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Calcium carbonate addition decreases the in vitro starch digestibility of wheat bread
Adicion de carbonato de calcio disminuye la digestibilidad in vitro de pan de trigo
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Abstract

The objective was to prepare white bread with decreased starch digestibility via the incorporation of small amounts of calcium
carbonate. The addition of calcium carbonate increased the pH, decreased the titratable acidity and increased the soluble protein
content. FTIR analysis showed that calcium carbonate increased the structured water content and modified the protein secondary
structure by increasing coils and S-sheet. The short-range ordered and hydrated starch structures determined by FTIR increased,
which was seen as indicative of the formation of crosslinked starch networks. The in vitro starch digestibility indicated that the
calcium carbonate decreased the rapidly digestible and slowly digestible starch fractions by about 33 and 10%, respectively while
increasing the resistant starch fraction by about 160% relative to the control bread. Principal component analysis revealed the
existent relation between the reduced starch digestibility linked to the formation of ordered starch structures mediated by calcium
crosslinking, which limited the binding of amylolytic enzymes to the starch chains.

Keywords: White bread, calcium carbonate, FTIR, in vitro digestibility.

Resumen

El objetivo fue preparar pan blanco con digestibilidad de almidén disminuida via la incorporacién de pequeiias cantidades de
carbonato de calcio. La adicién de carbonato de calcio aument6 el pH, disminuyé la acidez titulable e increment6 el contenido de
la proteina soluble. Los andlisis FTIR mostraron que el carbonato de calcio aument6 el contenido de agua estructurada y modificé
la estructura secundaria de la proteina incrementando las conformaciones de espiral y S-ldminas. Asimismo, se incrementaron
las estructuras hidratadas y ordenadas a corto alcance del almiddn, las cuales fueron vistas como indicativo de la formacién de
redes de almiddn entrecruzadas. La digestibilidad in vitro del almidén indicé que el carbonato de calcio disminuyd las fracciones
del almidén rdpida y lentamente digerible en alrededor de 33 y 10%, respectivamente mientras se aumentaron las fracciones
de almidén resistente en alrededor del 160% relativamente al pan control. El andlisis de componentes principales reveld la
relacion existente entre la digestibilidad del almidén ligada a la formacién de las estructuras ordenadas de almidén mediado por el
entrecruzamiento con el calcio lo cual limité el enlace de las enzimas amiloliticas con las cadenas de almidén.
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1 Introduction

Bread is considered a staple food highly consumed
in the world. Bread production techniques are quite
diverse depending on cultural traditions, although
all bread recipes comprise cereal flour, water and
a leavening agent as the main ingredients (Sluimer,
2005). Bread is a significant source of nutrients for
the human diet, providing carbohydrates, proteins and
minerals. In particular, the high starch content of bread
contributes to the energy requirements for human
physical activity. However, excessive consumption
of starchy food products combined with a sedentary
lifestyle has been linked to unhealthy conditions known
as metabolic syndrome (Miao et al., 2015). Starch
in common white bread can exhibit high digestion
rates with the consequent production and absorption
of glucose in the small intestine (Meraz et al., 2022).
Sub-utilized glucose in the blood is transformed and
stored in adipose tissue as emulsified lipids, leading
eventually to health problems related to metabolic
syndrome diseases (Pradham, 2007). In this regard,
there is strong motivation to modify the ingredients
and methods for bread production to reduce starch
digestibility. According to Scazzina et al. (2009)
sourdough fermented bread gives glycemic responses
lower than bread leavened with S. cerevisiae. Reshmi
et al. (2017) reported that white bread combined with
20% fresh and 5% dry pomelo segments presented
higher levels of resistant starch fractions (3.97-10.96%)
and low predicted glycemic index (62.97-53.13%). It
was postulated that naringin was responsible for the
reduced starch digestibility via the inhibition of the

binding capacity of hydrolyzing enzymes. Sardabi et al.

