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A B S T R A C T

Nanoplastic particles and their additives are increasingly present in the food chain, interacting with bio
macromolecules with not yet known consequences. A protein corona forms around the particles in these usually 
complex matrices, primarily with a first contact at surface-active proteins. However, systematic studies on the 
interactions between the particles and proteins –especially regarding protein affinity and structural changes due 
to surface properties like polarity – are limited. It is also unclear whether the protein corona can "mask" the 
particles, mimic protein properties, and induce cytotoxic effects when internalized by mammalian cells. This 
study aimed at investigating the physicochemical properties of model particle-protein complexes, the structural 
changes of adsorbed proteins, and their effects on Caco-2 cells. Whey protein β-lactoglobulin (β-Lg) was used as a 
well-characterized model protein and studied in a mixture with nanoparticles of varying polarity, specifically 
silica, polylactic acid (PLA), and polyethylene terephthalate (PET). The physicochemical analyses included 
measurements of the hydrodynamic diameter and the zeta potential, while the protein conformational changes 
were analyzed using Fourier-transform-infrared spectroscopy (FTIR) and intrinsic fluorescence. Cellular uptake 
in Caco-2 cells was assessed through flow cytometry, cell viability was measured using the 3-(4,5-dimethylth
iazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) assay, and cellular impedance was analyzed with xCELLi
gence® technology. The results indicated that β-Lg had the highest affinity for hydrophilic silica particles, 
forming silica-β-Lg complexes and large aggregates through electrostatic interactions. The affinity decreased for 
PLA and was lowest for hydrophobic PET, which formed smaller complexes. Adsorption onto silica caused partial 
unfolding and refolding of β-Lg. The silica-β-Lg complexes were internalized by Caco-2 cells, impairing cell 
proliferation. In contrast, PLA- and PET-protein complexes were not internalized, though PLA complexes slightly 
reduced cell viability. This study enhances our understanding of protein adsorption on nanoparticles and its 
potential biological effects.

1. Introduction

The increasing global production and use of plastics lead to extensive 

contamination of terrestrial and aquatic environments with micro- and 
nanoparticles (MNP), which primarily form through a continuous 
degradation of discarded plastic goods. The primary contributors are the 
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so-called "big six" polymers, which are chemically distinct and include 
polyethylene terephthalate (PET), high- and low-density polyethylene, 
polyvinyl chloride, polypropylene, and polystyrene. These polymers 
dominate the plastics mass market and are only biodegradable to a very 
limited extent. Among them, PET is one of the most widely used plastics, 
commonly found in disposable (food) packaging. Recent analyses have 
revealed substantial concentrations of PET-MNP in bottled drinking 
water, highlighting a potential exposure in the food supply chain [46]. 
In contrast, biodegradable polymers such as polylactic acid (PLA), 
commonly employed in food packaging, are regarded as a more envi
ronmentally friendly alternative due to their biodegradability and 
biocompatibility [2]. Alongside with plastic particles, additional com
pounds like silica particles are also globally distributed. Silica is 
commonly used as a reinforcing filler in plastics to enhance mechanical 
properties and processability. However, all these particles, whether 
biodegradable or not, continuously accumulate in the environment. 
When entering the food supply chain, particles become incorporated in 
various food matrices. For instance, a study described by 
Kutralam-Muniasamy et al. [33] detected a low but persistent number of 
MNP particles in milk. In such complex matrices, the particles can 
interact with various food components, primarily with surface-active 
substances such as amphiphilic proteins. The interaction of proteins 
with the particle surface promotes protein adsorption and the subse
quent formation of a so called "corona", resulting in particle-protein 
complexes of varying composition, stability, and size [37]. At first, a 
‘hard’ corona forms as proteins adsorb directly onto the particle surface, 
creating a stable monolayer [58]. Subsequent protein-protein in
teractions may occur through weaker interactions, leading to the for
mation of a ‘soft’ corona.

