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ARTICLE INFO ABSTRACT
Keywords: Due to their large surface area and modifiable structures, aerogels derived from biopolymers like whey protein
Whey protein-based aerogels isolate (WPI) are gaining attention as micronutrient carriers. However, their ability to incorporate essential trace

Ion retention

Structural characterization
Digestibility

Zinc bioavailability

elements like zinc, and how these ions affect aerogel structure and zinc bioavailability, remain poorly under-
stood. This study aimed at characterizing the influence of zinc ions on the structural and morphological prop-
erties of WPI-based aerogels along with their ability for zinc delivery. Initially, hydrogels were prepared with
WPI and zinc chloride at pH 1 and pH 3 and compared with formulations containing calcium chloride or sodium
chloride. The hydrogels were then converted into aerogels via solvent exchange and supercritical drying.
Analytical characterization included liquid chromatography-mass spectrometry for protein component profiling,
flame atomic absorption spectrometry for metal retention, Fourier-transform infrared spectroscopy for secondary
structure analysis, Brunauer-Emmett-Teller surface area measurements, scanning electron microscopy for
morphological assessment, digestibility and zinc uptake in Caco-2 enterocytes via Zinpyr-1 fluorescence. Results
showed a relative increase of p-lactoglobulin and a substantial ion loss during the hydrogel-to-alcogel transition —
up to 70 % for calcium and 52 % for zinc — mainly due to solvent exchange, which affects protein-ion in-
teractions. Fourier-transform infrared spectroscopy revealed increased intermolecular B-sheet formation and
hydrogen bonding in the presence of divalent ions, suggesting enhanced protein-metal coordination. At pH 1, the
aerogels exhibited pronounced porosity, a large surface area and enhanced enzymatic digestibility. In contrast,
aerogels formed at pH 3 appeared denser, less digestible and retained higher amounts of metal ions. Zinc release
from undigested aerogels was limited, likely due to matrix binding, whereas trypsin digestion slightly increased
the zinc but without clear evidence for increased bioavailability compared to inorganic zinc. These findings show
that pH and ion type influence the structure and function of WPI aerogels, highlighting their potential for tar-
geted, digestible metal ion delivery.

1. Introduction Aerogels are produced through a sol-gel process involving hydrogel
formation, solvent exchange, and supercritical drying (Kistler, 1931).

Aerogels represent a distinct class of materials characterized by low This process generally includes four key stages: (i) dissolution of the
density, high porosity, and large surface area, rendering them highly precursor material in an aqueous medium, (ii) gelation through (phys-
suitable for a wide range of scientific and industrial applications. ico-)chemical interactions, (iii) replacement of water with an organic
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solvent like ethanol, and (iv) solvent removal by supercritical or
ambient pressure drying to preserve a porous aerogel structure
(Andlinger et al., 2021). Over the past decades, aerogels were predom-
inantly produced from inorganic precursor materials such as silica,
carbon and polyurethane, and utilized in various applications, including
environmental and industrial fields (Smirnova & Gurikov, 2018).
However, recent advancements focused on the development of
biopolymer-based aerogels, particularly those made from proteins, for
expanding their applicability in biomedicine and foods/feeds (Betz
et al., 2012; Leite et al., 2025; Selvasekaran & Chidambaram, 2021;
Wang, Li, et al., 2024). Hence, these protein-based aerogels can be ob-
tained as stable, lightweight, and porous solids that may be directly
consumed or integrated into novel food formats, thereby offering
additional functional opportunities.

Globular proteins such as whey or egg proteins are particularly
suitable as precursor materials to produce for instance temperature-
induced hydrogels (Nicolai, 2019). During temperature-induced gela-
tion, globular proteins undergo partial unfolding due to the disruption of
intra- and intermolecular interactions, affecting their secondary, tertiary
and quaternary structure. This unfolding exposes previously buried
structural features, facilitating the formation of new intermolecular in-
teractions. These include non-covalent interactions, such as hydropho-
bic and electrostatic interactions, hydrogen bonds, as well as covalent
bonds in the presence of, e.g., cysteine residues (Rodrigues et al., 2015).
As a result, proteins aggregate and form a three-dimensional network,
leading to gel formation (Lorenzen & Schrader, 2006). The gelation
process is highly pH-dependent, as the protonation state of selected
protein side chains modulates electrostatic interactions, thereby influ-
encing aggregation behavior and network structure. At the isoelectric
point, the absence of electrostatic repulsion promotes aggregation,
leading to the formation of dense, low-porosity particulate networks
(Kleemann et al., 2018). In contrast, shifting the pH above or below the
isoelectric point increases electrostatic repulsion, favoring the formation
of string-like aggregates. These structures are essential for developing
highly porous aerogels with small pore sizes and, consequently, a large
surface area.

During the solvent exchange with ethanol, the balance of intra- and
intermolecular interactions shifts, enhancing protein-protein in-
teractions and thus, promoting structural rearrangements, ultimately
leading to alcogel formation (Kleemann et al., 2018; Kleemann et al.,
2020). In the subsequent stage, supercritical drying removes the solvent
while preserving the porous network of the alcogel and resulting in
protein-based aerogels. Whereas previous research on protein-based
aerogels primarily focused on characterizing microstructure, such as
specific surface area, porosity, and pore size (Betz et al., 2012; Lovskaya
et al., 2022), the influence of the early gelation stages on the final aer-
ogel structure remains insufficiently understood and has not been sys-
tematically clarified.

The large surface area and porosity of protein-based aerogels render
them particularly suitable as carrier systems for bioactive compounds
(Manzocco et al., 2021; Wang et al., 2024), including micronutrients
such as essential metal ions. Among these, zinc is indispensable to
human health, fulfilling catalytic, structural, and regulatory roles that
sustain enzyme function, immune defense, cellular growth, as well as
neurological and reproduction processes (Maret, 2017; Rink & Gabriel,
2000). Globally, zinc deficiency is recognized as a substantial public
health problem, with 17.3 % of the world’s population at risk because of
inadequate intake (Wessells & Brown, 2012). Addressing this wide-
spread deficiency will require the implementation of improved,
forward-thinking zinc nutrition programs (Lowe et al., 2024). However,
the bioavailability of zinc is influenced by dietary composition and
physiological factors (Hall & King, 2023; Maares & Haase, 2020),
emphasizing the need for advanced matrices that can enhance its bio-
accessibility and absorption within the gastrointestinal tract. Here,
protein-based materials — including aerogels — are emerging as effective
zinc delivery platforms due to their zinc-binding affinity and enzymatic
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degradability, which may enhance intestinal absorption. As an example,
whey protein hydrolysis during digestion can generate zinc-binding
peptides, which may form bioavailable zinc-peptide complexes. Such
peptide complexes have been shown to enhance zinc absorption, as re-
ported by Peng et al. (2022) and Liu et al. (2022), potentially accounting
for the increased zinc uptake observed in zinc-loaded protein-based
aerogel digests.

Previous studies incorporated metal ions by altering ionic strength to
modify aerogel characteristics, such as mechanical stability and textural
properties. For instance, the addition of monovalent (e.g., Na®) and
divalent (e.g., Ca®*") ions to the initial protein solutions has been shown
to decrease the specific surface area of the final protein-based aerogels
(Kleemann et al., 2018; Selmer et al., 2015). This effect was attributed to
the ions’ ability to screen charges, which reduces electrostatic in-
teractions between protein molecules, resulting in the formation of less
stable gel networks and subsequent alterations in pore structure. In
contrast, several studies demonstrated that stable no-salt-added aerogels
exhibit very high specific surface areas and mesoporosity (Andlinger
et al., 2022; Jung et al., 2023; Plazzotta et al., 2021; Schroeter et al.,
2021). However, it remains unclear whether ion-induced structural
changes still allow for sufficient loading capacity and controlled release
performance — an aspect that has not been systematically addressed. To
date, metal ion incorporation has been primarily investigated for its
influence on hydrogel formation and the resulting aerogel properties
rather than its potential for bioactive metal ion delivery. However, no
systematic studies assessed the suitability of protein-based aerogels as
carrier systems for metal ions so far, leaving a gap in understanding their
ion-binding capacity and controlled release behavior in duodenal fluid
environments and their potential for cellular uptake. Moreover, there is
a lack of data regarding how enterocytes manage zinc released from
digested proteins or if this zinc is suitable for cellular absorption. Aer-
ogels might provide an improved zinc release, depending on their
structure formation.

