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A B S T R A C T   

Pectin is used in dairy products to improve texture, but it may also affect calcium absorption. The influence of 
pectins with different degrees of esterification on calcium bioaccessibility in yogurt snacks enriched with or 
without whey mineral concentrates and lime juice was quantified using a three-step in vitro digestion including 
electrochemical determination of free and complex bound calcium. Calcium from whey minerals became bio-
accessible under intestinal conditions when combined with lime juice, as a consequence of a large fraction of 
complex bound calcium by citrate. Pectin improved the texture of the snacks but lowered the calcium bio-
accessibility by 6%–16% depending on the degree of esterification through endothermic binding of calcium to 
carboxylate groups of pectins as evidenced by higher yield stress of the snack bases. Decreasing degree of 
esterification and increasing blockiness promoted calcium binding, as indicated by the estimated binding sites 
and association constants. Increasing temperature from 25 ◦C to 37 ◦C and pH from 4 to 7 (intestinal conditions) 
also increased the interactions between calcium and pectins. For low methoxyl pectin, the complex binding of 
calcium to pectin carboxylates was found more evident than binding to citrate from the lime juice reducing 
calcium bioaccessibility. For high methoxyl pectin with fewer binding sites, citrate binding kept calcium 
available for uptake through intestinal digestion. A balanced formulation with whey minerals, lime juice and 
calcium-insensitive high methoxyl pectin yielded crispy yogurt snacks with high calcium bioaccessibility, which 
provides a new perspective to design dairy products with high nutritional value.   
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1. Introduction 

Yogurt based snacks can provide essential nutrients and energy 
without excessive sugar and fat. Yogurt snacks have a high content of 
calcium, an essential nutrient that is especially beneficial for people with 
insufficient calcium uptake. Calcium deficiency leads to osteoporosis 
and rickets, a condition becoming more common among the elderly 

(Nordin, 1997). Calcium intake by food needs to be soluble during 
gastrointestinal digestion for absorption in the intestines, and calcium 
bioaccessibility is defined as the ratio between soluble calcium and total 
calcium that is commonly used to evaluate the level of potentially 
available calcium for absorption by in vitro methods (Etcheverry et al., 
2012). Whey mineral concentrates, byproducts from cheese production, 
are rich in calcium phosphates like hydroxyapatite, which combined 
with citric acid from lime juice has been found to increase calcium 
bioaccessibility in yogurt snacks (Wang et al., 2020b). Freeze drying is 
known to produce snacks with excellent color, texture, aroma and 
nutritive value (Carvalho et al., 2017; Wang et al., 2020a). 

Formulation of snacks is important for texture and mouthfeel, and 
pectins are common ingredients that can have a large impact on texture 
and calcium bioaccessibility in the snacks. Pectin, an anionic poly-
saccharide, is widely used to stabilize dairy products in order to change 
rheological properties upon processing and to improve the texture of the 
final products (Khubber et al., 2021; Laurent & Boulenguer, 2003). 
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Pectins are characterized according to their degree of esterification 
(DE). High methoxyl (HM) pectin with more than 50% of DE forms gels 
under acidic conditions and low water activity. Low methoxyl (LM) 
pectin, with less than 50% of DE, builds structured gels in the presence 
of divalent cations such as calcium, zinc and iron (Celus, Kyomugasho, 
et al., 2018; Chen et al., 2021; Löfgren & Hermansson, 2007). In addi-
tion, the distribution of non-methylesterified galacturonic acid (GalA) 
residues is quantified as the degree of blockiness (DB), and expressed as 
the percentage of non-methylesterified GalA liberated by the hydrolytic 
enzyme endopolygalacturonase relative to the total amount of 
non-methylesterified GalA present in the pectin chain (Daas et al., 1999; 
Guillotin et al., 2005). 

A previous study has shown that pectin affects the structure of 
products followed by changes of nutritional value and absorption in the 
digestive tract (Kyomugasho et al., 2015). It has been shown that pectins 
impair the absorption of minerals, such as calcium, iron and zinc in the 
small intestines because of metal ion binding and chelating effects of the 
pectins, and that the main interaction with divalent cations is through 
non-methylesterified GalA units (Bosscher et al., 2003; Celus, Kyomu-
gasho, et al., 2018). The major determinants for binding metal ions are 
the amount and physical structures of ionized functional groups such as 
free carboxylate groups during digestion in the small intestines, as the 
carboxylate groups of the unesterified units may form complexes with 
minerals in solution (Bosscher et al., 2003). The affinity for binding 
calcium to pectins is influenced by pectin properties including molar 
mass, degree of esterification and distribution of non-methylesterified 
GalA residues, as well as reaction conditions such as pH and tempera-
ture (Kyomugasho et al., 2015). 

The binding mechanism between GalA units of pectin and calcium is 
reported to go through bidentate coordination of calcium binding to two 
oxygen atoms of the carboxylate group of GalA (Huynh et al., 2016). A 
two-step binding of calcium to pectins is wildly accepted including (1) 
endothermic binding of calcium to a single carboxylate group and for-
mation of point-like cross-links at low calcium concentrations followed 
by (2) exothermic process of dimerization resulting in ordered structures 
(Fang et al., 2008; Huynh et al., 2016). The binding of calcium to LM 
pectin is supposed to occur by this two-step process (Assifaoui et al., 
2015), while, HM pectin interacts with calcium via a single-step reaction 
without dimerization (Fang et al., 2008). The dimerization between 
pectin chains is generally accepted to follow the so-called “egg-box 
model” in which pairs of helical chains are filled with calcium ions be-
tween them. Braccini and Pérez (2001) adjusted this model by shifting 
one pectin chain 1.7 Å in orientation relative to the other pectin chain 
leading to additional efficient van der Waals contacts and hydrogen 
bonding network. In order to characterize the pectin-calcium in-
teractions, isothermal titration calorimetry (ITC) has been used to obtain 
thermodynamic parameters (Celus, Kyomugasho, et al., 2018). The 
binding affinity of calcium to plant carbohydrates, such as pectin and 
inulin, is critical to understand the calcium bioaccessibility (Celus, 
Kyomugasho, et al., 2018; Jiang et al., 2021). 

