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Abstract: This study evaluated, in vitro, the effect of a whey powder (WP) and chitosan mixture
on nutrient absorption in Caco-2 intestinal epithelial cells. Whey powder and chitosan were
combined at mass ratios of 1:1, 2:1 and 1:2 and applied at concentrations from 0.1% to 1.0%.
Glucose and amino acid (leucine) transport, transepithelial electrical resistance (TEER), cell
viability (MTT) and membrane integrity (LDH release) were assessed. The whey:chitosan 2:1
mixture at 0.5% produced the most pronounced effect, increasing glucose transport by 15–20%
and leucine transport by 10–18% versus control (p<0.05), suggesting activation of transporter
proteins and/or an increase in effective absorptive surface area. TEER values remained stable or
slightly increased, indicating preservation and mild strengthening of the intestinal barrier. MTT
and LDH data confirmed absence of cytotoxicity in the tested range, while microscopic
examination showed preserved enterocyte-like morphology with a tendency toward denser and
longer microvilli. These findings support the use of whey powder–chitosan mixtures as
promising bioactive components for functional foods and nutraceutical formulations aimed at
supporting intestinal health and improving nutrient bioavailability.
Keywords: whey powder, chitosan, Caco-2 cells, intestinal epithelium, nutrient absorption,
glucose transport, amino acid transport, TEER, cell viability, bioactive components, intestinal
barrier, functional food, nutraceuticals, in vitro model.

Introduction. Whey powder, obtained as a by-product of dairy processing, and the natural
polysaccharide chitosan are increasingly viewed as valuable bioactive ingredients for the
development of functional foods and nutraceuticals. Whey powder contains high-value proteins,
free and bound amino acids, lactoferrin, immunoglobulins, easily digestible carbohydrates and
minerals, which together can improve intestinal mucosal status, modulate immune responses
and attenuate oxidative stress, thereby supporting the overall nutritional status of the organism
[6; 9; 15]. Chitosan, a deacetylated derivative of chitin from crustacean shells, exhibits
protective, adsorptive, anti-inflammatory and absorption-enhancing properties and is widely
studied in pharmaceutical and nutrition sciences [1; 2; 3; 4].
The Caco-2 cell line is one of the most widely used in vitro models to investigate intestinal
morphology and transport. Upon differentiation, Caco-2 cells acquire several characteristics of
small intestinal enterocytes, including microvilli formation, brush border enzymes and
functional transepithelial transport mechanisms [1; 6; 7]. This makes the model suitable for
assessing the effects of dietary bioactives on nutrient absorption and barrier integrity.
Although whey protein ingredients and chitosan have been separately studied in relation to gut
function and nutrient uptake [5; 7; 15], data on their combined action on intestinal epithelial
cells remain limited. The aim of this work was therefore to evaluate, under in vitro conditions,
the effect of a whey powder–chitosan mixture on glucose and amino acid transport, TEER and
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cell viability in Caco-2 monolayers, and to consider its potential as an ingredient for functional
foods and nutraceuticals.
Materials and Methods. Caco-2 intestinal epithelial cells and mixtures of food-grade whey
powder and pharmaceutical-grade chitosan were used. Whey powder contained at least 80%
protein and met standard food quality requirements [9; 10; 11; 12; 13; 15; 16]. Chitosan had a
medium molecular weight and a degree of deacetylation above 85%, with high purity suitable
for biomedical applications. All reagents were of analytical grade, prepared in distilled or
deionized water.
Whey powder and chitosan were mixed at mass ratios of 1:1, 2:1 and 1:2. For each ratio, sterile
solutions at 0.1%, 0.5% and 1.0% (w/v) were prepared. Chitosan was dissolved in 0.1 M acetic
acid and then neutralized with phosphate buffer to pH 6.5–7.0 [1; 3]. Whey powder was
dissolved in distilled water and stirred until complete solubilization. All solutions were
sterilized by filtration through 0.22 μm membrane filters and stored at +4 °C until use. Control
groups included cells exposed only to culture medium, to whey powder alone or to chitosan
alone.