Consequently, this study aimed at characterizing the structural and
morphological properties of protein-based aerogels, as well as their zinc
incorporation and bioavailability using the well characterized in vitro
Caco-2 cell model. For this purpose, temperature-induced aerogels from
whey protein isolate (WPI) were used as a model system and prepared at
low initial pH. The low pH ensured to remain below the isoelectric point
of the main protein fractions f-lactoglobulin (f-LG), a-lactalbumin
(a-LA), and bovine serum albumin (BSA), while also creating a suffi-
ciently acidic environment to prevent the formation of zinc hydroxide,
which would otherwise limit zinc solubility and thus, bioavailability
(Einhorn et al., 2024). Specifically, aerogels were produced at pH 1 and
pH 3 with incorporated zinc chloride and compared to those containing
other divalent ions (i.e., calcium chloride) and monovalent ions (i.e.,
sodium chloride) as controls. Regarding ion retention, it was hypothe-
sized that aerogels prepared at pH 1 would exhibit lower calcium and
zinc retention compared to those at pH 3 due to the higher protonation
of the proteins’ functional groups at pH 1, resulting in a highly positive
net charge on the protein matrix. This increased positive charge would
lead to enhanced electrostatic repulsion of the positively charged metal
ions. With respect to aerogel structure, it was hypothesized that the
presence of divalent metal ions would influence the hydrogen bonding
pattern and promote structural modifications, potentially enhanced
intermolecular B-sheet formation, due to their stronger interactions with
the protein matrix and potential to form ionic bridges, compared to
monovalent ions like sodium. It was further anticipated that denser
aerogels formed at pH 3 would be less susceptible to proteolytic diges-
tion, while the higher porosity at pH 1, due to increased electrostatic
repulsion between protein strands, would enhance enzymatic accessi-
bility. Finally, it was hypothesized that proteolytic digestion of the
aerogels affects zinc delivery to enterocytes, potentially offering insights
into the zinc aerogel’s release mechanisms and its cell availability.

To test the hypotheses, a targeted proteomics approach using liquid
chromatography-mass spectrometry (LC-MS) was employed to quantify
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protein fractions throughout the aerogel preparation process. The
amounts of calcium and zinc were determined using flame atomic ab-
sorption spectrometry (FAAS). The secondary structure of the aerogels
was analyzed using Fourier-transform-infrared spectroscopy (FTIR). The
surface and morphological properties of the aerogels were characterized
by Brunauer-Emmett-Teller (BET) surface area analysis and scanning
electron microscopy (SEM). Before cellular investigations, the aerogels
were subjected to tryptic digestion as a model proteolysis step, and
hydrolysis was monitored using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Finally, a Caco-2 cell Zinpyr-1-based
fluorimetric microassay was performed to assess the cellular availabil-
ity of zinc upon applications of predigested aerogel samples.

2. Materials and methods
2.1. Preparation of aerogels

The preparation of zinc- and calcium-containing WPI aerogels fol-
lowed the procedures described earlier (Betz et al., 2012; Kleemann
et al.,, 2018). The aerogel preparation process usually comprises five
steps: (i) preparation of aqueous whey protein solutions (BiPRO® 9500,
Agropur, Montreal, Canada) with a constant protein concentration of 15
g/100 g and a pH value of either 1 or 3; (ii) addition of calcium and zinc
ions in the form of CaCl, and ZnCly, respectively; (iii) thermally induced
gelation; (iv) solvent exchange from water to ethanol; and (v) super-
critical CO5 (scCO>) drying. For zinc-loaded aerogels, WPI solutions with
15 g protein per 100 g distilled water were prepared. ZnCl, (>97 %, p.a.,
Carl Roth GmbH, Karlsruhe, Germany) was added to obtain different
concentrations (50 mM, 100 mM, 200 mM ZnCl,), and the pH was
adjusted to 1 or 3 using 32 % hydrochloric acid. ZnCl,, NaCl (>99,5 %,
p-a., Merck KGaA, Darmstadt, Germany), and WPI were weighed and
dissolved in 90 g distilled water under stirring for 20 min to ensure
complete dissolution. NaCl was added to maintain a constant ionic
strength of 600 mM across all solutions, allowing the effect of zinc
concentration on the final aerogel properties to be evaluated indepen-
dently of ionic strength variations. Specifically, for 50 mM ZnCl,, 450
mM NaCl was added; for 100 mM ZnCls, 300 mM NacCl; and for 200 mM
ZnCly, no additional NaCl was required. The pH was adjusted to 1 or 3 by
adding 32 % HCI (Th. Geyer GmbH, Renningen, Germany). The final
amount of distilled water was adjusted to achieve a total protein con-
centration of 15 g per 100 g solution, considering both the volume of
acid added and the moisture content of the WPI (dry matter content was
measured using a moisture analyser (Kern & Sohn GmbH, Balingen,
Germany) to be 93.09 + 0.04 %, n = 3). Calcium-loaded WPI solutions
were prepared analogously using CaCly (>99 %, p.a., Merck KGaA,
Darmstadt, Germany) instead of ZnCl,. Additionally, control samples
containing only NaCl at a concentration of 600 mM were prepared. All
experiments were conducted in triplicate. After adjusting the final
composition, the solutions were sonicated for 15 min in an ultrasonic
bath to ensure full hydration of the whey proteins. For gelation, 30 g of
each sol was transferred into polypropylene screw-cap containers and
sealed. The samples were then placed in an oven preheated to 80 °C for
2 h to induce gelation. After gelation, the resulting hydrogels were
cooled to room temperature.

To enable supercritical drying, the water within the hydrogel pores
was exchanged with ethanol. Hydrogels were treated twice with 150 g
ethanol (>99,8 v%, Carl Roth GmbH & Co. KG, Karlsruhe, Germany),
added directly into the polypropylene containers. The two-phase system
(hydrogel/ethanol) was gently agitated with a spatula to enhance sol-
vent exchange efficiency. Following the initial ethanol addition, samples
were left overnight at 22 °C. The ethanol content in the supernatant was
determined by withdrawing a small aliquot with a polypropylene sy-
ringe and analysing it with a densitometer. To prevent particulate
contamination, a PTFE syringe filter was used. After the ethanol content
exceeded 90 w%, the supernatant was decanted, and a second exchange
with fresh ethanol was performed. When the ethanol content in the

Food Hydrocolloids 172 (2026) 112163

supernatant exceeded 98 w%, samples were transferred into parcels
from filter paper, sealed, and stored in ethanol until supercritical drying.
During each stage (sol, hydrogel, and alcogel), aliquots were taken and
dried at 60 °C for two days. These samples were analyzed for metal
content to monitor potential metal ion losses during processing.

Finally, alcogels were dried in a custom-made 250 mL-autoclave
using supercritical CO,. Two samples in sealed filter paper parcels were
placed into the preheated autoclave at 40 °C. The pressure was then
slowly increased to above 100 bar by opening the CO, valve, starting
supercritical drying. CO2 and extracted ethanol were continuously
vented from the reactor. After 4 h, the process was terminated by
depressurizing the chamber at a rate of 5 bar/min to atmospheric
pressure.

2.2. Liquid-chromatography mass spectrometry (LC-MS)

The amount of B-LG in the samples was quantified with LC-MS/MS
using a bottom-up approach, based on the multiple reaction moni-
toring (MRM) analysis of specific marker peptides after tryptic hydro-
lysis (von Oesen et al., 2023). Briefly, proteins were extracted in an
aqueous solution of 60 mmol/L tetrabutylammonium bromide (TEAB,
Merck KGaA, Darmstadt, Germany) and 6 mol/L urea (Sigma-Aldrich,
St. Louis, USA) under sonification, followed by reduction with a final
concentration of 22 mmol/L tris(2-carboxyethyl)phosphine (TCEP, Alfa
Aesar GmbH, Karlsruhe, Germany) for 20 min at 50 °C and alkylation
with a final concentration of 16 mmol/L iodacetamid (IAA, Merck KGaA,
Darmstadt, Germany) for 30 min at 50 °C in the dark. Samples were
digested with a total amount of 0.2 mg trypsin (bovine pancreas, 10,000
BAEE units/mg protein, Sigma-Aldrich, St. Louis, USA) for 15 min at
50 °C and 50 W, using a microwave synthesizer CEM Discover SP (CEM
GmbH, Kamp-Lintfort, Germany). After the addition of 100 pL 2 M acetic
acid, undigested proteins were precipitated with ice-cold acetonitrile
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) at —20 °C for 10 min
followed by a centrifugation step (10,000xg at 4 °C). Subsequently,
peptides in the supernatant were diluted in an aqueous solution of 2 %
acetonitrile and 0.1 formic acid and quantified with LC-MS/MS on an
Agilent G6470A Series Triple Quad LC/MS system (Agilent Technologies
Deutschland GmbH, Waldbronn, Germany) measuring the product ions
in Table 1 and using an external calibration with the reference peptide
GLDIQK.