(2021) used Moringa peregrina seed husk as a source of
dietary fiber to reduce the starch digestibility in wheat
bread. Whitney and Simsek (2017) showed that whole
wheat bread exhibited decreased starch digestibility in
comparison with white bread. Korompokis et al. (2021)
determined that the addition of maltogenic amylase
decreased the starch digestibility of white bread. Ge et
al. (2021) showed that bread supplemented with 20%
pumpkin flour had reduced starch digestibility by about
55.4% as compared to 69.9% for the non-supplemented
bread. The decreased digestibility was explained by
the enhanced digesta viscosity by the fiber added
and the presence of compact gel networks hindering

the contact between starch granules and a-amylase.

Bajka et al. (2021) found that the incorporation of
cellular legume powder can reduce by about 40%
the in vivo glycemic index without compromising
the bread quality. The aforementioned approaches for
decreasing starch digestibility rely on the addition
of an edible fiber source that acts as an obstruction
for amylolytic enzymes. In the present work, we
explored the incorporation of calcium carbonate as the

calcium source in bread preparation. The hypothesis
is that calcium could act as a crosslinking agent of
starch chains, promoting the formation of a starch
molecular organization that offers increased resistance
to the action of amylolytic enzymes and, consequently,
decreases starch digestibility. These actions are
particularly relevant in the context of addressing
metabolic syndrome-related disorders, which represent
a growing concern in global nutrition and public health
strategies. Calcium is commonly used as a crosslinking
agent for biopolymers, including alginate, guar gum
and starch (Giz et al., 2020; George & Abraham, 2007;
Liu et al., 2016). Also, calcium has been used as
a nutritional additive in bread preparation (Salinas
et al., 2016; Alsuhaibani, 2018) without appreciable
deleterious drawbacks to the sensorial and textural
bread characteristics. One expects that the addition
of small amounts of calcium carbonate may lead to
marked reductions in the enzymatic hydrolysis of bread
starch.

2 Materials and methods

2.1 Materials

Commercial wheat flour (Tres Estrellas®, CDMX,
Mexico; 73 g carbohydrates, 11 g protein, 1 g lipids,
2 g dietary fiber and 0.0016 g ash per 100 g of flour
dry basis), salt, sugar salt, baking dry yeast (TradiPan,
CDMX, Mexico) were purchased at a local market
(Comercial Mexicana, Veracruz, Mexico). Calcium
carbonate used in all experiments were of analytical
grade (Sigma-Aldrich, St. Louis, Mo, US).

2.2 Bread preparation

The bread recipe consisted of wheat flour (187.37 g),
water (109.42 g), yeast (2.74 g), NaCl (1.82 g), sugar
(3.65 g) and CaCOs3 (0.0, 0.82, 1.64 or 2.46 g). This
study aims to analyze the effect of calcium carbonate
on the biopolymers present in bread, considering starch
as the primary component affected. Accordingly, the
amount of calcium used was calculated based on the
starch content. The starch content was estimated by
considering starch as the primary carbohydrate in wheat
flour. According to the manufacturer, this corresponds
to 73 g of starch per 100 g of flour, so that 100 g of
starch is equivalent to 136.99 g of wheat flour. The
amount of calcium represented 0.0, 0.7, 1.4 and 2.1
g CaCO3/100 g starch. The breads were coded as By,
Bi, B, and Bg;, respectively. The preparation of the
bread was conducted by mixing the ingredients with
the help of a SP-800-J Laboratory Spiral Mixer (Grupo
Alpha Simet, Queretaro, Mexico). The wheat flour,
yeast, salt, sugar and CaCO3 were put into a mixing
bowl and water at 30 °C was added. The ingredients
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were mixed at low speed until a homogeneous mix was
achieved (5 min). Then the mix was kneaded for 15 min.
Subsequently, the mass was transferred to an aluminum
mold (20 x 10 x 10 cm) covered with waxed paper
and placed in the mechanical convection incubator
(BEING Scientific, model BIF-35, Shangai, China)
for 2 hours at 35 °C. Then, the obtained dough was
placed in a conventional convection oven (Rational AG,
Landsberg, Germany) adjusting temperature at 200° C
and 20% relative humidity for 25 minutes. The bread
was allowed to reach room temperature and finally
stored in hermetic Ziploc bags (4 °C).