The addition of pectin in our previous studies has been found to be 
necessary to obtain a stable and sensorial attractive structure for freeze- 
dried yogurt snacks (Wang et al., 2020a; 2020b). However, the effect of 
pectin esterification on calcium bioaccessibility during digestion has not 
been studied in mineral enriched foods and correlated to their texture 
properties. Furthermore, our previous studies have also shown that the 
addition of solubilized whey minerals significantly improved calcium 
bioaccessibility by complex binding of calcium to citrate, however, the 
competition between calcium binding to pectins and citrate has not been 
evaluated in foods. The objective of the present study is to understand 
the differences between the addition of HM pectin and LM pectin on the 
physical properties and the calcium bioaccessibility of yogurt based 
snacks with added whey mineral concentrates and citric acid. A three 
step in vitro protocol was applied to simulate oral, gastric and intestinal 
digestion. The interaction between pectins and calcium at different pH 
and temperatures was investigated using ITC to gain a deeper 

understanding of the thermodynamic parameters and their further ef-
fects on calcium bioaccessibility. The results of this study will support 
the development of snacks with high calcium bioaccessibility. 

2. Materials and methods 

2.1. Materials 

Organic natural yogurt was from Arla Foods amba (Viby J, Denmark) 
containing 5.5% of protein and 0.50% of fat according to the manu-
facturer. Sucrose (Nordic Sugar A/S, København K, Denmark) and 
organic lime juice (Voelkel, Höhbeck, Germany) were purchased locally. 
The citric acid concentration measured by liquid chromatography in 
commercial lime juice was 50 mg/mL (Wang et al., 2020b). Whey 
mineral concentrates rich in natural calcium phosphates were obtained 
from Arla Foods Ingredients (Capolac® MM-0525, Viby J, Denmark) 
with 24.0% of calcium, 12.5% of phosphorus, 3.0% of protein and less 
than 1.0% of fat. Milli-Q water (Millipore Corporation, Bedford, MA, 
USA) was used throughout the investigation. The combination of whey 
minerals and lime juice used as calcium enrichment for snacks was 
termed CL in the following. 

Three types of citrus pectin with different degrees of esterification 
were provided by CP Kelco ApS (Lille Skensved, Denmark): LM pectin 
with DE of 38, and two HM pectins with DE of 70 and 65, respectively. 
The HM pectin with DE65 was enzymatically block-wise de-esterified 
generating blocks of galacturonic acid prone to interaction with divalent 
cations, such as calcium. The other HM pectin with DE70 was randomly 
de-esterified under acidic conditions providing random distribution of 
galacturonic acids, thus less prone to calcium interactions. The intrinsic 
calcium content was measured by ICP-OES (inductively coupled plasma 
optical emission spectroscopy) as described below. The degree of 
esterification, degree of blockiness, molar mass, GalA content and 
intrinsic mineral concentrations of pectins are shown in Table 1. 

2.2. Preparation of yogurt bases 

The yogurt bases were mixtures of natural yogurt, sucrose and pectin 
enriched with calcium by addition of a suspension of dry whey mineral 
concentrates and lime juice. Pectin solutions were prepared at 70 ◦C 
with Milli-Q water to a concentration of 1.0% (w/w) and homogenized 
at 13500 r/min for 10 min (T25 Basic, IKA-Werke GmbH & Co, Staufen, 
Germany). Whey mineral concentrate was suspended corresponding to 
1.4% (w/w) in Milli-Q water and then mixed with lime juice in a ratio of 
seven to three. The yogurt bases were prepared in duplicate according to 
the formulation in Table 2 and homogenized at 9500 r/min for 1 min to 
get homogenous mixtures at room temperature. The pH of mixtures was 
measured in triplicate by a pH meter (HQ411d, Hach Company, Love-
land, CO, USA). 

2.3. Rheological measurement 

The flow properties of yogurt bases were characterized in triplicate 
using a rotational rheometer (Kinexus Pro KNX 2100, Malvern, UK) with 
a C25 (DIN) cup/bob geometry (inner cup diameter 2.5 cm). Steady state 
flow experiments with increasing shear rate with logarithmic progres-
sion from 0.10 s− 1–100 s− 1 were performed at 25 ◦C for all samples. The 
shear stress data were fitted to the Herschel-Bulkley model using rSpace 
software from Kinexus rheometer (Li et al., 2021): 

σ = σ0 + K(γ)n (1)  

where σ is the shear stress, σ0 is the yield stress, K is the consistency 
coefficient, γ is the shear rate, and n is the flow behavior index. 

J. Wang et al.                                                                                                                                                                                                                                    
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2.4. Freeze drying of yogurt snacks 

Freeze drying was applied to the yogurt bases after shaping the 
snacks with round silicone moulds of 2.4 cm diameter and 1.2 cm height 
(Micro Round 5 Silikoneform, Venezia, Italy). After pre-freezing at 
− 80 ◦C, the samples were dehydrated for 24 h using a vacuum freeze 
drier (Modulyo, Edwards High Vacuum International, Crawley, UK) 
with a condenser of − 50 ◦C. Then, the cylindrical snacks were weighed 
to calculate water removal by freeze drying and stored in sealed bags for 
further analysis. The protein content (N × 6.38) of yogurt snacks was 
quantified in duplicate using an elemental analyzer (vario MACRO cube, 
Elementar Analysensysteme GmbH, Hanau, Germany). 

2.5. Texture analysis 

The texture of yogurt snacks was measured in five replicates after 
being stored in hermetically sealed bags for 24 h at 20 ◦C by a texture 
analyser (TA.XT. plus, Stable Micro Systems, Ltd., Godalming, UK) 
equipped with a spherical probe (SMS P/0.5S, diameter 1.0 cm). The 
snacks were compressed into 50% of strain with a trigger force of 5.0 g 
(Brennan et al., 2012). The test speed was 1 mm/s. The maximum peak 
force (kg) and the gradient (kg/s) were considered as the parameters of 
hardness and crispness of snacks (Wang et al., 2020a). 

2.6. In vitro digestion of snacks 

The in vitro digestion of snacks simulating oral, gastric and intestinal 
phases was carried out in duplicate according to the COST INFOGEST 
protocol (Minekus et al., 2014). According to this protocol, the elec-
trolyte solutions of simulated salivary fluid (SSF), simulated gastric fluid 
(SGF) and simulated intestinal fluid (SIF) were made up as shown in 
Table S1 for storage at − 20 ◦C, and preheated to 37 ◦C before use. 
Porcine pepsin (≥2500 units/mg protein), pancreatin (8 × USP speci-
fications), bile extract porcine and Pefabloc (trypsin inhibitor) were 
from Sigma-Aldrich (St. Louis, Missouri, USA). 

To simulate the oral phase, 2.0 g of yogurt snacks were grinded 
(Coffee Mill 2393, OBH Nordica, Denmark) and dissolved with 18 mL of 
SSF to be incubated in a water bath (Julabo EH-19, Seelbach, Germany) 

with a stirring speed of 200 rpm at 37 ◦C for 2 min to get the oral bolus. 
To simulate the gastric phase, 20 mL of oral bolus were mixed with 15 
mL of SGF and pH adjusted to 3.0 with HCl. Porcine pepsin was dis-
solved in SGF solution, and 4.0 mL of pepsin stock solution were added 
to get the 40 mL of gastric chyme to achieve 2000 U/mL of enzyme 
activity. The digestion proceeded at 37 ◦C for 2 h, and the pH was 
readjusted every 30 min. 