The formation and properties of the hard and soft corona are influ
enced by the properties of the proteins, but also by the material char
acteristics of the MNP, such as their surface polarity. In the case of silica, 
the surface is primarily composed of silanol groups, which make the 
particles dominantly hydrophilic and enable van-der-Waals in
teractions, hydrogen bonding, and electrostatic interactions [5,56,60]. 
In contrast, PLA and PET are polyesters, with PET being less polar than 
PLA. PET contains a phenyl group in addition to the ester groups, 
whereas PLA has methyl groups in its basic structure, enabling both 
polymers to additionally favor hydrophobic binding of other compounds 
[11,34,44]. Such interactions with surfaces and the underlying adsorp
tion mechanisms are commonly investigated using model proteins like 
the whey-protein β-lactoglobulin (β-Lg), because of its fully elucidated 
structure and high surface activity. However, investigations like those 
described by Elofsson et al. [14], Meissner et al. [38], or Giefer et al. 
[18], who studied the adsorption characteristics of β-Lg on silica sur
faces, have only started to elucidate potential surface-protein in
teractions. Although a higher affinity of a protein for the surface 
increases the probability of forming a protein corona, there are currently 
no systematic investigations of neither the binding mechanisms nor the 
resulting physicochemical properties (e.g., thickness of the adsorbed 
protein layer) or biological properties. Current research indicates that 
the interactions of adsorbed proteins within the hard corona lead to 
more pronounced structural changes (i.e., in the secondary and tertiary 
structures) than those in the soft corona [57]. For instance, some studies 
revealed a decrease in the comparatively ordered structures, such as 
α-helices and β-sheets, alongside an increase in disordered random coil 
structures, indicating partial unfolding of proteins on hydrophobic 
particle surfaces [19,29]. Those authors attributed these structural 
changes to the preferential binding of amino acids with hydrophobic 
side chains to the particle surface. In contrast, adsorption on more hy
drophilic surfaces has been reported to either enhance more ordered 
structures [15] or to result in minor structural changes [10]. However, 
despite these general observations, investigations describing the 
contribution of each type of interaction and the resulting specific 
structural changes of adsorbed proteins within particle-protein com
plexes are lacking.

When going a step further, the understanding of these interactions is 
crucial, especially when such particle-protein complexes reach the 
gastrointestinal tract, where they may be digested, taken up through the 
intestinal membrane, and undergo further interactions in potential 
mammalian target cells (i.e., primarily the enterocytes). Even though 
the particles themselves remain unaffected, the particle surface – with 
the bound organic corona – might influence all the upcoming biological 
events [54]. Previous research showed that the uptake of (pristine) MNP 
can potentially have negative effects on mammalian organisms. 
Furthermore, in vitro pre-digested particles show altered cellular inter
action due to changes in the agglomeration characteristics [43]. When 
MNP are surrounded by a protein corona, they may adopt properties of 
the adsorbed proteins, which could influence (i.e., enhance or reduce) 
their cellular uptake and lead to biological consequences. According to 
current knowledge, no studies have yet specifically studied the cellular 
uptake and behavior of protein-nanoparticle complexes.