2.3 Methods

Moisture (925.10), ashes (923.03), and titratable
acidity (942.15) were analyzed using the official
methods instituted by the Association of Official
Analytical Chemists (AOAC, 2000). The pH was
precise analytically by a digital pH meter (MP220,
Mettler, Toledo; AACC method 02-52.01). The soluble
protein content was analyzed using the Bradford
technique with bovine serum albumin as standard.
SEM analysis of the bread crumb was carried out in a
JEOL-JMS-7600F microscope with the LM mode at
15 kV accelerating voltage (Akishima, Japan). Samples
were fixed on a carbon sample holder with a double-
sided sticky tape. were coated in with gold with a thin
film sputtering unit (model Desk V, Denton Vacuum)
(Ramos-Villacob et al., 2024). Fourier transform
infrared (FTIR) spectroscopy was conducted at 20
°C using a equipped FTIR-ATR spectrophotometer
(Spectrum 100, Perkin-Elmer, Waltham, MA, USA).
All spectra were analyzed following the procedure
described by Morales-Huerta et al. (2025), using
Gaussian and Lorentzian fitting functions implemented
in Fortran for spectral deconvolution. In vitro starch
digestibility was performed with the methodology
proposed by Englyst et al. (1992). The following
discontinuous exponential model was used to explore
the presence of multi-phase hydrolysis kinetics (Bello-
Perez et al., 2019):

X(t) =X + Xfast eXp (_kH,fastt) + Xslow €Xp (_kH,slowt)
(1)

Here, X(¢) is the starch concentration at time t, X, is the
residual starch for long times (i.e., indigestible starch),

kH, fast and kg g0, are the hydrolysis rate constants
for fast and slow kinetics, and Xy, and X, are the
concentrations of the fast and slow digestible starch
in the initial sample. The model (1) assumed that the
starch is composed of three fractions. Two fractions
that can be digested, although with different rate, and
a third fraction that cannot be hydrolyzed under the
amylolytic digestion conditions of the experimental
run. For 7 = 0, one has

Xo = Xoo + Xfaxt + Xsiow (2

This means that the parameters Xoo, Xyq5 and Xgjon
are not mutually independent. For a given initial
concentration X, the parameters of the model (1) were
estimated by least-squares fitting of the hydrolysis
kinetics data subjected to the constraint (2). The
estimation of digestible starch fractions of the bread
variations was done as described by Godoy-Ramirez et
al. (2024); namely, the rapidly digestible starch (RDS)
and the slowly digestible starch (SDS) were established
as the digested starch after first 20 min and 20-120 min,
respectively. Finally, the resistant starch (RS) was taken
as the starch that was not digested after 120 min.

2.4 Data analysis

Experimental runs were carried out in triplicate.
ANOVA and Tukey’s test were conducted with
the Statgraphics 7 software (Statistical Graphics
Corp. Manugistics Inc., Cambridge, MA). Statistically
significance difference was taken when p<0.05. A
principal component analysis (PCA) was conducted to
assess the multi-variate effect of the calcium carbonate
in the bread response variables.

3 Results and discussion

The pH of the control white bread without CaCOj3 (By)
was about 5.32, and increased to 6.08, 6.43 and 6.54
for breads B, By and B3 (Table 1). Yeast produced
acids during the fermentation process, leading to a
slightly acidic medium. Calcium carbonate acted as
a neutralizer for the acid medium resulting from the
dough leavening.

Table 1. Characteristics of the white bread variations with different calcium content.

Bread pH Titratable acidity (%) Moisture content (%) Ashes (%) Soluble protein (%)
By 5.32+0.03¢ 0.42 +0.01° 41.37 + 0.63° 2.66 +0.012 4.34 + 0.044
B;  6.08 £0.02¢ 0.37 + 0.01° 42.92+ 0.692° 2.81 +0.02° 8.27 + 0.05¢
B, 643 +0.02° 0.35 £ 0.01¢ 43.88 + 0.772 2.93 + (.02 11.52 + 0.05°
B;  6.54 +0.022 0.33 + 0.014 43.96 + 0.772 2.98 + 0.02¢ 12.63 + 0.052

Values are reported as means + standard deviation. Column with different lower-case letters in columns indicate significant
differences (p < 0.05). Bg = control; By = 0.7, By = 1.4 and B3 = 2.1 g CaCO3/100 g starch.
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Figure 1. SEM images (50x) from the crumb of the bread variations. a) By = control, b) B; =0.7,c) B, = 1.4, d) B3

=2.1 g CaCO3/100 g starch.