To simulate the intestinal phase, 20 mL of gastric chyme were mixed 
with 13 mL of SIF and 1.89 mL of bile, and pH was adjusted to 7.0 by 
NaOH to simulate intestinal conditions. Bile salts were dissolved with 
Milli-Q water to achieve a final concentration of 10 mmol/L in the 
mixture. Pancreatin was dissolved in SIF solution, and then 5.0 mL of 
pancreatin solution were added to achieve a final trypsin activity of 100 
U/mL in the 40 mL of intestinal chyme. The simulated intestinal phases 
were incubated at 37 ◦C for 2 h, and the pH was readjusted to 7.0 every 
30 min during digestion. The free calcium concentration (see below) was 
also quantified. At the same time, 10 mL of the mixture were sampled at 
the beginning and at the end of the intestinal phase with the addition of 
500 μL of 1.0 mmol/L of Pefabloc to inhibit trypsin activity. All the 
samples collected during intestinal digestion were frozen at − 80 ◦C for 
further analysis. 

2.7. Analysis of calcium 

2.7.1. Free calcium 
The free calcium concentration during intestinal digestion was 

determined by an electrochemical method combining calcium ion ac-
tivity measurement and measurement of electrical conductivity as 
described previously (Wang et al., 2020b). Briefly, the calcium ion ac-
tivity was quantified using the multimeter (sensION + MM374, Hach 
lange S.L.U., Barcelona, Spain) equipped with an ion selective electrode 
(ISE25Ca, Mettler Toledo, Schwerzenbach, Switzerland) and a reference 
electrode (REF251, Hach Company, Loveland, CO, USA). The electrode 
was calibrated at 37 ◦C with different concentrations of CaCl2 (1.0 ×
10− 4, 1.0 × 10− 3 and 1.0 × 10− 2 mol/L). The calcium ion activity was 
calculated using the activity coefficient obtained by the Davies equation. 
For the complex food system, ionic strength to be used in the Davies 
equation was estimated from measured electrical conductivity 

Table 1 
Structural characteristics of pectin ingredients.  

Pectins DE1 (%) DB1 (%) Molar mass1 

(kDa) 
GalA content1 

(%) 
Intrinsic Ca content 
(mg/g) 

Intrinsic Mg content 
(mg/g) 

Intrinsic K content 
(mg/g) 

Intrinsic Na content 
(mg/g) 

DE70 69.1 ±
0.0a 

23.0 ±
0.1a 

176.8 ± 1.4a 82.9 ± 0.3a 0.62 ± 0.01a 0.40 ± 0.00 a 3.43 ± 0.01 a 12.09 ± 0.18a 

DE65 64.7 ±
0.1b 

46.6 ±
0.6b 

180 ± 10a 80.8 ± 0.5b 0.17 ± 0.00b 0.24 ± 0.00 b 2.69 ± 0.07 b 19.10 ± 0.19b 

DE38 37.1 ±
0.1c 

51.8 ±
0.1c 

217.7 ± 0.4b 85.1 ± 0.1c 0.25 ± 0.01c 0.21 ± 0.01 b 0.05 ± 0.02 c 40.75 ± 0.33c 

1 Data provided by the pectin supplier. Data represent as mean ± SD (N = 2), and SD is standard deviation. a-c Different letters in the same column indicate significant 
differences (p < 0.05). 

Table 2 
Formulation and pH of dairy bases. Y is yogurt, DE is degree of esterification, and CL is whey mineral concentrates and lime juice.  

Sample Yogurt Pectin (1.0%) Whey minerals (1.4%) Lime juice H2O Sucrose pH 

% % % % % % / 

Y 40 / / / 50 10 4.34 ± 0.03a 

YDE70 40 40 / / 10 10 4.28 ± 0.01ab 

YDE65 40 40 / / 10 10 4.29 ± 0.02ab 

YDE38 40 40 / / 10 10 4.26 ± 0.02b 

Y/CL 40 / 7 3 40 10 4.11 ± 0.01c 

YDE70/CL 40 40 7 3 / 10 4.06 ± 0.01c 

YDE65/CL 40 40 7 3 / 10 4.07 ± 0.01c 

YDE38/CL 40 40 7 3 / 10 4.07 ± 0.01c 

The pH is represented as mean ± SD (N = 6), and SD is standard deviation. a-c Different letters in the same column indicate significant differences (p < 0.05). 

J. Wang et al.                                                                                                                                                                                                                                    
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(Ponnamperuma et al., 1966). The electrical conductivity was deter-
mined by a multimeter (sensION + EC71, Hach lange S.L.U., Barcelona, 
Spain) equipped with a conductivity cell (Sension+ 5070, Mettler 
Toledo, Schwerzenbach, Switzerland). The free calcium concentration 
in the digestive juice was converted to the amount of free calcium 
available per gram of yogurt snack for a more direct comparison. 

2.7.2. Total calcium 
The total calcium content of yogurt snacks and pectins was analyzed 

using inductively coupled plasma optical emission spectroscopy (ICP- 
OES 5100, Agilent Technologies, Santa Clara, USA) in duplicate. The 
snacks and pectins were microwave digested (Rotor 12HVT50 in Mul-
tiwave GO, Anton Paar, Graz, Austria) to dissolve all the organic matter 
before ICP-OES analysis. In brief, around 500 mg of snacks or pectins 
were dissolved by 8.0 mL of 65% HNO3 (Emplura®), 2.0 mL of 37% HCl 
(Emprove®) and 2.0 mL of H2O2 (≥30%, for trace analysis) in HVT50 
vessels. All chemicals were from Sigma-Aldrich (St. Louis, Missouri, 
USA). The microwave digestion process involved heating to 100 ◦C for 2 
min followed by 180 ◦C for 8 min, and the samples were diluted by Milli- 
Q water to 3–5% acid concentration for further analysis. The standard 
curve for ICP-OES was obtained with the different concentrations from 
0.00 to 20.0 mg/L, and the wavelength of 396.847 nm was used to 
analyze the calcium content of the samples (de Zawadzki & Skibsted, 
2020). The wavelengths of 279.553 nm, 769.897 nm and 588.995 nm 
were used to determine the concentrations of Mg, K and Na in pectins. 