For chromatographic separation, a Waters XSelect HSS T3 LC column
(3.5 pm, 150 x 2.1 mm) (Waters Corporation, Milford, MA, USA) was
used at a flow rate of 0.4 mL/min, a column temperature of 40 °C and a
binary solvent gradient, consisting of acetonitrile with 1 % formic acid
(solvent A) and 0.1 % formic acid in water (solvent B). The following
solvent gradient was applied: 0 min-2 % A, 0-3 min; 2 % A, 3-5 min;
2-6 % A, 5-10 min, 6-25 % A; 10-11 min, 25-50 %; 11-14 min, 50-90
%; 14-15 min, 90-2 % A, 15-20 min, 2 % A. MS analysis was performed
in the positive ion mode using electrospray ionization (ESI) with a
capillary current of 4200 nA and sheath gas (N3) temperature of 300 °C.
Collision energy for fragmentation of the product ions was according to
von Oesen et al. (2023) and individually optimized when necessary
(Table 1).

Table 1
Marker peptides used for LC-MS/MS analysis (CE = collision energy).

Protein  Analyte Precursor ion Product ions Product ions
M+2H)*"
[(M+2H)™] [ + CE M+ CE
H)+] (eV) H)+] (eV)
(m/z) (m/z)
B-LG GLDIQK  337.2 503.2 8 388.2 8
337.2 275.2 8 171.0 8
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2.3. Flame atomic absorption spectrometry

A FAA spectrometer (PerkinElmer Analyst 800, PerkinElmer GmbH,
Rodgau, Germany) was used to quantify the calcium and zinc content in
protein samples at different steps of aerogel processing. Precisely
weighed amounts of powders from the initial protein solution, hydrogel,
alcogel, and aerogel samples were subjected to microwave-assisted
digestion (Mars 6, CEM GmbH, Kamp-Lintfort, Germany) with a 1:1
mixture of ultrapure HNO3 (65 %) and H03 (30 %) containing 15 mg/L
magnesium as an internal standard to account for possible liquid losses
during microwave digestion. Recovery efficiencies between 85 % and
95 % were incorporated into the metal quantification process using
appropriate correction factors. For each of the metals limit of detection
(LOD) and limit of quantitation (LOQ) were determined according to
DIN 32645 (n = 10, p < 0.05). Analytical parameters were LOD 0.002
mg/L; LOQ 0.003 mg/L for magnesium; LOD 0.08 g/1; LOQ 0.26 mg/L
for calcium and LOD 0.02 mg/L; LOQ 0.06 mg/L for zinc.

2.4. Fourier-transform-infrared spectroscopy (FTIR)

FTIR spectra of WPI and aerogels were recorded using a Tensor II
infrared spectrometer (Bruker Optik GmbH, Karlsruhe, Germany)
equipped with a Platinum attenuated total reflection (ATR) measure-
ment cell and a nitrogen-cooled detector. The spectra were acquired in
the wavenumber range of 3000-1000 cm ! with a resolution of 2 cm™*
and each measurement consisted of 120 scans. To minimize deviations
caused by uneven sample application, each sample was measured three
to five times. The ATR cell was cleaned with ethanol between different
sample measurements and background correction was performed
against air. With the software OPUS 7.5, the recorded absorption spectra
were subjected to offset correction in the wavenumber range of
1810-1800 cm . The second derivative of the spectra was calculated by
first performing vector normalization (1715-1475 cm ™), followed by
second derivative computation using the Savitzky-Golay algorithm with
25 smoothing points.

2.5. Brunauer-Emmett-Teller (BET) analysis

The specific surface area of the aerogels was determined via nitrogen
adsorption-desorption measurements. For this purpose, 20-30 mg of
each sample was weighed into a sample holder and degassed under
vacuum at 60 °C for several hours to remove adsorbed moisture and
gases. After degassing, the sample was re-weighted and the measure-
ments were performed using a BET surface area analyser (Nova 3000e
Surface Area Analyzer, Anton Paar QuantaTec Inc. Boynton Beach, FL,
USA). The BET method was used in the p/pp range of 0.027-0.27 to
estimate the mass specific surface area.

2.6. Scanning electron microscopy (SEM)

Microstructural imaging of the aerogels was conducted using a Supra
VP55 scanning electron microscope (Carl Zeiss AG, Oberkochen, Ger-
many). Prior to imaging, all samples were sputter-coated (Sputter Coater
SCD 050, BAL-TEC, Balzers, Liechtenstein) with a thin layer of gold (~6
nm) to ensure conductivity. SEM images were captured at an acceler-
ating voltage of 4 kV and a working distance ranging from 5.8 to 7.7 mm
using an in-lens detector.

2.7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of tryptic digested aerogels

2.7.1. Tryptic digestion

A trypsin solution was prepared by dissolving 50 mg of trypsin
(1:250, min. 250 USP U/mg, porcine pancreas, AppliChem GmbH,
Darmstadt, Germany) in 50 mL of phosphate buffer (pH 7.5). Approx.
35 mg of aerogel sample was incubated with 1500 pL of the trypsin
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solution at 37 °C in a heated shaker (AccuTherm, Faust Lab Science
GmbH, Klettgau, Germany) at 650 rpm for 6 h. The amounts of zinc-
loaded aerogels were adjusted to reach a final concentration of 5 mM
zinc in the trypsin digest solutions. As controls, either WPI or phosphate
buffer (pH 7.5) without aerogel was used under the same conditions. To
terminate the digestion process, all samples were stored at -80 °C until
further analysis.

2.7.2. SDS-PAGE

Digested aerogel and control samples were diluted 1:5 with phos-
phate buffer (pH 7.5) and subsequently mixed 1:1 with sample buffer,
consisting of 25 pL 2-mercaptoethanol (>99 %, Merck KGaA, Darmstadyt,
Germany), 250 pL Laemmli sample buffer (4 x concentrated, Bio-Rad
Laboratories GmbH, Feldkirchen, Germany), and 750 pL bidistilled
water. The samples were then incubated at 95 °C for 5 min to ensure
protein denaturation. The electrophoresis chamber was filled with
running buffer, which was prepared by diluting tris-glycine buffer (10 x
concentrated, Hercules, Bio-Rad Laboratories GmbH, Feldkirchen, Ger-
many) 1:10 with bidistilled water. Following incubation, 5 pL of protein
standard and 20 pL of each sample were loaded into the wells of poly-
acrylamide gradient gels (4-20 %, Mini-PROTEAN® TGX Stain-Free™,
Bio-Rad Laboratories GmbH, Feldkirchen, Germany). The gels were
assembled in the electrode chamber of the electrophoresis system (Mini-
PROTEAN® Tetra, Bio-Rad Laboratories GmbH, Feldkirchen, Germany),
and electrophoresis was performed at a constant voltage of 100 V. Upon
completion, the gels were removed from the chamber and transferred to
the tray of a GelDoc Go Imaging System (Bio-Rad Laboratories GmbH,
Feldkirchen, Germany) for visualization. Imaging was performed under
UV-light using the provided Image Lab 6.1 software with an exposure
time of 2 x 45s.

2.8. Cell experiments

Caco-2 cells were obtained from the European Collection of
Authenticated Cell Cultures (ECACC, Porton Down, UK). Cells were
regular cultivated in DMEMphenol red (PAN-Biotech GmbH, Aidenbach,
Germany) containing 10 % fetal calf serum (FCS) (c.c.pro GmbH,
Oberdorla, Germany), 100 U/mL penicillin and 100 pg/mL streptomycin
(PenStrep, Sigma-Aldrich, St. Louis, USA) at 37 °C in a humidified 5 %
CO atmosphere. For zinc uptake studies, Caco-2 cells were plated in 96-
well plates (5000 cells per well) and cultured for 21 d to develop into an
enterocyte-like monolayer, accordingly (Maares et al., 2018a). Cellular
zinc uptake was analyzed using the fluorescent probe Zinpyr-1 accord-
ing to Burdette et al. (2001), following the protocol described by Maares
et al. (2018b). After 30 min of treatment with 2.5 pM Zinpyr-1 in in-
cubation buffer (120 mM NacCl, 5.4 mM KCl, 5 mM glucose, 1 mM CaCly,
1 mM MgCly, 1 mM NaHyPO4, 10 mM HEPES, 0.3 % BSA, pH 7.35),
supernatants were removed and the adherent cell monolayers were
washed twice with assay buffer (incubation buffer w/o BSA) to remove
extracellular Zinpyr-1. Next, cells were treated with 100 pL of either
assay buffer (control cells) or buffer containing 10 uM of ZnCl; or ZnSO4.
A concentration of 10 mg WPI/mL was employed for co-incubation with
10 pM ZnSOg4. The aerogel digestion solutions were diluted 1:500 in
assay buffer before cell application. Zinpyr-1 fluorescence (Aex = 492
nm and Aem = 527 nm) was measured after 120 mincell treatment using
a fluorescence plate reader (Tecan Infinite M200; Tecan Austria GmbH,
Grodig/Salzburg, Austria).