Consequently, the aim of this study was to investigate the adsorption 
characteristics of the model protein β-Lg on different MNP (silica, PLA, 
and PET) for characterizing the resulting structural changes of the 
protein, and to reveal the cell biological effects of the particle-β-Lg 
complexes. To capture both, early adsorption dynamics and longer-term 
aggregation behaviors, incubation times of 30 min and 24 h were cho
sen. Moreover, the effect of the adsorption of β-Lg on the silica surface on 
protein digestibility was analyzed. It was hypothesized that the 
adsorption of β-Lg at the hydrophilic surface of silica nanoparticles, 
driven mainly by electrostatic interactions in an acidic environment, 
would result in pronounced changes to the protein’s secondary and 
tertiary structure (hypothesis I). These adsorption-induced structural 
changes of β-Lg on the silica surface are expected to reduce its di
gestibility by proteases. Furthermore, β-Lg-silica complexes are antici
pated to be internalized by Caco-2 cells, a widely used model for 
mammalian intestinal enterocytes, with β-Lg masking the silica particle 
surface, leading to reduced cell viability and impaired cell growth. In 
contrast, the interaction between β-Lg and the hydrophobic surface of 
PLA-MNP is hypothesized to result in a structural stabilization of the 
protein due to both hydrophobic and hydrophilic interactions with the 
surface (hypothesis II). In a neutral environment, however, low stability 
is expected to cause minimal cellular uptake of the PLA-β-Lg complexes 
by Caco-2 cells, resulting in little impact on cell viability and growth due 
to the dissociation of the complex in the neutral pH of the cellular 
environment. Lastly, it was assumed that the adsorption of β-Lg at the 
hydrophobic surface of polyethylene terephthalate (PET) MNP is weaker 
than at the silica and PLA surfaces, inducing only moderate structural 
changes in the protein, primarily driven by weak hydrophobic in
teractions (hypothesis III). Consequently, the PET-β-Lg complexes were 
expected to form less or no aggregates. Upon incubation with Caco-2 
cells, these complexes may remain stable; however, due to the lower 
protein-particle affinity, they will be less likely internalized as such by 
Caco-2 cells, potentially limiting their effects on cell viability and 
growth.

2. Materials and methods

2.1. Synthesis of silica, polylactic acid, polyethylene terephthalate 
particles

PET granules (6.0 g) were added to a glass beaker before 115.0 mL 
acetone was added. The beaker was cooled with an ice/salt bath 
(-17 ◦C). The polymer granules were dispersed with a disperser (IKA T 
18 digital ULTRA-TURRAX®, IKA-Werke GmbH & Co. KG, Staufen, 
Germany) for 10 min at a rotation speed of 18,000 rpm. After dispersion, 
the solution was filtered using a folded filter and acetone was evapo
rated until ca. 10 % of the liquid remained. Then 115.0 mL water was 
added to the mixture and the remaining acetone was evaporated to 
obtain an aqueous dispersion of the polymer nanoparticles. The aqueous 
dispersion was again filtered with a folded filter and the remaining 
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dispersion was reduced with a rotary evaporator to a volume of 20 mL.
A total of 5.0 g PLA granules and 5.0 g Pluronic F127 were placed in a 

1 L three-necked round bottom flask equipped with a stirrer and distil
lation attachment according to Claisen with Liebig condenser and 
500 mL one-necked flask, 250 mL tetrahydrofuran was added to the flask 
and heated with a water bath set to 50 ◦C while stirring at 650 rpm. Then 
250 mL of milli-Q water was quickly added, forming a milky dispersion 
with the presence of larger aggregates. The dispersion was heated to 
55 ◦C for 1 h and then to 65 ◦C for 1 h (water bath temperature) until no 
more large aggregates were visible. The apparatus was then thermally 
insulated with aluminum foil, the water bath heated to 70 ◦C and the 
tetrahydrofuran distilled off as far as possible. At the end of the distil
lation, the crude product in the distillation flask was filtered into a 
250 mL screw-cap glass using a pleated filter, covered with a dust-free 
cloth, and left to rest overnight to evaporate any remaining tetrahy
drofuran. In dynamic light scattering, the PLA particles display a mon
omodal particle size distribution with a mean hydrodynamic diameter of 
340 nm ± 31 nm and a polydispersity index in the range of 0.2 – 0.3.

Pluronic F127 provides the colloidal stability of the PLA particles. 
This allows the preparation of long-term stable PLA dispersions with a 
concentration of 2 wt%. In contrast, no stabilizer was used for the 
preparation of the PET particles. Hence, long-term stable dispersions 
were available for only low particle concentrations of 0.004 wt%. It 
should be noted that the different concentrations of PLA and PET par
ticles may affect the presented results at least in principle. However, we 
could not prepare PLA and PET particles using the same procedure.