2.7.3. Soluble calcium 
The soluble calcium concentration was measured from the samples 

collected during intestinal digestion as previously described (Wang 
et al., 2020b). Briefly, the samples were centrifuged and pre-filtered 
using 0.2 μm of syringe filters (VWR International, Puerto Rico, USA). 
Then, the supernatant was ultra-filtered using centrifugal ultrafilters of 
molecular weight cut off 3 kDa (VIVASPIN 20, Sartorius Stedim Lab Ltd, 
Stonehouse, UK). 1.0 mL of ultrafiltrated sample was diluted to 10 mL 
with 5% HNO3 (Suprapur® Nitric acid 65%, Merck KGaA, Darmstadt, 
Germany) followed by ICP-OES analysis to obtain the soluble calcium 
content. The unit of soluble calcium concentration in the digestive juice 
was also converted to the amount of soluble calcium available per gram 
of yogurt snack. In vitro calcium bioaccessibility was calculated based on 
(Lorieau et al., 2018): 

calcium  bioaccessibility  (%) =
soluble  calcium  (mg/g)

total  calcium  in  snacks  (mg/g)
× 100

(2)  

where soluble calcium is the sum of free calcium and complex bound 
calcium. 

2.8. Isothermal titration calorimetry 

The thermodynamic interactions between pectin and calcium were 
analyzed using isothermal titration calorimetry (Nano ITC, TA In-
struments, New Castle, Delaware, USA) according to the method 
described by Celus, Lombardo, et al. (2018) with some changes. Pectin 
solutions (0.10%, w/w) were made with 70 ◦C of Milli-Q water and 
homogenized at 13500 r/min for 2 min. All the solutions were degassed 
(TA Instruments, New Castle, Delaware, USA) for 20 min before the 
experiment. Titrations were performed in triplicate at 25 ◦C or 37 ◦C by 
adding twenty injections of 5.0 μL of 10 mmol/L CaCl2 solutions into a 
calorimeter sample cell containing 1200 μL of 0.10% (w/w) pectin so-
lutions. The continuous stirring of 300 rpm and injection intervals of 
1200 s ensured fully mixing and equilibration. For the blank experiment, 
the CaCl2 solutions were injected into the 1200 μL of Milli-Q water at 
25 ◦C or 37 ◦C. The titrations were carried out under three conditions 
including the inherent pH of pectin solutions at 25 ◦C, the inherent pH of 
pectin solutions at 37 ◦C, and pH 7 of pectin solutions at 37 ◦C similar to 

the intestinal condition adjusted by NaOH. The results were calculated 
using an independent one-site binding model by NanoAnalyze (TA In-
struments, New Castle, Delaware, USA) to obtain the stoichiometry (n), 
association constant (Ka), Gibbs free energy change (ΔG0), enthalpy 
change (ΔH0), and entropy change (ΔS0) (Tang & Skibsted, 2016). 

Gibbs free energy for each independent addition of calcium was 
calculated based on the following equation: 

nG0 = − RTlnKa = ΔH0 − TΔS0 (3) 

For multi-addition, ΔG0 will have to be multiplied by n. 

2.9. Statistical analysis 

A One-way ANOVA analysis (SPSS 25, SPSS Inc., Chicago, USA) was 
performed on the experimental data by Tukey’s test with a significant 
level of p < 0.05. 

3. Results and discussion 

3.1. Rheological and textural properties 

The dairy bases for the snacks were prepared from yogurt, pectin and 
sucrose formulated with or without commercial whey mineral concen-
trates and lime juice (CL) as shown in Table 2. Two kinds of HM pectin 
(DE70 with random esterification and DE65 with block-wise esterifica-
tion), and one LM pectin DE38 were used in this study. The pH of yogurt 
bases with CL significantly decreased by around 0.2 pH units to 
4.06–4.11 because of the citric acid content of lime juice (pH 2.28). 

The apparent viscosity of yogurt bases, formulated with or without 
different pectins, decreased with increasing shear rate as shown in 
Fig. 1. The viscosity decrease with shear rate indicated that the non- 
Newtonian fluids of the yogurt bases exhibited a shear-thinning 
behavior, as confirmed by the flow index values n < 1 in Table 3, and 
the previous studies for yogurt (Janhøj et al., 2008; Singh & Muthuku-
marappan, 2008). The yogurt bases without pectin such as Y and Y/CL 
had the lowest viscosity, and pectin addition increased the apparent 
viscosity. At the shear rates of 10 s− 1, the largest increase in viscosity 
was observed for YDE38 (0.58 ± 0.05 Pa⸱s) and YDE65 (0.49 ± 0.03 
Pa⸱s), while for YDE70 was 0.07 ± 0.01 Pa⸱s, compared to the yogurt 
without pectin (0.02 ± 0.00 Pa⸱s). The increase in viscosity is expected 
to be primarily due to the calcium interactions, presented in significant 
amounts in the yogurt formulation, as the abundance of free carboxylic 
acids in DE38 and the block-wise distribution of carboxylic acids in 
DE65 entail high sensitive to calcium and therefore the ability to create a 
stronger gel network between pectins and calcium. The carboxylic acids 
of DE70 are randomly distributed and therefore less sensitive to in-
teractions with calcium. The electrostatic complexation between oppo-
sitely charged proteins and pectins may also contribute to the increase in 
viscosity (Benichou et al., 2002). Furthermore, the presence of divalent 
and monovalent cations, such as Mg2+, Na+ and K+, intrinsically pre-
sented in the pectins (Table 1) or presented in the yogurt formulation 
could positivelly or negativelly affect the gelation of pectin. It has been 
reported that intrinsic divalent cations of pectins were insufficient to 
induce gelation, however, monovalent cations could induce gelation by 
hydrogen bonds and hydrophobic interaction, which may also affect the 
viscosity of the pectin system (Chen et al., 2021; Liu et al., 2022). LM 
pectin of DE38 and HM pectin of DE65 showed similar shear thinning 
behavior with viscosity decreasing rapidly at the increasing shear rates 
studied between 0.1 s− 1 and 10 s− 1. The addition of CL (Fig. 1b) 
decreased the viscosity significantly for the samples with DE38 LM 
pectin, but slightly increased the viscosity for the samples with DE70, 
with little effect on the samples with DE65 and the control samples 
without pectin. This effect may be related to the combined effect of 
calcium addition from the whey mineral concentrate and the decrease of 
pH by lime juice. 
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The flow behavior of the yogurt bases was also quantified by fitting 
the data to a power law as shown in Table 3, and the model with yield 
stress best fitted the experimental data (R2 > 0.99). The controlled 
samples Y, Y/CL and the yogurt bases with DE70 HM pectin showed 
almost no yield stress (σ0), lower consistency coefficient (K) and higher 
flow index (n). More viscous yogurt bases were obtained by the addition 
of DE65 HM pectin and DE38 LM pectin that exhibited both high values 
of σ0 and K, and lower n. The presence of CL decreased σ0 by almost half 
of the value for the samples with DE38 LM pectin, but had almost no 
effect on HM pectins. The addition of pectin decreased the flow index 
(n), from 0.88 to 0.80 for DE70, and to around 0.53 for DE65 and DE38, 
showing that the interaction between milk proteins and pectins trans-
formed into the shear-oriented organized structures at the high shear 
rate with a gradual reduction of flow resistance resulting in decreasing 
apparent viscosity (Kinsella & Morr, 1984). 