The effect was also reflected in the titratable acidity,
which decreased from about 0.42 mg NaOH 0.1 N/g
for By to 0.33 mg NaOH 0.1 N/g for B3. The moisture
content exhibited a slight increase with the calcium

carbonate addition, from 41.37% to 43.96 for Bj.

Ashes also increased as a consequence of the calcium
addition. The most visible variation was exhibited by
the soluble protein, which increased from 4.34% for
By to 12.63% for B3. Ono et al. (1993) reported that
protein solubility increases with the pH, which is in
line with the correlation (p = 0.87) between the pH and
protein solubility shown in Table 1.

3.1 Morphology

Figure S1 presents images of bread slices for the
control and the bread with the three different levels
of calcium carbonate content. The crumb morphology
of the control bread (By) was homogeneous, and the
shape was regular. The calcium carbonate addition
produced bread with a heterogeneous distribution of
crumb pores and channels. Large pores can be observed
in the crumb of B, and Bj. Besides, the slice shape was

less regular with some fractures discernible in the crust.

SEM micrographs offer a more detailed view of the
crumb morphology (Figure 1). The high homogeneity

of the pore distribution was confirmed for By (Figure
1.a). Starch granules covered by gelatinized starch
chains formed a complex 3D network with irregular
caves and pores. The sample B; exhibited morphology
similar to that of the control sample, although with
the presence of large fractures (Figure 1.b). The
further addition of calcium carbonate produced a less
homogeneous crumb morphology (figures 1.c and 1.d)
with larger fractures and pores. This suggests that
calcium carbonate produced bread with an irregular
3D network formed by starch and proteins. Similar
results were found recently by Garcia-Hernandez et
al. (2022) who reported that baking powder produced
less heterogeneous bread morphologies with slightly
increased moisture content than bread made with
regular yeast as a leavening agent.

3.2 FTIR analysis

Figure 2.a shows the FTIR spectrum of the bread
variations in the range 4000-800 cm™' where some
salient bands were highlighted. The broad signal at
3600-3000 cm™! corresponds to the hydroxyl group
OH linked to the interactions between water and
biopolymers (e.g., proteins and starch). The peak at
2950 cm™! is associated to the CH and CH, aliphatic
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Figure 2. (a) FTIR spectrum for the different bread variations (B, By, B> and B3). Prominent bands were highlighted,
including the OH stretching, the Amide I and the fingerprint starch bands. The subsequent panels illustrate the
numerical deconvolution of the FTIR spectrum: (b) the OH stretching band, (c) the Amide I band, and (d) the starch
fingerprint region. Bg = control, B; = 0.7, By = 1.4, B3 = 2.1 g CaCO3/100 g starch.

groups of lipids. The band in the range 1700-1600 cm’!
indicate the C=0 stretching of the Amide I linked to
the bread proteins. The sharp peak at about 1025 cm’!
is attributed to the bread carbohydrates, mainly starch.

Figure 2.b shows that the hydroxyl band can be
approximated by four Gaussian functions obtained
by numerical deconvolution. These findings have
been related to the structure of water forming
polymeric hydrogels, and can be identified as non-
freezing, freezing bound and free water (Vasylieva
et al., 2018). Free water does not interact with the
polymer molecules. Freezing-bound water interacts
weakly with biopolymer, and non-freezing-bound water
interacts with polymeric chains by forming hydrogen
bonds (Goda et al., 2006). Water interactions at low
wavenumber (i.e., at low-energy levels) reflect strong
hydrogen bonds. Water vibrations at high wavenumber
(i.e., high-energy levels) can be ascribed to water-water
interactions (De Ninno & De Francesco, 2018). Figure
S2.b shows that the water structure in the bread is
dominated by low-energy vibrations linked to clusters
and ice-like structures. Figure 3.a presents the variation