2.2. Extraction of β-lactoglobulin

The β-Lg was extracted from a whey-protein isolate (Bos taurus, 97.0 
– 98.4 %, BiPro®, Davisco Foods Inc., Le Sueur, MN, USA), with slight 
modifications to the protocol described by Keppler et al. [27]. Ultrafil
tration was replaced with dialysis for 72 h using distilled water at 22 ◦C 
and a BioDesign Dialysis Tubing™ from ThermoFisher Scientific Inc. 
(molecular weight cut-off 14 kDa; Waltham, MA, USA). The pH was 
adjusted to pH 7.0 ± 0.1 with 0.1 M HCl and 0.1 M NaOH, both obtained 
from Carl Roth GmbH + Co. KG (> 99.9 %, analytical-grade, Karlsruhe, 
Germany). The protein solutions were freeze-dried. The extracted β-Lg 
was a mixture of the genetic variants A and B, with a purity of approx. 
94 %, measured by HPLC as described by [27].

2.3. Preparation of particle-β-lactoglobulin mixtures

The freeze-dried β-Lg powder was dissolved in 0.01 M formate buffer 
(pH 3.8) to obtain 0.5 wt% β-Lg stock solutions. The stock solutions were 
stirred for 30 min at 500 rpm and 22 ◦C using a magnetic stirrer and 
filtered with a polyvinylidene fluoride (PVDF) filter (0.22 µm, Millex®, 
Merck KGaA, Darmstadt, Germany). The pH value of the β-Lg stock so
lutions was pH 4.2 ± 0.2.

The 40 wt% silica solution (AS2040, Köstrosol®, Bad-Köstritz, Ger
many) was filtered with a PVDF filter (0.45 µm, Millex®, Merck KGaA, 
Darmstadt, Germany). The silica solution was then diluted with 0.01 M 
formate buffer to prepare a 2 wt% silica stock solution. The 2 wt% PLA 
solution was filtered through a 1 µm nylon filter and then used undiluted 
for further experiments. The PET solution had a concentration of 
0.004 wt% and was filtered with PDVF-Filter (0.45 µm, Millex®, Merck 
KGaA, Darmstadt, Germany). The β-Lg stock solutions were mixed 1:1 (if 
not stated otherwise) with the particle solutions and the mixtures were 
incubated for either 30 min or 24 h before performing the analyses.

2.4. Digestion of silica-β-lactoglobulin mixtures with trypsin

To prepare the trypsin stock solution, 100 mg of trypsin (13,000 – 
20,000 N-Benzoyl-L-arginin-ethylester units/mg protein; PanReac 
AppliChem GmbH, Darmstadt, Germany) were dissolved in 100 mL of 
phosphate buffer (pH 7.5). For the digestion, 0.98 mL of the 24 h 

incubated silica-β-Lg mixtures (c.f. subsection 2.3), control samples 
containing silica stock solution (2.0 wt%) or β-Lg stock solution (0.5 wt 
%), were mixed with 8.82 mL of phosphate buffer (pH 7.5) and 0.2 mL of 
the trypsin stock solution. All samples were incubated in a shaking water 
bath at 37 ◦C. After 45 min, the enzymatic reaction was terminated by 
dropwise addition of 1 M HCl until approx. pH 3 was reached. The 
digestion was performed in three independent replicates.

2.5. Physicochemical characterization of particle-β-lactoglobulin 
mixtures

2.5.1. Analysis of hydrodynamic diameter
The hydrodynamic diameter (Dh) was measured using dynamic light 

scattering (DLS) with a Litesizer 500 DLS (Anton Paar Group AG, Graz, 
Austria). The instrument’s measurement range extends from 300 to 20 
MDa, with a mobility range of ≤ 40 nm and a measurement angle of 90◦. 
The measurement accuracy was ±10 %, and repeatability was ±5 %. 
The measurements were performed at 22 ◦C with a backscattering angle 
of 175◦. For the kinetic studies of Dh, 1.7 mL of silica solution (2 wt%), 
PLA solution (2 wt%), or PET solution (40 µg/mL) were mixed with 
1.7 mL of β-Lg solution (0.5 wt%) in plastic cuvettes, and Dh was 
measured over a period of 6 h. Additionally, the Dh of all three mixtures 
was assessed after 30 min and 24 h of incubation. All Dh experiments 
were performed in three independent replicates.