The yogurt bases were freeze dried and 85% of water was removed in 
order to form calcium rich snacks (diameter 2.2 cm, height 0.7 cm) as 
shown in Fig. 2a and Fig. 2b. The snacks were rich in protein with a 
content of 13.6%, regardless of formulations, as only yogurt provided 
proteins. The texture was characterized by hardness and crispiness as 
reported in Fig. 2c and Fig. 2d. The addition of pectin increased hardness 
and crispness compared with the control snacks. The yogurt snacks 
without pectin, such as Y and Y/CL, easily broke into pieces indicating 
that pectin was important to maintain their structural integrity. Pectins 
are known to adsorb on casein micelle surfaces and prevent casein ag-
gregation in acidified milk through a combination of electrostatic and 
steric stabilization (Liu et al., 2006). A similar formation of casein-pectin 

complexes is probably responsible for the improved structural stability 
(shape retention) of the prepared yogurt snacks. Snacks based on LM 
pectin were harder and crispier than snacks based on HM pectin, but 
there was no significant difference in the texture of snacks made by HM 
pectin of DE70 and DE65. Moreover, the addition of CL had little effect 
on the hardness and crispiness of the snacks. 

The rheological properties of the yogurt bases influenced the final 
texture of the freeze-dried snacks. There was a tendency that yogurt 
bases with higher yield stress resulted in harder snacks after freeze 
drying, which was more clearly observed by comparing LM pectin with 
HM pectin, than between the two HM pectins. The strength of the yogurt 
bases due to the interaction between proteins, calcium and pectins, 
especially for LM pectin, seemed to be kept after freeze drying. LM 
pectin had a higher yield stress and consistency coefficient to the yogurt 
bases compared to the two kinds of HM pectin, which increased the 
hardness and the crispness of the snacks upon freeze drying. The in-
crease in hardness of the snacks with LM pectin is concluded to be 
caused by the same intermolecular binding of calcium causing high yield 
stress and high viscosity of the yogurt bases. 

3.2. Calcium in yogurt snacks during in vitro digestion 

The yogurt snacks containing different types of pectin were digested 
in order to measure changes in calcium as shown in Table 4. The snacks 
of Y, YDE70, YDE65 and YDE38 had similar total calcium content of 5.0 
mg/g, and the calcium was mainly from the yogurt. The soluble calcium 
consists of free calcium and complex bound calcium (Walser, 1961), 
which together with the insoluble calcium accounts for the total calcium 
of the snacks. The free calcium and the complex bound calcium together 
form the calcium available for absorption in the intestines, as both are 
soluble and in rapid equilibrium with each other (Skibsted, 2016). 

3.2.1. Effect of whey minerals and lime juice 
The addition of CL to yogurt bases, which is rich in calcium phos-

phates, increased the total calcium content of the snacks by approxi-
mately 1.5 mg/g, and consequently significantly increased the amount 
of soluble calcium and complex bound calcium during the in vitro 
digestion. The presence of CL had no increased effect on free calcium at 
the end of the intestines because the binding of calcium to citrate re-
duces the spontaneous diffusion of ionic calcium (Garcia et al., 2018). 
Insoluble whey mineral concentrates have to become soluble and 
available in order to get absorbed, and the strong binding of calcium by 
citrate keeps the supersaturated calcium in solution at the neutral pH of 

Fig. 1. Apparent viscosity of yogurt bases: (a) without whey mineral concentrates and lime juice (CL), (b) with whey mineral concentrates and lime juice (CL). Y is 
yogurt, and DE is degree of esterification. 

Table 3 
Rheological properties of yogurt bases. Y is yogurt, DE is degree of esterification, 
and CL is whey mineral concentrates and lime juice.  

Sample Yield stress 
σ0 (Pa) 

Consistency coefficient 
K (Pa⸱s) 

Flow index n R2 

Y 0.06 ± 0.00a 0.01 ± 0.00a 0.88 ± 0.00a 0.9984 
YDE70 0.01 ± 0.01a 0.11 ± 0.01a 0.80 ± 0.00b 1.0000 
YDE65 1.18 ± 0.03b 0.89 ± 0.11b 0.55 ± 0.02c 0.9961 
YDE38 3.23 ± 0.44c 1.26 ± 0.05c 0.53 ± 0.01cd 0.9839 
Y/CL 0.07 ± 0.00a 0.01 ± 0.00a 0.87 ± 0.01a 0.9971 
YDE70/CL 0.03 ± 0.01a 0.15 ± 0.00a 0.76 ± 0.00e 1.0000 
YDE65/CL 1.06 ± 0.04b 0.94 ± 0.02b 0.53 ± 0.00cd 0.9967 
YDE38/CL 1.68 ± 0.05d 1.26 ± 0.07c 0.50 ± 0.01d 0.9967 

Data represent as mean ± SD (N = 6), and SD is standard deviation. a-e Different 
letters in the same column indicate significant differences (p < 0.05). 
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the intestines (Cheng et al., 2018; de Zawadzki & Skibsted, 2020; Wang 
et al., 2020b). The different speciation of calcium in the suspensions of 
whey mineral concentrates was affected by the addition of lime juice as 
the fraction of increased soluble calcium further improved the calcium 
bioaccessibility. The calcium bioaccessibility of snacks at the end of the 
intestinal phase was enhanced by 27% for Y, 13% for YDE70, 21% for 
YDE65 and 22% for YDE38 by the addition of CL. Lime juice was found 
to increase the bioaccessibility of calcium due to the complex binding of 
calcium with hydroxycarboxylate form of citric acid, which increased 

the solubility of calcium both from whey minerals and yogurt in the 
snacks (Wang et al., 2020b). From the beginning (I0) to the end (I2) of 
the intestinal digestion, concentrations of soluble calcium decreased 
affecting the calcium bioaccessibility. At the same time, the amount of 
complex bound calcium increased due to the binding of free calcium to 
proteins and peptides from the hydrolysis of milk proteins during in vitro 
digestion, simultaneously with the decrease of free calcium (Perego 
et al., 2015). The addition of CL increased the differences in concen-
trations from the beginning to the end of the intestines of free calcium 

Fig. 2. Yogurt snacks with different types of pectin after freeze drying. The pictures of snacks: (a) without whey mineral concentrates and lime juice, (b) with whey 
mineral concentrates and lime juice (CL). Texture analysis of yogurt based snacks: (c) hardness, (c) crispness. Y is yogurt, and DE is degree of esterification. Data 
represent as mean ± SD (N = 10), and SD is standard deviation. a-c Different letters indicate significant differences (p < 0.05). 