2.9. Statistical evaluation

All experiments were performed in independent triplicate. Normality
was tested using the Kolmogorov-Smirnov test, and homogeneity of
variance was assessed with Levene’s test. Each dataset was analyzed
using a one-way or two-way ANOVA, considering the type of metal and
the pH of the initial solution as factors, followed by Tukey’s test to
identify significant differences (p < 0.05). All statistical analyses were
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performed using GraphPad Prism 8 (GraphPad Software Inc., Boston,
USA).

3. Results and discussion

This study provides a comprehensive analysis of zinc incorporation
into WPI-based aerogels, including their chemical composition, struc-
tural and morphological properties, proteolytic digestibility, and zinc
bioavailability in a Caco-2 intestinal cell model.

3.1. p-lactoglobulin content and ion retention along aerogel preparation
process

The protein composition of the WPI-based aerogels was analyzed at
each stage of preparation, including the initial solution, the hydrogel,
the alcogel, and the final aerogel. As expected, f-LG was the predomi-
nant protein component of starting WPI, constituting approx. 50 % of
the total protein (relative to dry matter), while in solution its relative
content was lower (approx. 20-40 %), likely reflecting its initial distri-
bution at this stage (Fig. 1).

At pH 1, B-LG contents increased progressively across all treatment
steps — from solution through hydrogel and alcogel to the final aerogel —
ultimately reaching the highest concentrations in the aerogel for all
samples, although not all increases were statistically significant. This
upward trend confirms the stepwise concentration of B-LG during
gelation, solvent exchange and drying, likely driven by its strong self-
association and preferential retention within the forming network.
Although the composition of other proteins was not systematically
determined, a-lactalbumin levels remained largely constant (data not
shown), indicating that the observed increase in B-LG cannot be
explained solely by a decrease of other proteins. Another explanation for
the stepwise increasing p-LG amount may be a reduced proteolytic
susceptibility due to the gel formation. However, the peptide used for
quantification (GLDIQK) is located near the N-terminus of the primary
protein sequence — an area easily cleaved by trypsin even in native
protein (Fernandez & Riera, 2013). Thus, diminished tryptic di-
gestibility appears to be neglectable. Intriguingly, the p-LG content in
zinc-containing solutions was consistently lower than in those with
calcium or sodium, although, again, not all differences reached statis-
tical significance. This trend may reflect the more localized or weaker
coordination interactions of zinc ions with specific residues in p-LG, in
contrast to the broader crosslinking potential of calcium ions, which
may facilitate more efficient protein-protein interactions in the early
gelation process. As a result, early p-LG interactions with zinc may be
less extensive, leading to lower apparent concentrations before solvent
removal. The subsequently steeper increase in B-LG content during
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aerogel formation in zinc-containing systems likely reflect the structural
sensitivity of Zn?*-coordinated networks during solvent removal, which
can promote local enrichment of B-LG as the network further contracts.
Despite these initial differences, all systems converged to similarly high
B-LG contents in the aerogel stage, suggesting that solvent removal and
network formation network consistently retained the protein.

At pH 3, B-LG contents remained comparatively consistent across all
systems, indicating that the metal ion type had less influence than at pH
1. This ‘stability’ likely arises from p-LG’s lower net charge near its
isoelectric point of 5.4 (Sawyer & Kontopidis, 2000), thereby, reducing
electrostatic repulsion and promoting self-association. The most sub-
stantial concentration of p-LG again occurred between the transition
from alcogel to aerogel, underscoring the critical role of solvent
removal. The higher variability observed in zinc-containing aerogels
may reflect structural sensitivities in Zn?*-coordinated networks during
the drying process.

Regarding the chemical composition of aerogels, the retention of
calcium and zinc in WPI and respective aerogels was analyzed in
dependence of the initial metal ion concentration and the preparation
stages using FAAS (Fig. 2). The calcium content of WPI was 1.62 + 0.04
mg/g, whereas the zinc content was below the LOQ of the FAAS method,
indicating only trace amounts of zinc in WPI (data not shown). More-
over, aerogels prepared with NaCl retained calcium levels similar to
native WPI, and zinc remained below the quantification limit, indicating
that the inherent metal ion content was preserved and no contamination
occurred during the aerogel preparation process (data not shown). The
analysis of aerogels revealed that the final metal ion content increased
with the concentration of CaCl; or ZnCl; in the initial solution (Fig. 2A
and B). As expected, the highest metal ion concentrations were found in
aerogels derived from solutions with 200 mM CaCl; or ZnCl,. Calcium-
containing aerogels obtained from the more acidic solutions, exhibited a
calcium content of 8.0 + 2.0 mg/g, corresponding to a retention per-
centage of 17.9 %. Similarly, the zinc content in aerogels at pH 1 was
13.0 + 1.0 mg/g, with 19.0 % of the initially incorporated zinc retained.
These results indicate that metal ion binding under strongly acidic
conditions in the initial solution is limited, likely due to the extensive
protonation of binding sites, which reduces their ability to interact with
metal ions.

Metal ion retention in aerogels prepared from ‘pH 3 solutions’, was
significantly higher than at pH 1. Calcium-containing aerogels amoun-
ted 10.6 £ 0.7 mg/g of calcium, corresponding to a retention percentage
of 23.7 %, while the zinc content reached 23.0 + 0.4 mg/g, with a
retention rate of 31.2 %. On average, aerogels from solutions prepared at
pH 3 exhibited 2.1-fold higher calcium and 1.6-fold higher zinc contents
than those with pH 1, despite identical metal ion concentrations in the
initial solutions. This pH-dependence might be explained by the
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Fig. 1. Liquid chromatography-mass spectrometry analysis of p-lactoglobulin content relative to dry matter in whey protein isolate (dotted line, significance level a)
and its dependence on the aerogel preparation process, including solution, hydrogel, alcogel, and aerogel containing 600 mM NaCl, 200 mM CaCl,, or 200 mM ZnCl,.
(A) Data at pH 1. (B) Data at pH 3. Means that differ with statistical significance do not share the same letters and error bars represent standard deviation (p < 0.05,

two-way ANOVA).
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Fig. 2. Flame atomic absorption spectrometry determination of Ca and Zn throughout WPI aerogel preparation steps, relative to the dry matter. Amounts of Ca and
Zn in the aerogel samples in dependence on the initially added salt concentration (0, 50, 100, or 200 mM) for (A) pH 1 and (B) pH 3 and in dependence on the
preparation step (solution, hydrogel, alcogel, and aerogel) for (C) pH 1 and (D) pH 3 for samples prepared with an initial salt concentration of 200 mM. Means that
differ with statistical significance do not share the same letters and error bars represent standard deviation (p < 0.05, two-way ANOVA).

interaction mechanisms of metal ions with proteins, which occur
through specific amino acid binding sites. For instance, in a-LA, calcium
binds strongly at a well-defined site composed of amino acids lys79,
asp82, asp84, asp87, and asp88, while zinc can also bind at this region,
but additionally interacts with aspartic acid, glutamate, histidine and
cysteine (Buszewski et al., 2020; Rodzik et al., 2020). In fact, metal ion
binding in proteins is highly influenced by amino acid residues with
charged side chains (such as aspartate, glutamate, and histidine) which
provide coordination sites through electrostatic and coordinate in-
teractions. In the main component B-LG, at pH 3, some acidic residues
like those of aspartate and glutamate are near their pKa and thus,
partially deprotonated (Kleemann et al., 2020), while histidine residues
may also participate, potentially enabling limited interactions with
divalent metal ions. At pH 1, extensive protonation results, however, in a
predominantly positive charge, weakening the metal ion interactions,
and leading to the hypothesized lower metal retention as compared to
pH 3. Kallay et al. (2005) demonstrated a similar effect in
Cu®"-oligopeptide complexes, where deprotonated peptides bound
copper more effectively than protonated peptides, thereby stabilizing
the Cu®*-peptide species. Similarly, Udechukwu et al. (2018) found that
whey-derived peptides with negatively charged amino acid residues
bind zinc efficiently and correlated the subsequent zinc retention with
the charge of the peptides. These studies collectively indicate that metal
ion retention depends on pH and, consequently, on the charge of the
proteins, aligning with the observed pH-dependent differences in metal
retention in aerogels in the present study.

