the inducing of water entrapped in the model
systems, which was consistent with the increased bands at
these wavenumbers.

Inulin - phospholipid interaction

The IR spectra of Inulin - phospholipid mixtures are shown in
Fig. 2. Main bands and their assignments according to the
literature (Dreissig et al. 2009). The interval 1800–700 cm−1

is more useful to differentiate lipids because it constitutes a
fingerprint for each component. In general, bands are assigned
to the glycerol backbone of phospholipids, the hydrophilic
head group and deformation vibrations of C–H groups of hy-
drophobic fatty acid chains. The vibration band observed at
around 875 cm−1 is probably due to C-O-C stretching of the
fructopyranose rings of inulin (Tsai 2007). The intensity en-
hancement of this bond is related to increase of inulin level in
the system models. The IR spectrum of phospholipids con-
tains bands due C=O (1747 cm−1), C–H groups (1449, 1377,
1161 and 723 cm−1) and the phosphate group (1098 cm−1).
The alcohol head groups attached to the phosphate group
change the IR spectra. Antisymmetric stretch vibration bands
of PO2

− are visible at 1239 cm−1 for phosphatidylcholine
(Dreissig et al. 2009). On the other hand, the positions of the
symmetric stretch vibration bands of PO2

− overlap with bands
of the alcohol group to complex envelopes with main bands at
1098 and 812 cm−1. Differences in band intensities correlate
with the amount of lipid in the model, e.g., more intense bands
at 1747, 1239, 1161, 1098, 1029 and 812 cm−1 in the IR
spectrums indicate higher phospholipid content. In the interval
3100–2750 cm−1 bands originating from stretch vibrations of
C–H groups dominate that are typical for the inulin and fatty
acid moiety of lipids. Thus, addition of inulin and phospho-
lipid in the model systems lead to the enhancement of inten-
sity in this interval. On the other hand, increasing of water
entrapped in the model systems is consistent with the in-
creased bands at 1654 (OH bending) and 3450 cm−1 (OH
stretching).

Inulin - gluten interaction

The FTIR absorbance spectra for the Inulin - gluten models
are shown in Fig. 3. In the C-H stretching region between
2800 and 3000 cm−1, a band at 2929 cm−1 is seen for all the
models. The increase of gluten and inulin in the models led to
the enhancement of the signals at this region, suggesting the
important roles of model components levels in the interactions
amongst them and consequently gluten network development
(Haraszi et al. 2008). Stretch vibration band of N-H, which
was visible at 3433 cm−1 for gluten, developed with gluten
addition. On the other hand, the positions of the stretch vibra-
tion bands of N-H overlap with band of the OH stretching to
complex envelopes with main bands at 3433 cm−1. Increase of

water entrapped in the model systems is consistent with the
increased bands at 1654 (OH bending) and 3433 cm−1 (OH
stretching). Small features at 2380 and 2164 cm−1 (which
assigned as C–O stretching mode) remained unchanged in
all of models. The absorption bands at 1241–1472 cm−1,
which are attributable to the C-O-O and C-N stretching and
N-H bending (amide III) vibrations of gluten and inulin (Su
et al. 2008), were possibly enhanced due to increase of model
components. The bands at 1161, 1079 and 1022 cm−1 are due
to the C-O stretching mode of the C-OH groups of gluten as
well as the C-O groups of inulin (De Marchi et al. 2009;
Parker 1971; Shen et al. 2010). The characteristic peaks below
938 cm−1 (C-C stretching, N-H wagging and C-O-C vibra-
tions), were specially developed as a consequence of gluten
addition (Pawlukojć et al. 2005). Also, the skeletal modes of
the fructose rings of inulin lead to major bands at 760 and
577 cm−1 and minor bands between 577 and 400 cm−1 in
the infrared spectra of samples (Kizil et al. 2002). The en-
hancement of intensity at this wavenumbers is related to in-
creasing levels of gluten and inulin in models. It is also im-
pressive that the peaks at 875 and 805 cm−1 was only observed
in the spectrum of inulin. These peaks are probably due to out
of plane bending modes of C-H in the fructopyranose units of
inulin (Widjanarko et al. 2011). The absence of it might be due
to completely mixing of inulin with gluten and subsequently
elimination of indicated bending mode (Widjanarko et al.
2011). On the other hand, stretching vibrations of C-O-C
and out of plane bending modes of C-H corresponding to
the gluten were increased at 866 cm−1 (Sivam et al. 2013).