Table 4 
Calcium analysis of yogurt snacks at the beginning (I0) and at the end (I2) of intestinal digestion. The calcium content is expressed as the amount of calcium available 
per gram of yogurt snack. Y is yogurt, DE is degree of esterification, and CL is whey mineral concentrates and lime juice.  

Snack Total Ca 
(mg/g) 

Soluble Ca (mg/g) Free Ca (mg/g) Complex bound Ca (mg/g) Ca bioaccessibility (%) 

I0 I2 I2 − I0 I0 I2 I2 − I0 I0 I2 I2 − I0 I0 I2 

Y 5.06 ± 0.01a 1.36 ±
0.03a 

1.35 ±
0.03ab 

− 0.01 0.94 ±
0.01a 

0.80 ±
0.01a 

− 0.14 0.42 ±
0.03a 

0.55 ±
0.04a 

0.13 26.9 ±
0.7a 

26.7 ±
0.7ab 

YDE70 5.01 ± 0.03a 1.45 ±
0.01b 

1.37 ±
0.02b 

− 0.08 0.89 ±
0.01b 

0.81 ±
0.00a 

− 0.08 0.56 ±
0.02b 

0.56 ±
0.02a 

0.00 29.0 ±
0.2b 

27.3 ±
0.2b 

YDE65 4.97 ± 0.03a 1.30 ±
0.01ac 

1.24 ±
0.06ac 

− 0.06 0.81 ±
0.01c 

0.73 ±
0.00b 

− 0.08 0.49 ±
0.02ab 

0.51 ±
0.07a 

0.02 26.1 ±
0.3a 

25.0 ±
1.1ac 

YDE38 5.00 ± 0.01a 1.21 ±
0.02c 

1.17 ±
0.02c 

− 0.04 0.78 ±
0.00d 

0.68 ±
0.01c 

− 0.10 0.43 ±
0.03a 

0.49 ±
0.03a 

0.06 24.1 ±
0.4c 

23.3 ±
0.5c 

Y/CL 6.54 ± 0.04b 2.22 ±
0.01d 

2.22 ±
0.01d 

− 0.00 1.00 ±
0.02e 

0.70 ±
0.01d 

− 0.30 1.22 ±
0.02c 

1.51 ±
0.02b 

0.29 34.0 ±
0.8d 

33.9 ±
0.7d 

YDE70/ 
CL 

6.51 ± 0.02bc 2.09 ±
0.03e 

2.00 ±
0.03e 

− 0.09 0.98 ±
0.01e 

0.78 ±
0.01e 

− 0.20 1.11 ±
0.03cd 

1.23 ±
0.04c 

0.12 32.1 ±
0.3e 

30.8 ±
0.4e 

YDE65/ 
CL 

6.44 ± 0.03c 2.04 ±
0.02e 

1.95 ±
0.02e 

− 0.09 0.91 ±
0.00b 

0.74 ±
0.00b 

− 0.17 1.13 ±
0.03cd 

1.21 ±
0.02c 

0.08 31.7 ±
0.2e 

30.3 ±
0.2ef 

YDE38/ 
CL 

6.44 ± 0.02c 2.02 ±
0.04e 

1.83 ±
0.01f 

− 0.19 0.94 ±
0.01a 

0.72 ±
0.01bd 

− 0.22 1.08 ±
0.04d 

1.10 ±
0.01d 

0.02 31.4 ±
0.5e 

28.4 ±
0.5bf 

Data represent as mean ± SD (N = 4), and SD is standard deviation. a-f Different letters in the same column indicate significant differences (p < 0.05). 
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and complex bound calcium probably due to binding by the citrate anion 
of ionic calcium released from casein hydrolysis. 

3.2.2. Effect of pectin types 
Pectin has a great impact on the structure of snacks, as well as on the 

bioaccessibility of calcium from the snacks. In the gastric phase of in vitro 
digestion, there were limited interactions between calcium and pectin, 
as the pH was 3.0, and accordingly lower than the pKa value of the pectin 
carboxylate groups of around 3.5. However, at the neutral pH 7.0 of the 
intestines, the electrostatic interaction between negatively charged 
pectin and positively charged calcium ions increases (Kyomugasho 
et al., 2015). Accordingly, pectin is expected to have a negative effect on 
the absorption of calcium, because bound calcium ions may not be 
released and available during intestinal digestion (Raes et al., 2014). 
The addition of the DE70 HM pectin increased the soluble calcium 
concentration compared to the control sample of Y but not significantly 
at the end of the intestinal digestion period, probably because DE70 
contained more calcium (0.62 mg/g) than the other two pectins and 
DE70 was randomly de-esterified to be insensitive to calcium. DE65 HM 
pectin and DE38 LM pectin decreased the soluble calcium by 8% and 
13% at the end of digestion, respectively. For the samples with CL 
addition, soluble calcium decreased significantly by 10% for YDE70/CL, 
12% for YDE65/CL and 18% for YDE38/CL compared to Y/CL at the end 
of digestion (I2), respectively, showing that pectin and citrate competed 
for calcium binding, and pectin captured part of the calcium decreasing 
the soluble fraction. The soluble calcium fraction is considered the 
bioaccessible fraction of the total calcium. LM pectin (YDE38) decreased 
calcium bioaccessibility from snacks by 13%, however, HM pectin 
(YDE70 and YDE65) had no significant effect on bioaccessibility by the 
end of the intestinal digestion. For snacks containing extra calcium from 
whey mineral concentrates, the addition of pectin significantly 
decreased calcium bioaccessibility by 9% for YDE70/CL, 11% for 
YDE65/CL and 16% for YDE38/CL as compared to Y/CL. Therefore, the 
calcium bioaccessibility decreased with decreasing DE of pectin at 
neutral pH of intestines. Kyomugasho et al. (2015) demonstrated a lower 
calcium bioaccessibility of 30.9% in pectin with a low DE in comparison 
to the higher DE of pectin with calcium bioaccessibility of 55.8% at pH 
6.5–7.2 by in vitro simulated digestion of tomato puree. Kyomugasho 
et al. (2017) also concluded that the decrease in pectin DE led to 
decreased mineral bioaccessibility of calcium, zinc, iron and magnesium 
in the model system because of the strong interactions between cations 
and pectin especially for the demethoxylated pectin. A similar phe-
nomenon was found in in vivo experiment by pigs, where LM pectin 
diminished the mineral absorption of calcium, magnesium and zinc 
compared to HM pectin which was found to have only little effect on 
mineral utilization, leading to the conclusion that DE was the main 
pectin factor determining mineral bioavailability (Bagheri et al., 1985). 
The free calcium concentration decreased with decreasing DE of pectin 
at the end of intestinal digestion in agreement with the combination of 
calcium with pectin carboxylates according to the “egg-box model” 
(Kyomugasho et al., 2017). Complex bound calcium was seen to be 
associated with the binding of free calcium to proteins, peptides or cit-
rates in the snack bases (Wang et al., 2020b). The complex bound cal-
cium of snacks containing pectin decreased as the DE of pectin decreased 
both at the beginning and the end of the intestinal digestion. Pectin had 
a greater impact on the snacks with added CL, with a significant 
reduction in complex bound calcium of 19% for YDE70/CL, 20% for 
YDE65/CL and 27% for YDE38/CL, respectively, as compared to Y/CL, 
further suggesting that pectin competed with citric acid in terms of 
binding of calcium. 