Regarding the aerogel preparation process, calcium and zinc con-
centrations of 200 mM remained stable between the initial solutions and
the hydrogels (Fig. 2C and D). However, the hydrogel-to-alcogel tran-
sition resulted in substantial calcium losses of 70 % at pH 1 and 65 % at

pH 3, while zinc decreased by only approx. 50 % at both pH values.
These significant ion losses are most likely driven by solvent removal,
which shifts the equilibrium between protein-bound and free dissolved
ions. As reported in literature, calcium and zinc ions are more soluble in
water than in ethanol (Cao et al., 2001; Gomis et al., 2013; Hao et al.,
2023), a property that facilitate their extraction during solvent ex-
change. In fact, the gradual replacement of water by ethanol weakens
protein-ion interactions, allowing ions to redistribute into the bulk sol-
vent phase even though their absolute solubility in ethanol is lower than
in water. Beyond solubility effects, the transition to an ethanol-rich
environment also alters protein interactions, thereby influencing the
structural and network properties of the gel and ultimately affecting
metal retention. The replacement of water with ethanol disrupts the
protein’s hydration shell, leading to structural rearrangements
(Kleemann et al., 2020). As ethanol is a weaker hydrogen bond donor
than water, it destabilizes intramolecular hydrogen bonds, causing
partial unfolding and conformational changes that may alter the avail-
ability of metal-binding sites such as aspartate and glutamate. Thus, the
structural rearrangements may decrease accessibility of coordination
amino acid side chains and weaken protein-ion interactions, allowing
metal ions to redistribute into the bulk solvent phase and facilitating
their release during solvent exchange. Additionally, at approx. 60 %
ethanol, hydrophobic interactions and hydrogen bonding begin to
counterbalance repulsive electrostatic forces, leading to a more compact
gel network (Kleemann et al., 2020). At this stage, whey protein
hydrogels typically undergo shrinkage, suggesting a denser packing of
protein molecules in the alcogel compared to the hydrogels, which can
reduce the hydration shell and weaken protein-ion interactions, thereby
facilitating the substantial loss of metal ions observed in the present
study. In addition, the ,openness‘ and porosity of the protein network —
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as discussed in Section 3.3 — may further facilitate ion diffusion and thus
contribute to the pronounced losses observed under these conditions.
During supercritical drying, calcium content decreased by 31 % at pH 3
but remained unchanged at pH 1, whereas zinc losses from the alcogels
amounted to 58 % at pH 1 and 31 % at pH 3 (Fig. 2C and D). The overall
higher retention of calcium and zinc at pH 3 compared to pH 1 suggests
enhanced ion stabilization through stronger protein-metal interactions,
particularly in the final processing step. This trend aligned with the
proposed mechanism described before, indicating that metal ions in
alcogels formed at pH 3 are retained more effectively than those from pH
1 due to the increased stabilization provided by charge effects.

3.2. Secondary structure analysis of aerogels

The secondary structure of WPI and aerogels with 600 mM NacCl,
200 mM CaCl; and 200 mM ZnCl; was analyzed using FTIR (Fig. 3). The
FTIR spectrum of WPI exhibited the characteristic amide I and amide II
bands of proteins, with maxima at 1630 em ! and at 1520 cm ™},
respectively (Fang & Dalgleish, 1997). Compared to WPI, the amide I
band of aerogels prepared at pH 1 was broader, and the maximum
shifted slightly to 1625 cm™! (Fig. 3A). A similar shift was also observed
in aerogels prepared at pH 3 (Fig. 3B), indicating alterations in the
protein secondary structure of WPI during aerogel formation, as sug-
gested by Plazzotta et al. (2020). These structural changes were further
analyzed using the second derivative, which identified a distinct band at
approx. 1635-1620 cm™!, characteristic of intramolecular B-sheet
structures (Fig. 3C and D). In aerogels prepared from solutions at pH 1,
the intramolecular p-sheet band intensity was significantly higher con-
taining calcium and zinc compared to WPI or aerogels containing so-
dium (Table 2). This trend may be linked to the $-LG content observed
via LC-MS (Fig. 1), as B-LG’s secondary structure consists mainly of
intramolecular p-sheets (Tolkach & Kulozik, 2007). In particular, a
higher B-LG content corresponds to an increased proportion of intra-
molecular B-sheets in the aerogels. Moreover, the significant shift of the
intramolecular p-sheet band towards lower wavenumbers (Table 2)
suggests a reduction in the electron density at the carbonyl group,
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Table 2

Fourier-transform-infrared spectroscopy analysis of wavenumber and intensity
of the intramolecular p-sheet band of whey protein isolate and whey protein
isolate-based aerogels containing 600 mM NaCl, 200 mM CaCl,, or 200 mM
ZnCl, at approx. 1630 cm™". Different letters indicate statistically significant
differences (two-way ANOVA, p < 0.05).

pH1 pH3
Aerogel Wavenumber  Intensity Wavenumber Intensity
WPI 1628.1 + —0.00052 + 1628.1 + —0.00052 +
0.1% 0.00002° 0.12 0.00002*
600 mM 1625.6 + —0.00040 + 1624.0 + —0,00079 +
NaCl 0.2° 0.00014% 0.2 0.00016"
200 mM 1623.4 + —0.00070 + 1625.5 + —0,00070 +
CaCl, 1.0¢ 0.00003° 0.5¢ 0.00003"
200 mM 1623.4 + —0.00081 + 1623.5 + —0,00048 +
ZnCl, 0.1° 0.00003" 0.1° 0.00002%

indicating the formation of additional or stronger hydrogen bonds
within the aerogel structures compared to WPI, accordingly (Jackson &
Mantsch, 1995). This red shift of the wavenumbers is consistent with
earlier observations for purified $-LG in the presence of NaCl at neutral
pH compared to p-LG without added salt (Kieserling et al., 2021),
indicating that both salt effects and the solvent-induced gelation process
contribute to the altered secondary structure in the aerogels. As
reviewed by Betz et al. (2012), similar intermolecular interactions are
proposed to occur in both hydrogels and aerogels. The present findings
confirm that hydrogen bonds, in particular, play a crucial role in the
structural stability of aerogels, supporting the idea that the balance of
non-covalent interactions shifts during the aerogel preparation process,
favoring hydrogen bonds in the final structure. This observation is
further supported by Ahmadi et al. (2016), who demonstrated by FTIR
analysis that whey protein-based aerogels exhibited strong hydrogen
bonding.

The effect of metal ions on the secondary structure of whey protein
aerogels was also evident in the pronounced shift of the intramolecular
B-sheet band towards lower wavenumbers, which was more significant
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Fig. 3. Fourier-transform-infrared spectroscopy of whey protein isolate and whey protein isolate-based aerogels containing 600 mM NaCl, 200 mM CaCly, or 200 mM
ZnCl,. Off-set corrected spectra (A) at pH 1 and (B) at pH 3, and second derivative spectra of the amide I band (A) at pH 1 and (B) at pH 3.
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in aerogels containing calcium and zinc than in those containing sodium
(Table 1). This shift suggests stronger interactions between divalent
metal ions (Ca®" and Zn?") and the protein matrix than with mono-
valent ions like Na*t, with potential involvement of the carbonyl groups
of peptide bonds in metal coordination. These findings align with studies
described by Wang et al. (2023) and Liu et al. (2019), which demon-
strated distinct zinc binding to casein or sea cucumber peptides via their
carbonyl groups using FTIR analysis, respectively. Divalent metal ions
might not only exhibit stronger interactions with the protein than
monovalent ions, due to their higher charge density, which enhances
electrostatic attraction to charged amino acid residues, but they may
also directly coordinate with the carbonyl groups of the protein back-
bone. In fact, Wang et al. (2024) reported a similar wavenumber shift in
the FTIR spectra for WPI-based aerogels containing calcium ions and
furthermore highlighted the role of hydrophobic and electrostatic in-
teractions in stabilizing these aerogel systems. In contrast to divalent
ions, monovalent sodium ions have a lower charge density, leading to
less pronounced structural modifications in the aerogel network. Hence,
the combination of metal coordination, charge effects, and alterations in
protein-protein interactions suggests that divalent ions contribute to
network stabilization and modulate hydrogen bonding.

Adjacent to the p-sheet band, the random coil band at approx. 1640
em ™! appeared more pronounced in the aerogel spectra compared to
WPI, suggesting partial unfolding of the protein structure during aerogel
formation. This structural alteration was expected under the applied
gelation conditions for the hydrogel (heating at 80 °C for 2 h) and
aligned with previous findings described in the literature (Lefevre &
Subirade, 1999; Nicolai et al., 2011). Regarding the influence of metal
ions, no significant shifts in the random coil wavenumber were
observed. However, zinc ions seem to induce slightly more partial
unfolding than calcium and sodium ions. This effect may be attributed to
the stronger coordination ability of zinc, which can interact with various
amino acid residues compared to other divalent ions as calcium (cf.
Section 3.1), thereby destabilizing the initial protein structure. Addi-
tionally, zinc is known to influence protein hydration shells by
competing with water molecules for binding sites, as recently demon-
strated by Yue et al. (2022) for collagen molecules. This competition
further contributes to conformational changes in the protein structure.