Typical gluten bands are Amide I (80 % C-O stretch, 10 %
C-N stretch) at 1654 cm−1, Amide II (60 % N-H bend, 30 %
C-N stretch and 10%C-C stretch) at 1561 cm−1 and Amide III
(complex band resulting from several coordinate displace-
ments) at 1413 and 1241 cm−1. Peaks within the 1500–
1800 cm−1 region are associated with Amide I and II signals
of protein, carbonyl stretching modes of inulin and the O–H
bending mode of water (Kačuráková and Mathlouthi 1996).
This region of the spectra is examined in detail below using
curve fitting routines.

Secondary structures

The potential usefulness of amide I spectra (1600–1700 cm−1)
for the determination of types of secondary structure quanti-
tatively, as well as qualitatively, of proteins and smaller poly-
peptides in aqueous solution makes the accurate measurement
of such spectra of great interest. The progress in the develop-
ment of methods for analysis of spectral data makes it easier to
distinguish the individual components within the intrinsically
overlapped amide I band contours. Three analytic procedures
in current use are Fourier self-deconvolution, second deriva-
tive, and band curve-fitting. The resultant protein spectra upon
second-derivative analysis yielded bands with frequencies
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characteristic of specific secondary structures that are essen-
tially the same for all proteins. The second-derivative band
areas (integrated intensities) gave relative amounts of different
types of secondary structure for each protein that are nearly
identical with the amounts computed from crystallographic
data. It was concluded that amide I infrared spectra provide
a simple and reliable method for the determination of the
secondary structures of proteins and other polypeptides in
aqueous solution (Bock and Damodaran 2012; Dong et al.
1990; Gorga et al. 1989). To analyze the structure of the gluten
proteins contributing to the Amide I bands, curve fitting
methods were applied to the original spectra of models over
the region of 1600–1700 cm−1 (Fig. 4). All models had strong
absorption bands at ~1654 cm−1, which reflectα-helical struc-
tures (Wellner et al. 2003). The presence ofα-helices is further
proved by the presence of Amide II band found at ~1560 cm−1

(Naumann et al. 1993). The peak at ~1670 cm−1 in the spectra
indicates the occurrence of β-turns which originated from the
glutamine side chains (accounting for 35 % of the total amino
acids in wheat protein) (Wellner et al. 2005). All spectra
contained a peak at ~1633 cm−1 (assigned to intramolecular
β-sheets), indicating intramolecular H bond interactions with-
in proteins (Wellner et al. 2005). The absorptions at ~1629 and
1641 cm−1 likely resulted from the intermolecular β-sheets.
As it could be seen in the curve fitted FTIR spectra of models
(Fig. 5), β-turns were decreased from 22.45 to 20.98 % while
α-helices increased from 23.12 to 26.97 %, when inulin to

gluten ratio proportion of models increased. Upon Gauss-
ian–Lorenzian curve fitting, the relative contribution of peaks
characteristic of intermolecular β-sheets progressively in-
creased whereas intramolecular β-sheets gradually decreased
as the proportion of inulin in the models increased. The addi-
tion of inulin to models probably changed the amount of water
bound to the gluten matrix. Although quantitative reasons for
these changes are not clear, the results clearly indicate that
inulin affects gluten-water interaction and redistributes the
released water into other energy states (Sivam et al. 2012) as
evidenced from a decrease in the intensity of the band at

Fig. 4 Curve fitted FTIR spectra for models containing inulin and gluten; Gaussian–Lorenzian mix function was used for curve fitting of the amide I
band region (1600–1700 cm−1)

Fig. 5 Secondary structure content of models containing inulin and gluten;
secondary structures were assigned via second derivative resolution
enhancement and curve fitting with Gaussian–Lorenzian mix function for
the amide I band region (1600–1700 cm−1); Different letters represent
statistically significant differences between treatments (α≤0.05)
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3433 cm−1. It seems to be a direct relation between trans-
conformational changes in gluten and changes in the amount
of gluten-water interaction in models as affected by inulin
addition (Bock and Damodaran 2012). The β-turn structures

in gluten might be related to the β-spiral domains in glutenin
polypeptides (Wellner et al. 2005). These β-spiral structures
can be regarded as consecutive β-turns. The β-spiral struc-
tures are implicated as one of the structural elements

Fig. 7 Effect of wheat
biopolymers and inulin addition
on the relative areas and
secondary structure of gluten;
secondary structures were
assigned via second derivative
resolution enhancement and
curve fitting with Gaussian–
Lorenzian mix function for the
amide I band region (1600–
1700 cm−1); Different letters
represent statistically significant
differences between treatments
(α≤0.05)