In conclusion, the strong binding of calcium to the pectin structure 
yields high yield stress and high viscosity, and at the same time limits the 
dissociation of calcium forming free calcium ions or complex bound 
calcium requested for absorption in the intestines which decreases the 
calcium bioaccessibility. 

3.3. Calcium binding to pectins determined by ITC 

3.3.1. Enthalpy changes of calcium binding to pectins 
The enthalpy changes during the interaction of pectin (DE38, DE65 

and DE70) with calcium was studied by ITC at 25 ◦C or 37 ◦C, and 
inherent pH or pH 7 for further characterization of calcium binding to 
pectins under storage and intestinal conditions. The thermograms of 
blank samples and all experiment data in triplicate are presented in the 
supplementary materials. Negative peaks of thermograms in Fig. S2 
indicated endothermic binding between pectin and calcium, and the 
area of the peaks changed and became positive and exothermic with 
increasing calcium addition. The change from endothermic to 
exothermic events indicated that the calcium binding to the pectin 
samples was saturated, and subsequently the positive peaks were the 
dilution of calcium into Milli-Q water as also seen for the blank samples 
(Celus, Lombardo, et al., 2018). 

By integrating the peaks of Fig. S2, the data of the thermograms can 
be converted to show the binding enthalpy change of pectin after each 
addition of CaCl2 as a function of the molar ratio of calcium to free GalA 
as shown in Fig. 3, in which the plots in the same row are different 
pectins at the same condition, while the plots in the same column are the 
same pectin under different conditions. The enthalpy changes (ΔH) were 
higher than zero except for HM pectin of DE65 at 25 ◦C. The binding 
isotherms showed a sharper decrease of the curve for lower DE pectins 
indicating that the binding between calcium and pectin solution 
increased with decreasing DE. Due to the nature of LM pectin DE38, 
which has significantly more carboxylate groups than both HM pectins 
of DE65 and DE70, the calcium binding is considerably larger. For two 
HM pectins with similar DE, the binding between calcium and pectin 
was higher in DE65 because the degree of blockiness of DE65 (block- 
wise) was higher than that of DE70 (random). These results are in 
agreement with Kyomugasho et al. (2015), which observed a decrease of 
pectin-Ca2+ interaction with increasing DE using fluorescence micro-
scopy of tomato-based suspensions. Low DE pectin with consecutive 
blocks of non-methylesterified GalA residues was seen more easily to 
become cross linked through calcium ions. The endothermic interaction 
between Zn2+ and pectin is comparable to the interaction between Ca2+

and pectin, and has been reported to be promoted by decreasing pectin 
DE or increasing DB as determined by ITC (Celus, Lombardo, et al., 
2018). 

At the same time, a higher temperature of 37 ◦C promoted endo-
thermic reaction and consequently increased calcium binding to pectins, 
and the binding also increased when the pH was adjusted to 7.0 as 
shown in Fig. S2 and Fig. 3. The condition of 37 ◦C and pH 7 deserves 
special attention as this condition simulated conditions of the intestines 
used previously during in vitro digestion. The inherent pH of 0.10% 
pectin solutions was 4.79 for DE38, 4.13 for DE65 and 4.11 for DE70, 
respectively, which in each case was higher than the pKa value (~3.5) of 
pectin. At these inherent pHs, more than 50% of non-methylesterified 
carboxylate groups of pectin were ionized (Kyomugasho et al., 2015). 
By increasing the pH to 7.0, nearly all the non-methylesterified 
carboxylate groups became ionized and negatively charged promoting 
strong electrostatic interactions between the negative pectin and posi-
tive calcium ions (Kyomugasho et al., 2015; Thibault & Ralet, 2003). A 
lower DE and a higher pH lead to an increase in pectin charge density, 
which contributes to the increasing cation binding capacity of pectin 
(Thakur et al., 1997). For conditions in which calcium was involved in 
electrostatic interactions with pectin, less calcium became available for 
human absorption indicating a lower bioaccessibility. 

3.3.2. Thermodynamic parameters of calcium binding to pectins 
The thermodynamic parameters in Table 5 were obtained by inte-

grating the peak areas of Fig. 3 correcting for the blank sample areas as a 
function of the molar ratio (mol Ca2+/mol GalA). LM pectin had more 
binding sites (n) than HM pectin under all conditions due to its higher 
number of non-methylesterified carboxylate groups with negative 
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charges. The binding sites of pectin also increased significantly by a 
factor of 1.25 for DE70, 1.38 for DE65 and 1.60 for DE38 when pH was 
increased from inherent value to pH 7.0. The interactions of pectin and 

calcium were enhanced with decreasing DE and increasing pH, mainly 
due to the increasing binding sites of free carboxylate groups. The as-
sociation constant (Ka) reveals the binding strength for comparison at a 
constant temperature. The results showed that DE70 HM pectin bound 
calcium stronger at 25 ◦C, however, the interaction between DE65 HM 
pectin and calcium was the strongest at 37 ◦C. It can accordingly be 
concluded, that the binding strength of HM pectin was higher than LM 
pectin at 25 ◦C and 37 ◦C. The binding between calcium and pectin was 
controlled by entropy (ΔH > 0, ΔS > 0), except for HM pectin of DE65 at 
25 ◦C, which was both enthalpy and entropy driven process (ΔH < 0, ΔS 
> 0). The positive change in entropy upon calcium binding indicates an 
increased disorder of the system, and the dehydration of calcium and 
carboxylate groups upon complex formation has been suggested to cause 
this disorder increase, leading to a possible collapse of water molecule 
structure surrounding the pectin chains (Assifaoui et al., 2015; Celus, 
Lombardo, et al., 2018; Chodera & Mobley, 2013). ΔG0 combines 
enthalpy and entropy as shown in Equation (3) in quantifying the 
binding affinity related to the binding strength of calcium to pectins. For 
the intestinal conditions of pH 7 at 37 ◦C, LM pectin was found to bind 
more calcium with a ratio Ca2+/GalA of 0.16 but more weakly with Ka =