2.5.2. Analysis of zeta potential
The zeta potential (ζ-potential) was analyzed with a Litesizer 500 

DLS (Anton Paar Group AG, Graz, Austria), with a measurement range of 
± 1000 mV, a mobility range of 10− 11 – 2 * 10− 7 m2/Vs, a measurement 
accuracy of ± 10 %, and a repeatability of ± 3 %. For sample prepara
tion, 1 mL of β-Lg solution (0.5 wt%) was mixed with 1 mL of formate 
buffer in plastic cuvettes. Subsequently, 1 mL of silica solution (2 wt%), 
PLA solution (2 wt%), or PET solution (40 µg/mL) was added to the 
respective cuvettes, and the mixtures were incubated at 22 ◦C for 30 min 
or 24 h. After incubation, 1 mL of each sample mixture was transferred 
to an Omega cuvette for zeta potential analysis. All zeta potential ex
periments were performed in three independent replicates.

2.5.3. Analysis of β-lactoglobulin surface concentration on silica particles 
with UV/Vis-spectroscopy

The surface concentration analysis (amount of β-Lg adsorbed on 
silica particles) was performed using UV/Vis spectroscopy, following the 
centrifugation method described by Bharti et al. [5], with slight modi
fications. A volume of 1.7 mL of 2 wt% silica solution was mixed with six 
1.7 mL β-Lg solutions with protein concentrations in the range of 0.00 – 
0.26 wt% and incubated for 30 min. After incubation, 2 mL of each 
sample was centrifuged for 1.5 h at 13,400×g using an Eppendorf 
MiniSpin® centrifuge (Eppendorf AG, Hamburg, Germany). Spectra of 
1 mL of the supernatant were recorded from 200 – 800 nm using a 
UV/Vis spectrometer (StellarNet miniature spectrometer, StellarNet 
Inc., Tampa, FL, USA). The maximum absorbance of the samples at a 
wavelength (approx. 277 nm) was plotted against the initial β-Lg con
centration. The UV/Vis experiments were performed in three indepen
dent replicates.

2.6. Structural analysis of adsorbed β-lactoglobulin on particles

2.6.1. Secondary structure with Fourier-transform-infrared spectroscopy
Infrared spectra of β-Lg control solutions (0.5 wt%) and particle-β-Lg 

mixtures (c.f. subsection 2.3, with an additional 1:1 dilution of silica 
β-Lg mixtures using formate buffer), all incubated for either 30 min or 
24 h, were measured using a Bruker Tensor II spectrometer (Bruker 
Optics GmbH & Co. KG, Ettlingen, Germany) with formate buffer as 
background. The spectrometer was equipped with a liquid nitrogen- 
cooled mercury-cadmium-telluride detector, and the measurements 
were performed using a BioATR II cell (Bruker Optics GmbH & Co. KG, 
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Ettlingen, Germany). Infrared spectra were recorded in the range of 
1000 – 3100 cm⁻¹ at 22 ◦C, with a resolution of 2 cm⁻¹. Data analysis was 
carried out using OPUS software version 7.5. The spectra were vector- 
normalized (region: 1480 – 1780 cm⁻¹), and the second derivative was 
calculated using the 25-point Savitzky-Golay method. The absorbance 
maxima of second derivative spectra were calculated using OPUS soft
ware at ~1655 cm⁻¹, corresponding to α-helices, ~1630 cm⁻¹ for 
intramolecular β-sheets, and ~1615 cm⁻¹ for intermolecular β-sheets for 
all samples, accordingly [3]. All FTIR experiments were performed in 
three independent replicates.