Moreover, intermolecular B-sheets are more prominent in aerogels
than in WPI, suggesting the formation of p-sheet structures during the
aerogel preparation process (Fig. 3). As Kieserling et al. (2021) showed
for pure B-LG at neutral pH, NaCl slightly reduces intermolecular
p-sheets, indicating that in the present study the enhanced signals may
arise primarily from structural rearrangements during aerogel formation
rather than from salt addition. While hydrophobic interactions between
protein strands contribute to gelation in hydrogels (Mezzenga & Fischer,
2013), the pronounced intermolecular f-sheet band suggests that -sheet
aggregation — and possibly the formation of partially aligned p-sheet
aggregation (Hoppenreijs et al., 2023) - also plays a crucial role in
stabilizing the aerogel network. A comparable finding was reported by
Plazzotta et al. (2020), who compared the FTIR spectra of WPI and whey
protein-based aerogels and observed an increase in intermolecular
B-sheet content in the aerogel. Furthermore, all metal ions shift the
intermolecular B-sheet band towards lower wavenumbers, indicating,
similarly to the intramolecular p-sheets, an increase in the number and
strength of hydrogen bonds within intermolecular aggregates (Jackson
& Mantsch, 1995). This effect can be explained by the ability of metal
ions to bridge adjacent protein molecules, facilitating closer packing and
promoting hydrogen bond formation. Divalent ions, such as Ca?* and
Zn?*, are particularly effective in this process due to their high charge
density, which enhances electrostatic interactions and stabilizes
p-sheet-rich protein assemblies. By contrast, monovalent ions like Na™
exert a weaker influence, as their lower charge density results in less
pronounced structural rearrangements within the aerogel network.

In aerogels prepared from solutions at pH 3, the FTIR second de-
rivative spectra exhibited structural changes similar to those observed in
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aerogels obtained from solutions at pH 1 (Fig. 3D), particularly in terms
of random coil content and intermolecular p-sheet formation. The in-
tensities of the intramolecular p-sheet bands also remained relatively
stable compared to pH 1, except for aerogels containing NaCl, which
showed the highest amount of intramolecular fB-sheets. As discussed
above, this trend is likely associated with a high p-lactoglobulin content
(Fig. 2), which promotes p-sheet formation. Moreover, the shift of the
intramolecular B-sheet band towards lower wavenumbers persisted at
pH 3, indicating an increased number or strength of hydrogen bonds in
aerogels compared to WPI (Jackson & Mantsch, 1995). This suggests
that the structural reorganization and stabilization mechanisms during
aerogel formation at pH 1 and pH 3 are largely similar. However, some
degree of pH dependence is still expected, as the lower protonation state
at pH 3 compared to pH 1 may influence interactions with metal ions (cf.
Section 3.1). At pH 3 in particular, deprotonated carboxyl side chains of
aspartate and glutamate are more available for metal ion binding,
potentially reducing the involvement of carbonyl groups in coordina-
tion. This assumption is supported by findings described by Si et al.
(2023), who demonstrated by FTIR and NMR analyses that Ca?t ions
preferentially bind to the carboxyl groups of asparagine and glutamic
acid in phosphovitin peptides. Consequently, it can be considered that
electrostatic interactions play a more prominent role in metal binding at
pH 3, whereas at pH 1, alternative coordination sites, such as carbonyl
groups, may contribute more. This shift in metal-binding mechanisms
also affects the balance of non-covalent interactions, potentially influ-
encing the overall network stability and mechanical properties of the
aerogels.

3.3. Surface and morphological properties of aerogels

To characterize the surface properties of the aerogels, specific sur-
face area measurements were performed using BET analysis (Table 3). In
aerogels obtained from solutions at pH 1, BET analysis revealed signif-
icant differences in surface area depending on the added metal ions.
While aerogels containing NaCl exhibited no measurable surface area,
those prepared with CaCly and ZnCl, showed values of 270 + 70 m%/g
and 156 + 136 m?/g, respectively, suggesting that divalent ions pro-
mote structural modifications that enhance aerogel porosity (Table 3).
The large standard deviation observed for ZnCly-loaded aerogels reflects
the inherent heterogeneity and structural sensitivity of the material,
indicating that variations in synthesis conditions can substantially in-
fluence porosity. These relatively high standard deviations should be
considered when interpreting the BET-derived surface area results.

Compared to previously reported no-salt-added protein aerogels,
which often exhibit very high specific surface areas (up to several
hundred m?2/g) and pronounced mesoporosity (Andlinger et al., 2022;
Jung et al., 2023; Plazzotta et al., 2021; Schroeter et al., 2021), the
aerogels obtained in this study showed considerably lower surface areas
and denser microstructures. This divergence can be explained by the
different gelation conditions: in salt-free systems and low pH, rapid
protein unfolding (induced by strong electrostatic repulsion) exposes
hydrophobic groups, leading to short, rigid aggregates stabilized mainly
by non-covalent interactions. This results in a dense but irregular aer-
ogel network with high mesoporosity The additional presence of

Table 3

Brunauer-Emmett-Teller analysis of the surface area of aerogels containing 600
mM NaCl, 200 mM CacCl,, or 200 mM ZnCl,. Means that differ with statistical
significance do not share the same letters (two-way ANOVA, p < 0.05).

Surface area (m?/g)

Aerogel pH1 pH3
600 mM NaCl n. d. 32 + 55°
200 mM CaCl, 270 + 70° n.d
200 mM ZnCl, 156 + 136" n. d.

n. d. = not detected.
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divalent ions in our experiments promoted charge screening, localized
coordination, and enhanced pB-sheet formation, resulting in more
compact networks. Thus, our findings complement the existing litera-
ture by highlighting how ion-specific interactions shift the aerogel
structure away from the highly mesoporous morphology typically
observed in no-salt-added protein aerogels.

Intriguingly, previous studies demonstrated that divalent calcium
ions can act as crosslinkers in hydrogel and aerogel networks. For
instance, Liang et al. (2020) described whey protein-based hydrogels
containing calcium ions as ‘cloud-like’, forming large aggregates with
highly porous structures compared to those without calcium. Those
authors attributed these porous structures to the ions’ ability to form
bridges (i.e., electrostatic salt bridges) between anionic amino acid
residues, such as deprotonated carboxyl groups (cf. Section 3.1). It
should be emphasized that the effect of calcium on aerogel morphology
strongly depends on the gelation environment. For instance, Liang et al.
(2020) observed more open structures in calcium-containing hydrogels
at near-neutral pH, while our systems were prepared under strongly
acidic conditions. At low pH, carboxyl groups are largely protonated and
therefore less available for ionic bridging. Under these conditions, cal-
cium mainly contributes through charge screening and local coordina-
tion, which is consistent with the comparatively lower specific surface
areas measured in our study (Table 3) and the formation of denser
aerogel networks. By contrast, at higher pH values deprotonated
carboxyl groups enable calcium to form bridges between protein chains:
In this context, Mottola et al. (2025) suggested that calcium ions facil-
itate gelation in protein-based hydrogels through a mechanism similar
to the “egg-box” model, which is commonly used to describe ionic
crosslinking in polysaccharides. This model involves the coordination of
divalent cations between polymer chains, thereby stabilizing the gel
network. While it typically requires deprotonated carboxyl groups and is
therefore less directly applicable under the acidic conditions used here,
it nevertheless illustrates how calcium can act as a bridging ion. In the
present study, such interactions may instead involve carbonyl oxygen,
hydroxyl groups, or the limited fraction of residual carboxylates avail-
able at low pH. In Klicken oder tippen Sie hier, um Text einzugeben.the
present study, however, a low proportion of negatively charged carboxyl
groups, due to the high degree of protonation at low pH, was assumed to
be present, suggesting that other functional groups or reaction partners,
such as hydroxyl groups (e.g., serine, threonine, tyrosine) may be
involved in the crosslinking process (cf. Sections 3.1 and 3.2). Liang
et al. (2020) further reported a high water-holding capacity in
calcium-containing gels, which was attributed to the formation of small
pore sizes. In contrast, Niu et al. (2019) described near-neutral pH
conditions and observed a reduced water-holding capacity in
gelatin-alginate hydrogels upon calcium addition. Those authors
explained this effect by the formation of a compact gel structure, as the
presence of calcium ions reduced the electrostatic repulsion necessary
for the development of porous networks. In relation to the transition
from hydrogels to aerogels, FitzPatrick et al. (2022) showed that diva-
lent calcium supports the retention of the gel network during solvent
exchange in canola protein-based systems and helps to preserve the
necessary porosity in the resulting aerogels. Overall, these findings
indicate that the effects of divalent ions are protein-specific but also
strongly influenced by environmental conditions such as pH. In the
present study, the addition of divalent ions, in contrast to some earlier
reports, resulted in the formation of a porous aerogel structure at pH 1.
This highly ‘open’ network likely facilitated ion diffusion during solvent
exchange and drying, which is consistent with the pronounced ion losses
observed under these conditions (cf. Section 3.1).