(7.2 ± 0.6) × 104 L/mol. HM pectin bound less calcium with a similar 
ratio of 0.1, however, for DE65 with Ka = (29.7 ± 2.6) × 104 L/mol 
which was stronger than DE70 with Ka = (2.0 ± 0.7) × 104 L/mol. For 
the HM pectin, the association constant of DE65 was higher than the 
association constant for DE70 at 37 ◦C and pH 7, because a block-wise 
de-esterified pectin of DE65 has higher DB than a randomly 
de-esterified pectin of DE70. The interaction between the binding car-
boxylates in the DE65 with block-wise distribution seems higher than in 
DE70 with random distribution, and the cooperation between carbox-
ylates in binding calcium results in a higher Ka value at 37 ◦C for DE65 

Fig. 3. Binding isotherms of pectins with different degrees of esterification (DE). Dots are the enthalpy changes (kJ/mol Ca2+) after each addition of CaCl2 as a 
function of the molar ratio (mol Ca2+/mol GalA). 

Table 5 
Thermodynamic parameters of calcium and pectin interactions. n is the number 
of binding sites (mol Ca2+/mol GalA), Ka is the association constant, ΔG0 is the 
Gibbs free energy change, ΔH0 is the enthalpy change, and ΔS0 is the entropy 
change. DE is degree of esterification.  

Pectin Temp. 
(◦C) 

pH n 10− 4 

Ka (L/ 
mol) 

ΔG0 

(kJ/ 
mol) 

ΔH0 

(kJ/ 
mol) 

ΔS0 (J/ 
mol K) 

DE70 25 4.11 0.07 ±
0.02a 

21.2 ±
5.6a 

− 30.3 
± 1.9ab 

1.0 ±
0.1a 

104.7 
± 6.3a 

37 4.09 0.08 ±
0.01a 

4.2 ±
1.4bc 

− 27.4 
± 0.9b 

1.7 ±
0.2a 

93.7 ±
3.2b 

37 7.00 0.10 ±
0.01b 

2.0 ±
0.7b 

− 25.5 
± 0.4c 

8.5 ±
0.1b 

109.8 
± 1.7a 

DE65 25 4.13 0.07 ±
0.00a 

7.0 ±
1.8c 

− 27.7 
± 0.9b 

− 3.0 
± 0.9c 

83.1 ±
5.7c 

37 4.10 0.08 ±
0.01a 

30.4 ±
1.5d 

− 32.5 
± 1.2a 

5.9 ±
0.7d 

123.4 
± 7.8d 

37 7.00 0.11 ±
0.02b 

29.7 ±
2.6d 

− 32.9 
± 1.1a 

7.2 ±
0.8bd 

128.9 
± 9.2d 

DE38 25 4.79 0.09 ±
0.01ab 

5.8 ±
0.3c 

− 27.2 
± 0.1b 

4.8 ±
0.2e 

106.9 
± 0.9a 

37 4.75 0.10 ±
0.01b 

4.2 ±
1.1bc 

− 27.6 
± 0.5b 

7.3 ±
0.9bd 

112.4 
± 1.4a 

37 7.00 0.16 ±
0.01c 

7.2 ±
0.6c 

− 28.9 
± 0.2b 

8.6 ±
0.1b 

121.0 
± 1.0d 

Data represent as mean ± SD (N = 3), and SD is standard deviation. a-e Different 
letters in the same column indicate significant differences (p < 0.05). 
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than DE70 with longer distances between the binding carboxylates. 
Celus, Lombardo, et al. (2018) confirmed that the increasing DB led to 
higher association constants of zinc to pectins due to the stronger in-
teractions between zinc and pectin with more and longer negatively 
charged carboxylate blocks. The binding capacity between pectin and 
calcium is quantified by n, which means how much calcium can bind to 
pectin, while Ka and ΔG0 quantify the binding strength of interactions. n 
is accordingly important for a characterization of the amount of calcium 
that may be carried through the intestines, while Ka may be used for the 
calculation of the tendency of dissociation of calcium to be absorbed in 
the intestines. According to the results, the binding sites between cal-
cium and pectin under intestinal conditions may be determined by the 
free carboxylate groups of pectin (degree of esterification), while the 
binding strength is affected by the pattern of methylesterification (de-
gree of blockiness). These results explain the results reported in Section 
3.2. The decrease of calcium bioaccessibility in the intestines with 
decreasing DE of pectin was primarily due to an increase in binding sites 
between Ca2+ and pectin. For the pectins with similar DE, the calcium 
bioaccessibility decreased with increasing DB of pectin because of 
increased binding strength. 

4. Conclusions 

The influence of pectin on texture and calcium bioaccessibility was 
studied in snacks formulated with yogurt, whey mineral concentrates 
and lime juice. There is a trade-off between texture and calcium bio-
accessibility. LM pectin contributed a higher viscosity than HM pectin of 
the yogurt bases resulting in a corresponding increase in hardness and 
crispness of the freeze dried snacks. The addition of whey mineral 
concentrates solubilized by lime juice increased the calcium bio-
accessibility due to the binding of calcium complex to carboxylate 
groups of citric acid. However, calcium bioaccessibility decreased with 
the decreasing DE of pectin. At the same time, pectin competed with 
citric acid in binding calcium leading to a lower fraction of complex 
bound calcium in snacks containing whey minerals and lime juice, 
especially for LM pectin. The results of isothermal titration calorimetry 
showed that the binding between pectin and calcium was enhanced 
under intestinal conditions, i.e. at a temperature of 37 ◦C and pH of 7.0. 
Decreasing DE and increasing DB of pectin were found to increase the 
binding sites and binding strength of calcium to pectin resulting in a 
decrease in calcium bioaccessibility. Therefore, the calcium-insensitive 
HM pectin of DE70 is recommended for use in dairy based snacks 
considering both calcium bioaccessibility and snack texture. The results 
of calcium bioaccessibility by in vitro static digestion may be further 
correlated with calcium bioavailability by in vivo to provide new insights 
of calcium effects on health. 
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