Fig. 6 Curve fitted FTIR spectra for models showing the effect of wheat biopolymers and inulin addition on the secondary structure of gluten; Gaussian–
Lorenzian mix function was used for curve fitting of the amide I band region (1600–1700 cm−1)
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responsible for the viscoelasticity of dough (Wellner et al.
2005). The greater the amount of this structural element in
dough, the greater would be the ability of dough to trap gas
bubbles and the greater would be the bread loaf volume. Con-
versely, anything that transforms the β-spiral structure into
intermolecular β-sheet structure would adversely influence
the quality of breadcrumb (Bock and Damodaran 2012).
Based on the results presented in this study, we hypothesize
that one of the reasons for the adverse effect of inulin addition
on loaf volume of bread (O’brien et al. 2003) is the collapse of
theβ-spiral structure to intermolecularβ-sheets and this trans-
formation is caused by redistribution of water in dough, which
might involve in partial dehydration of gluten network. The
loss of the elastic β-spiral structures and formation of inelastic
intermolecularβ-sheet aggregates in the gluten network might
decrease the viscoelasticity of the dough and thus affect the
loaf volume during bread making (Bock and Damodaran
2012).

It is also likely that in real wheat dough, interaction of other
flour components, such as starch and phospholipid, might also
modify the secondary structure of gluten. To test this specula-
tion, the changes in the FT-IR spectra of the gluten, starch,
phospholipid and inulin molecules were investigated when
these components were mixed in the specified ratios. The
curve fitting results for complex models are shown in Figs. 6
and 7. The intermolecular β-sheet, α-helix, β-turn and intra-
molecular β-sheet secondary structure contents of gluten in
models, estimated from relative band areas in the spectral
regions 1620–1640 cm−1, 1650–1660 cm−1, 1660–
1680 cm−1, and 1680–1695 cm-1, respectively (Mizutani
et al. 2003; Sivam et al. 2012, 2013). As shown in the previous
section, almost all of the β-turn and intramolecular β-sheet
contents were decreased while intermolecular β-sheet and α-
helix contents were increased by the addition of inulin to
model systems. The intermolecular β-sheet and β-turn con-
tents in the models of 17 and 18which showing the interaction
of gluten, starch and inulin were not significantly changed
while the α-helix content of these models was only altered.
It might be due to the fact that the starch molecules should
interact with a part of the amino acid sequence which tends to
fold into the α-helix (Mizutani et al. 2003). In addition,
models of 19 and 20 that showing phospholipid and gluten
interaction had the most β-turn, α-helix content and intramo-
lecular β-sheet and the least intermolecular β-sheet content.
The decrease in the intermolecular hydrogen-bonded β-sheets
suggests that the phospholipid molecules penetrate the sites in
which neighboring molecules tightly associate via β-sheets
(Mizutani et al. 2003). It is well-known that the removal of
phospholipid facilitates interactions amongst hydrophilic mol-
ecules. During breadmaking, oil modifies the surface proper-
ties of baking ingredients and influences CO2 stability in
dough (Sroan et al. 2009). When phospholipid is removed,
water molecules move more freely and can more easily

approach gluten, causing increased intermolecular β-sheets
which in turn stabilizes β-turns (Sivam et al. 2012). In con-
clusion, phospholipids could be used to diminish the undesir-
able effects of inulin on the quality parameters of dough and
bread.

Conclusion

The Fourier transform infrared spectroscopy is proved to be a
valuable technique for studying interactions among Serish
root inulin and bread components and secondary structure of
gluten simultaneously in model systems. All the obtained in-
formation provides the insights into the differences in the con-
formations of models. The water redistribution in gluten
dough by inulin addition alters the conformation of gluten
from β-spiral (consecutive β-turns) structure to β-sheet struc-
ture. This major structural change in gluten might be the phys-
ical basis for poor quality of bread made with added inulin.
This implicitly suggests that the adverse effects of inulin on
bread quality could be overcome by decreasing the transfor-
mation ofβ-spiral structure into intermolecularβ-sheet. How-
ever, since whole wheat dough is a complex system, it is quite
possible that these components may also directly or indirectly
affect gluten secondary structure as well as water distribution
in the dough. This study was preliminary and another tech-
nique like circular dichroism spectroscopy is required to fur-
ther identify the conformations.
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