However, BET analysis of aerogels obtained from solutions at pH 3,
revealed a contrasting trend compared to pH 1. While aerogels prepared
with NaCl exhibited a modest specific surface area with a high standard
deviation (32 + 55 mz/g), no measurable surface area was detected for
samples containing CaCly and ZnCl,. These results indicate the forma-
tion of dense, low-porosity structures in the presence of divalent ions at
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this pH. This observation can be explained by the proximity to the
proteins’ isoelectric point, where the reduction in electrostatic repulsion
facilitates protein aggregation. Such aggregation favors the formation of
compact, macroporous networks rather than open, mesoporous struc-
tures (Kleemann et al., 2018; Selmer et al., 2015). In contrast to the
filamentous and highly porous networks observed at pH 1, where elec-
trostatic repulsion is more pronounced and likely drives the formation of
looser structures, the system at pH 3 appeared to shift toward extensive
aggregation and structural collapse upon drying. The lack of measurable
surface area in calcium- and zinc-containing samples suggests that,
under these near-IEP conditions, divalent ions no longer enhanced
porosity as they did at pH 1. Rather, their presence may promote tighter
packing of protein aggregates, contributing to the formation of dense
gels that do not retain a mesoporous structure during the aerogel tran-
sition. These findings further highlight the pH-dependent nature of
ion-protein interactions for the final aerogel structure.

Morphological analysis using SEM (Fig. 4A-C, E) provided further
insight into the structural differences induced by pH and ionic condi-
tions during aerogel formation. SEM images of aerogels prepared from
pH 1 solutions, revealed that whey proteins primarily formed large ag-
gregates (with a characteristic size of hundreds of nanometers),
contributing to a predominantly macroporous structure. However, finer,
filamentous regions with smaller, mesoporous features were also visible
— particularly in aerogels containing CaCl, and ZnCl;, (see Fig. 4C-E,
inset). These localized structures were consistent with the higher BET
surface areas recorded for these samples and suggest that divalent cat-
ions may promote partial formation of more open, filament-like net-
works within an otherwise aggregated matrix (Table 3). Hence, as
hypothesized, while acidic conditions promote aggregation due to
reduced electrostatic repulsion, specific ion-protein interactions (i.e.,
particularly in the presence of divalent cations) can still influence
network formation, leading to heterogeneous porosity.

In contrast, SEM images of aerogels prepared at pH 3 showed uni-
formly dense morphologies with large aggregate clusters and an absence
of mesoporous or filamentous domains (Fig. 4B-D, F). This morpho-
logical compactness, reflected in the lower or absent BET surface areas,
aligns with aggregation behavior near the proteins’ isoelectric point.
This interpretation is supported by Kharlamova et al. (2020), who
showed that increased ionic strength enhances dense aggregation, and
by Bryant & McClements (2000), who demonstrated that calcium con-
centration during gelation significantly affects whey protein hydrogel
microstructure and rheologiy. The role of ionic strength becomes even
clearer when comparing the present findings with those of Jung et al.
(2023); despite using an identical pH in the sol solution, aerogels pro-
duced without additional ionic strength adjustments exhibited a finer,
rather uniform morphology consisting of small, connected aggregates.
This contrast suggests that the presence of divalent ions in the present
study at pH 3 may have accelerated protein-protein interactions, thereby
limiting the development of mesoporous networks and favoring dense,
compact, macroporous structures instead. Together, these results
emphasize the critical influence of both pH and ionic environment in
governing the microstructural evolution of protein-based aerogels.
Moreover, it should be noted that BET measurements primarily probe
mesopores and micropores, and thus the lack of measurable surface area
at pH 3 indicates the absence of significant mesoporosity. In contrast,
SEM imaging reveals the presence of macroporous aggregates, high-
lighting that aerogels can still maintain a porous morphology at the
microscale despite the absence of mesopores. Therefore, the apparently
conflicting BET and SEM results are a consequence of the different
length scales probed by these techniques.

3.4. Digestibility and zinc bioavailability of aerogels in Caco-2 cells
The SDS-PAGE analysis of the protein profiles of undigested and

trypsin-digested WPI and aerogels containing 600 mM NaCl, 200 mM
CaCly, or 200 mM ZnCl; are illustrated in Fig. 5. In the present study,
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Fig. 4. Scanning electron microscope images of whey protein-based aerogels containing 600 mM NaCl (A) at pH 1, and (B) at pH 3; containing 200 mM CaCl, (C) at
pH 1, and (D) at pH 3; or containing 200 mM ZnCl, (E) at pH 1, and (F) at pH 3.
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Fig. 5. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of samples without (—) and with (4) trypsin digestion. (A) Whey protein
isolate, and whey protein-based aerogels, under different conditions; (B) 600 mM NaCl at pH 1, (C) 200 mM CacCl; at pH 1, (D) 200 mM ZnCI2 at pH 1, (E) 600 mM

NacCl at pH 3, (F) 200 mM CaCl, at pH 3, and (G) 200 mM ZnCl, at pH 3.

tryptic digestion was applied as a simplified proteolysis model and used
as a preliminary screening tool for protein stability and micronutrient
release; while it is a widely accepted enzymatic model due to its defined
cleavage specificity, the results cannot be extrapolated to the complexity
of gastrointestinal digestion. In the undigested WPI samples, distinct
bands appeared between 15 — 20 kDa and 1-10 kDa, corresponding to
B-Lg (18.4 kDa) and o-LA (14.2 kDa), respectively (Fig. 5A), consistent
with previous reports by Lorenzen and Schrader (2006). Additional

10

bands appeared between 50 and 75 kDa, likely attributed to BSA with
66.5 kDa. Following trypsin digestion, the WPI samples exhibited
similar band patterns, but with reduced intensity, indicating proteolytic
degradation. Notably, f-Lg underwent more extensive degradation than
a-LA. Moreover, the diminished intensity of the p-Lg and a-LA bands was
accompanied by the appearance of several diffuse bands below 10 kDa,
indicative of peptide formation through enzymatic hydrolysis, as also
previously reported by Pintado and Malcata (2000) and Creamer et al.
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(2004).

Digested WPI-based aerogels obtained from pH 1 solutions showed a
more pronounced reduction in the p-Lg and a-LA bands compared to the
digested WPI control (Fig. 5B-D). This reduction suggests enhanced
digestibility, likely due to partial structural unfolding during aerogel
formation, as also indicated by FTIR analysis, improving enzyme
accessibility to cleavage sites and promotes hydrolysis. Correspond-
ingly, the digested aerogels displayed stronger peptide bands below 10
kDa than the digested WPI. These observations align with findings
described by Kananen et al. (2000), who noted increased resistance to
trypsin in native whey proteins, as well as Kleemann et al. (2020) and
Plazzotta et al. (2022), who confirmed the high digestibility of whey
protein aerogels under intestinal conditions. Furthermore, at pH 1,
aerogels containing calcium or zinc exhibited more pronounced diges-
tion compared to those with sodium (Fig. 5C, D vs. Fig. 5B), implying a
pronounced effect of divalent ions on proteolytic susceptibility. This
effect likely reflects that divalent ions alter the protein network, thereby
promoting local unfolding or structural rearrangements that increase
enzyme accessibility and thus enhance proteolytic susceptibility (cf.
Section 3.2 and 3.3).

In aerogels obtained from solutions at pH 3, trypsin digestion still
resulted in a decrease of p-Lg and o-LA band intensities in the aerogels
compared to the WPI control. Peptide bands below 10 kDa remain
visible, indicating that partial hydrolysis has occurred. However, the
overall extent of proteolysis was less pronounced in aerogels prepared at
pH 3 than at pH 1, suggesting that more acidic conditions enhanced
tryptic protein degradation; this was particularly evident from the lower
intensity of bands at lower molecular weights. This reduced digestibility
at pH 3 may be attributed to the compact packing of protein aggregates
within the aerogel structure, as discussed in Section 3.3. This explana-
tion aligns with findings described by Babaei et al. (2022), who reported
that gels with densely packed networks hinder enzyme diffusion and
limit access to cleavage sites within the gel matrix, thereby reducing the
extent of proteolysis. Additionally, the type of ion present in the aerogels
appears to have minimal influence on digestibility at pH 3, reinforcing
the potential of these aerogels as functional carriers, regardless of the
ionic composition. Furthermore, no reduction in trypsin activity was
observed across different ion treatments, indicating that the presence of
divalent cations did not inhibit enzymatic function (data not shown).
Overall, these results demonstrate that pH and consequently, the
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associated structural density of the aerogels primarily influences their
digestibility, while ion composition plays a minor role.