WWW.rmiq.org

of the water structure distribution for the different
bread variations. The liquid-like water had significant
(p < 0.05) variations with the addition of calcium
carbonate, which is in line with the small variations
of the moisture content shown in Table 1. In contrast,
the content of water clusters decreased, and the ice-like
water increased with the calcium carbonate content,
suggesting that calcium improved the extent of the OH
bonds via maybe crosslinking effects. A conceptual
illustration of the proposed mechanism is provided in
Supplementary Figure S3. Figure 2.c shows that an
accurate fitting of the experimental FTIR spectrum in
the Amide I region can be achieved by three Gaussian
functions. The three individual peaks can be assigned
to coils (~1670 cm’!), random (~1642 cm!) and B-
sheets (~1618 cm') (Dong et al., 1990). These three
configurations have a similar relative contribution to
the protein secondary structure. Figure 3.b presents the
effect of the calcium carbonate on the protein secondary
structure of the white bread. Coils decreased with the
calcium addition, from about 34% to about 30%. Such
decrease was accompanied by an increase in random
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Figure 3. Percentage changes of (a) the water structure
components, (b) protein secondary structure and (c) the

starch structure ratios for the different bread variations.

By = control, By = 0.7, B, = 14, B3 = 2.1 g
CaCO3/100 g starch. The small letters above bars
denote statistically significant differences.

and B-sheet structures. In particular, 8-sheets have been
linked to the elasticity of gluten, and hence of the wheat
dough and bread (Saadi et al., 2022).

Figure 2.d shows the graphical deconvolution of

the starch backbones in the range 1100-950 cm!.

The spectrum in this region can be approximated by
three Gaussian peaks linked to hydrated (~995 cm™),
amorphous (~1022 ¢cm™') and short-range ordered

(~1047 cm™!) starch structures (van Soest et al., 1995).

Rather than the magnitude of individual peaks, the
ratios Rpyg=995/1022 and Ryg=1047/1022 obtained
from the deconvoluted Gaussian function areas are
considered to represent the contents of hydrated
and short-range ordered structures as compared with
amorphous ones. Figure 3.c presents the starch ratios
for the different bread formulations. The addition
of calcium carbonate led to a significant (p<0.05)
increase in the FTIR ratios Rpyq and Ryrg. That is,
the calcium increased the relative content of the
hydrated and short-range ordered starch structures,
which can be seen as an insight into the binding of
the calcium in the starch chains. It has been postulated
that covalent bonds are involved in the calcium-starch
interactions (Chatakanonda et al., 2000). FTIR analysis
has indicated that linkages are likely to occur between
carbons of sugar rings, resulting in the crosslinking of

two or more starch chains to give non-regular space
networks (Liu et al., 2014). Cornejo-Villegas et al.
(2018) have postulated that van der Waals interactions
might be involved in the interaction of Ca’** ions
and starch chains. The increased ratio 1047/1022 is
probably indicating the increase of ordering as induced
by cross-linking and van der Waals effects.

3.3 Invitro starch digestibility

Figure S2 presents the in vitro starch hydrolysis for
the control bread (Bg) and the bread added with
calcium carbonate (B and By). The addition of calcium
carbonate decreased the starch hydrolysis after 120 min,
from about 95% for B to about 82 and 70% for B,
and B, respectively. The continuous lines in Figure
S3 denote the least-squares fitting by Eq. (2) and the
estimated parameters are presented in Table 2. It is
noted that the transition time #, is higher than zero,
meaning that the digestograms exhibited a two-phase
behavior. The first phase for times ¢ < t;,- corresponds
to a fast hydrolysis rate, and the second phase for
times ¢ > t, corresponds to a slow hydrolysis rate. This
transition time increased with the calcium addition,
from 16.44 min for By to about 31.98 for B,. Both
the fast and slow hydrolysis rates decreased with the
calcium addition. In particular, the fast hydrolysis rate
showed a strong decrease from 18.13x1072 1/min for
the control bread B to 3.16x102 1/min for B;. The
slow hydrolysis rate showed only a slight decrease
with the calcium addition, from 4.37x1072 1/min for
Bo to 2.91x1072 1/min for B,. The decrease in the
hydrolysis rate was reflected in the distribution of the
digestible starch fractions. The RDS fractions showed
a marked decrease from about 25.19% for the control
bread By to 17.31% for bread B;. The SDS fraction
showed a similar trend. In contrast, the RS increased
from 12.49% for By to about 32.19% for B,. In this
context, certain compounds such as polyphenols may
enhance resistant starch (RS) content to a greater extent.
Kwasny et al. (2022) reported RS increases exceeding
300 %; however, they also noted that polyphenols can
significantly alter the organoleptic properties of food,
including color, astringency, and bitterness. Moreover,
other compounds are known to promote RS formation,
although their effectiveness depends on the type of
fiber and the processing conditions applied and (Koksel
et al., 2025). These results showed that the addition
of calcium carbonate had an important impact on
starch digestibility by reducing the hydrolysis rate
and limiting starch hydrolysis. It was postulated that
calcium-mediated cross-linking leads to compact 3D
networks, limiting the accessibility of enzymes for
binding with starch chains (Roldan-Cruz et al., 2020).
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Table 2. Estimated parameters of the kinetics model Eq. (1) and the digestible starch fraction according with the
classification by Englyst et al. (1992).