Caco-2 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and
1% antibiotic–antimycotic solution in a humidified incubator at 37 °C and 5% CO2 [1; 6; 7]. At
80–90% confluence, cells were detached with trypsin–EDTA and seeded onto polycarbonate
Transwell inserts with 0.4 μm pores. Cells were allowed to differentiate for 21 days. Formation
of tight junctions and functional monolayers was confirmed by TEER values above 300 Ω·cm²,
which served as a criterion for experimental use [1; 4; 6].
Nutrient transport was assessed by adding a standard glucose solution to the apical
compartment and measuring its appearance in the basolateral compartment by
spectrophotometry at defined time points. Amino acid transport was studied using radiolabelled
14C-leucine; radioactivity in basolateral samples was quantified by scintillation counting,
providing an estimate of transporter activity [2; 5; 7; 8; 14].
Cell viability and cytotoxicity were evaluated by MTT assay (mitochondrial enzyme activity)
and LDH release (membrane integrity) [2; 4]. TEER was measured throughout the experiments
using a dedicated voltohmmeter to monitor barrier integrity and tight junction function. Data
were analysed by ANOVA and Student’s t-test; differences were considered statistically
significant at p<0.05. Results are presented as mean ± standard error.
Results and Discussion. The whey powder–chitosan mixture exerted a clear positive effect on
nutrient transport and maintained barrier integrity in Caco-2 monolayers. For glucose transport,
the most pronounced increase was observed with the 2:1 whey:chitosan mixture at 0.5%, where
basolateral glucose appearance rose by approximately 15–20% relative to control (p<0.01).
This suggests that the combination can enhance the activity and/or expression of glucose
transporters in the apical membrane.
A similar pattern was seen for amino acid transport. In the presence of the mixture, basolateral
transfer of 14C-leucine increased by about 10–18% compared with control (p<0.05). These data
indicate that peptide and amino acid transport systems in intestinal epithelial cells may be
favourably modulated by the combined action of whey components and chitosan.
MTT and LDH assays demonstrated that, within the tested concentration range, the mixture was
not cytotoxic. Cell viability remained close to control values, and LDH release did not differ
significantly from baseline (p>0.05), confirming preservation of membrane integrity.
TEER monitoring provided additional evidence that the intestinal barrier was not compromised.
In most experimental groups TEER values remained stable throughout the study, and in some
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cases a slight increase was recorded, which may reflect reinforcement of tight junctions under
the influence of the whey–chitosan mixture.
Microscopic examination confirmed the integrity of the cell monolayer, preserved cell–cell
contacts and characteristic enterocyte-like morphology. In several groups, a tendency toward
denser and more elongated microvilli was noted, potentially increasing the effective surface
area for nutrient absorption.
Taken together, these findings point to a synergistic effect of whey powder and chitosan:
nutrient transport is improved while barrier properties are maintained or mildly enhanced. This
balance is particularly important for the development of safe functional ingredients that increase
bioavailability without compromising gut integrity.
Conclusion. In vitro experiments on Caco-2 intestinal epithelial cells demonstrated that a whey
powder and chitosan mixture can significantly enhance nutrient absorption while preserving
barrier function and cell viability. The 2:1 whey:chitosan mixture at 0.5% proved most effective,
increasing glucose transport by 15–20% and leucine transport by 10–18% compared with
control (p<0.05).
MTT and LDH assays confirmed the absence of cytotoxic effects in the tested range, and TEER
data showed that the epithelial barrier remained intact, with a slight strengthening in some
conditions. Morphological analysis supported these observations, revealing normal enterocyte-
like monolayers and favourable microvillous changes.
Thus, the whey powder–chitosan mixture may be considered a promising bioactive ingredient
for functional foods and nutraceutical products designed to improve intestinal nutrient
bioavailability and support gut health. Future work should clarify the underlying molecular
mechanisms (transporter gene expression, signalling pathways, tight junction proteins) and
confirm the present findings in animal models and controlled clinical trials.
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