In order to assess zinc bioavailability, trypsin-digested and buffer-
treated aerogel samples were applied to Caco-2 cells. Alterations in
intracellular zinc levels were detected with the low molecular weight
fluorescence sensor Zinpyr-1 (Fig. 6). Incubations were carried out with
zinc at a concentration of 10 pM from either the zinc-aerogel samples or
inorganic zinc salts (ZnCly and ZnSO4) as reference. This concentration
mirrors what would be expected in the intestinal lumen after an average
intake of dietary zinc (Cragg et al., 2002; Haase et al., 2020). The in-
crease observed in Zinpyr-1 fluorescence upon ZnCl, or ZnSO4 treatment
aligns with findings from prior research in Caco-2 enterocytes (Maares
et al., 2018b; Sauer et al., 2017). The combination of 1 % w/v WPI and
10 pM ZnSO4 did not lead to a notable additional increase in Zinpyr-1
fluorescence. These results oppose the results reported by Li et al.
(2022), who showed that p-Lg-bound zinc achieved twice the zinc de-
livery to 3D-cultured intestinal cells as ZnSO4. Under the conditions of
our experiment, the expected advantages of whey protein-zinc com-
plexes in enhancing zinc (Li et al., 2022; Tang & Skibsted, 2016), did
either not manifest or remained undetectable by fluorimetric analysis.

For the undigested zinc-aerogel samples, zinc transfer into Caco-2
enterocytes seemed to be reduced. A quenching effect from the aero-
gels is not a plausible explanation, as Zinpyr-1 fluorescence was similar
in the cells from the control and the Na-aerogel treatments. The FTIR
results suggest that the WPI proteins undergo certain structural changes
during aerogel formation (Fig. 3). This could result in zinc being more
firmly incorporated into the WPI aerogel matrix, potentially reducing its
release. Still, a substantial fraction of the zinc from the undigested zinc-
containing aerogels remained accessible for cellular uptake, probably
via the Caco-2 microvillar transporters SLC39A4 (ZIP4), SLC30A5 (ZnT5
variant B) or SLC11A2 (DMT1) (Hall & King, 2023; Maares & Haase,
2020). Pre-digestion with trypsin caused a slight (but not statistically
significant) upward trend in Zinpyr-1 fluorescence, for either
WPI/ZnSO4 co-incubation as well as the zinc-aerogels. It should be noted
that digestion was not included as a factor in the two-way ANOVA, so the
effect of pre-digestion is not fully captured in the statistical analysis. An
explanation for the trend of higher intracellular zinc levels could be the
formation of Zn-peptide chelates, which may support zinc delivery to
Caco-2 cells through endocytosis following the assumptions described
by Lin et al. (2024) or as recently proposed by Wang et al. (2023), via
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Fig. 6. Zinpyrl-fluorescence ratios indicating intracellular zinc levels in Caco-2 cells under various conditions. Caco-2 cells were included in all control and sample
conditions. Controls include (1) buffer only, (2) 10 pM inorganic ZnSO4 and (3) 10 pM inorganic ZnCl,. Samples include digested and undigested matrices (without
whey protein isolate (WPI) or aerogel) as well as WPI, with (+) and without addition of 10 pM ZnCl,. Additionally, cell-containing samples with ZnCl,-containing
(final amount of 10 pM ZnCl,) and NaCl-containing aerogels, prepared at pH 1 or pH 3, were tested in both undigested and digested form. Means that differ with
statistical significance do not share the same letters and error bars represent standard deviation (two-way ANOVA, pH x ions, p < 0.05).
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PepT1-mediated mechanisms. Any remaining intact whey proteins in
the proteolytic digested aerogel samples (Fig. 5) likely interfered with
the action of tryptic peptides, thereby diminishing their increasing effect
on zinc absorption.

Taken together, the intrinsic properties of whey protein, its di-
gestibility and potential to form zinc-binding peptides, highlight its
value not only as a structural matrix but also as a functional carrier for
controlled zinc delivery, especially in the intestinal environment.
Moreover, it should be noted that the difference in zinc concentrations
between the digestibility and Caco-2 assays limits the ability to directly
correlate zinc release by proteolysis with cellular zinc uptake, and
conclusions regarding their relationship should be interpreted
accordingly.

3.5. Limitations

The study bears some limitations due to its model character. It was
not designed for product development, but to assess the ability of
protein-based aerogels to act as carriers for zinc provision. One of the
considerable limitations is the absence of a salt-free WPI aerogel control.
The NaCl-containing aerogel served as the closest internal reference, and
comparisons were made with previously reported salt-free aerogels in
the literature. However, a direct comparison within the present exper-
imental framework could not be included. Another limitation concerns
the structural characterization during aerogel preparation. Structural
changes were only assessed at the beginning and at the end of the pro-
cess, which does not provide the course of the conformational transi-
tions. Nonetheless, these endpoint data capture the relevant states that
determine zinc incorporation and release capacity. A further point re-
lates to the morphological analyses. BET measurements, in particular,
showed relatively high standard deviations. While this reduces the
precision of quantitative conclusions, such variability is inherent to
protein-based aerogels and reflects the structural heterogeneity of these
materials rather than experimental variations. For the in vitro digestion
experiments only trypsin was employed. However, tryptic hydrolysis is
providing a defined, well-established and reproducible, but simplified,
proteolysis model. This approach is widely used in protein research to
screen for proteolytic stability and cleavage behavior, and it reveals
general estimates of zinc-protein interactions. However, it does not
represent the full enzymatic and physicochemical complexity of
gastrointestinal digestion, which further involves multiple proteases,
varying pH conditions, bile acids, additional cofactors, but mainly the
co-ingestion of e.g., dietary constituents, often referred to as the ‘food
matrix’. Moreover, gastrointestinal processes are subject to interindi-
vidual variability (of the consumer), so the results of a single-enzyme
model must be interpreted as indicative rather than representative. In
the statistical evaluation of Caco-2 uptake data, digestion was not
included as a factor in the two-way ANOVA. Consequently, the effect of
pre-digestion is only partially represented in the analysis, and the results
should be interpreted with this constraint in mind. Finally, differences in
zinc concentrations between the digestibility assays and the Caco-2 ex-
periments preclude direct correlation of proteolysis and cellular uptake.
This reflects a necessary compromise in the experimental setup, as zinc
levels in the Caco-2 assays had to be kept low and uniform across all
conditions to ensure cell viability and comparability.

4. Conclusion

This study represents a first step toward understanding the potential
of WPI-based aerogels as carriers for micronutrients such as zinc, by
combining structural and morphological characterization with analyses
of digestibility and zinc release in an intestinal model. Ion retention
within the aerogels was influenced by both ion type and structural
changes during aerogel formation. Although substantial losses occurred,
aerogels prepared at pH 3 retained more ions, likely due to the pro-
tonation state of amino acid residues and the formation of a denser
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protein matrix compared to the more open structure at pH 1. Taken
together with literature on no-salt-added protein aerogels, our results
emphasize that protein aerogels can be tailored across a wide structural
spectrum, from highly porous, salt-free matrices to denser, ion-
coordinated networks with distinct functionalities.

The denser matrix obtained in this work reduced digestibility by
limiting tryptic degradation, whereas aerogels formed at pH 1 showed
enhanced enzymatic breakdown, particularly in the presence of divalent
ions. Zinc release from all aerogels, however, appeared to be governed
primarily by diffusion rather than enzymatic degradation. While zinc
uptake was observed in Caco-2 cells, levels remained consistently lower
than with free ZnCl2, indicating that the aerogel matrix did not enhance
zinc bioaccessibility compared to the inorganic form.

This work advances previous studies by jointly considering structural
modifications, digestibility, and zinc bioavailability in Caco-2 cells,
providing a more holistic view of how protein-based aerogels may
function in vivo. Future investigations should optimize release profiles
under physiological conditions, assess stability and effects on organs and
gut microbiota, and explore co-delivery of multiple bioactive com-
pounds, including strategies to improve zinc retention. Long-term in
vivo studies will be critical to establish safety and biological impact,
while the influence of enzymes beyond trypsin warrants further study to
clarify digestion and release mechanisms in more complex environ-
ments. As the present digestion experiments were based solely on trypsin
as a simplified proteolysis model, and future work should extend to more
comprehensive gastrointestinal simulations.
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