Bread  kfuq x 107 (1/min) kg, X 10? (1/min) RDS (%) SDS (%) RS (%)
By 1.62 + 0.05 1.57 + 0.042 2519+ 1.16* 6232 +0.63*  12.49 + 0.434
B, 1.30 + 0.02¢ 1.24 +0.03° 20.98 + 0.33>  57.60 + 0.69°  21.42 + 0.69°
B, 1.46 + 0.02¢ 0.79 + 0.02¢ 17.31 £0.24° 5150 +0.77°  31.19 + 0.77°
B; 1.61 + 0.03° 0.71 + 0.02¢ 16.51 £ 0.17¢ 4812 £ 0.64°9 3537 +0.77°

Values are reported as means + standard deviation. Column with different lower-case letters in columns indicate
significant differences (p < 0.05). By = control, B; = 0.7, B, = 1.4 and B3 = 2.1 g CaCO3/100 g starch.
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Figure 4. Bi-plot of the principal component analysis (PCA) results for the 19 response variables of the three bread
variations. By = control; B; = 0.7; B, = 1.4, Bz = 2.1 g CaCO3/100 g starch.

3.4 Principal component analysis (PCA)

The following set of 19 response variables was
considered for PCA: pH (PH), moisture content (MC),
titratable acidity (TA), ashes (AS), soluble protein
(SP), ice-like (IL), clusters (CL), liquid-like (LL) water
structures, coils (CO), random (RA) and -sheet (BE)
protein structures, hydrated Rpyq (HY) and short-range
ordered Ryg (SO) starch structures, fast hydrolysis
rate (KF), slow hydrolysis rate (KS), RDS (RD),
SDS (SD) and RS (RS). The letters in parenthesis
correspond to the acronyms used for denoting the
response variables in a score bi-plot (Figure 4). The
first and second principal components accounted for
68.36 and 25.31% of the total variability. The response
variables were aggregated about two clusters, with
one in the negative part of PC1 and the other in the
positive part of PC1. The RDS and SDS fractions are
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aligned with the hydrolysis rates (KS and KF), and also
with the titratable acidity (TA). This is not surprising
since acids contribute to the hydrolysis of the starch
chains. Interestingly, the RS fraction is aligned with the
transition time (TT) from fast to slow hydrolysis rate,
the pH, the soluble protein (SP), and the hydrated (HY)
and short-range ordered (OR) starch structures. The
alignment with SP might be indicating that soluble
protein promoted the formation of complexes with
the starch chains, decreasing in this the ability of the
amylolytic enzymes to breakdown the starch chains.
Lin er al. (2020) showed that proteins promote the
formation of ordered starch structures that mitigate
starch digestibility. The increase of starch ordered
structures was reflected by the 1047/1022 FTIR ratio
Rord- The protein secondary structure (CO, RA and BE)
and the water structure (IL, CL and LL) showed poor
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alignment with the starch digestibility, suggesting that
the water and protein structures played only a minor
role in the in vitro digestibility of the bread starch.

Conclusions

This work studied the effect of adding calcium
carbonate in the in vitro starch digestibility of white
bread. The main conclusion is that small amounts of
calcium carbonate addition to wheat bread led to a
marked decrease in the in vitro starch digestibility.
The effect was ascribed to the formation of a starch
network mediated by calcium-mediated cross-linking,
which limits the action of amylolytic enzymes. Calcium
carbonate addition is a simple, viable and inexpensive
technique to obtain white bread with reduced starch
digestibility.
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