2.6.2. Tertiary structure with intrinsic fluorescence spectroscopy
Intrinsic fluorescence of β-Lg control solutions (0.5 wt%) and parti

cle-β-Lg mixtures (all incubated for 30 min or 24 h; c.f. subsection 2.3) 
was analyzed using a Cary Eclipse Fluorescence Spectrometer (Agilent 
Technologies Deutschland GmbH, Waldbronn, Germany). The samples 
were diluted 1:6 with formate buffer and measured in quartz cells with a 
10 mm optical path length. The excitation wavelength was set at 
295 nm, and emission spectra were recorded from 300 – 500 nm. All 
intrinsic fluorescence experiments were performed in three independent 
replicates.

2.7. Cellular effects of particle-β-lactoglobulin mixtures

2.7.1. Cell cultivation and incubation
Caco-2 cells were purchased from the European collection of cell 

culture (ECACC-Nr. 86010202) and used beginning from passage 15 for 
a maximum of 10 passages after thawing. The cells were kept in DMEM 
high glucose with 10 % fetal calf serum (FCS) and 1 % penicillin/ 
streptomycin (P/S) (GE Healthcare GmbH, Düsseldorf, Germany) and 
cultivated subconfluently. 5,000 Caco-2 cells were seeded into each 
cavity of 96-well plates and xCELLigence® E-plates, and 55000 cells in 
12-well format, respectively. Proliferating Caco-2 cells were used for 
experiments 24 h after seeding. For differentiated Caco-2, in every plate 
format, the medium was changed every 2 – 3 days for a differentiation 
time of 21 d. The particles and protein complexes were diluted into cell 
culture medium by a factor of 10–1000. As incubation volumes, 100 µL 
(96-well and E-plate, proliferating Caco-2), 180 µL (E-plate, differenti
ated Caco-2), 300 µl (96-well, differentiated Caco-2) and 1 mL (12-well, 
proliferating Caco-2) were used.

2.7.2. Cell viability with 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide assay

Cell viability was determined by the MTT assay for proliferating and 
differentiated Caco-2 cells in 96-well format. After 23 h, 10 µL 5 mg/mL 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT) 
in PBS were added for another 1 h. The supernatant was discarded and 
130 µL pre-warmed desorption agent (0.7 % w/v SDS in isopropanol) 
were added to each well. Plates were shaken for 30 min and absorption 
was measured on a plate reader (570 nm) with subtraction of the 
background absorption (630 nm). As control for cytotoxicity, 100 µg Zn/ 
mL ZnCl2 was used. The experiments were performed in six technical 
replicates per condition and repeated in three independent replicates.

2.7.3. Cell growth via cell index measurements
To assess the cell growth and monolayer integrity, cellular imped

ance was determined by an xCELLigence® system (Roche Diagnostics 
Deutschland GmbH, Mannheim Germany). Caco-2 cells were seeded in 
special gold-coated 96-well E-plates and incubated with the test sub
stances after 21-day differentiation including regular medium change 
every 2 – 3 d. For incubation, the medium was removed and replaced by 
the testing substances. Samples were measured over a period of 72 h. As 
positive control, ZnCl2 was used in a concentration of 100 µg Zn/mL. 
The cell indices were determined in three independent replicates for 
each experiment, using proliferating and differentiated Caco-2 cells.

2.7.4. Granularity analysis of Caco-2 cells via flow cytometry
A cell granularity analysis was performed as an indication for cellular 

interaction and uptake of nanoparticles using flow cytometry. There
fore, Caco-2 cells were seeded into 12-well plates (proliferating Caco-2) 
or 96-well plates (differentiated Caco-2) as described. 24 h after incu
bation with the testing substances, the medium was removed, cells were 
washed with PBS and trypsinized for 3 min (proliferating Caco-2) or 1 h 
(differentiated Caco-2) until they were detached and singularized. 
Trypsination was stopped using 1 mL warm serum-containing medium. 
Cells were centrifuged (300 g, 5 min) and washed twice with PBS prior 
to measurement.

For measurement, the cells were introduced into a microchannel 
cuvette to ensure single-cell suspension. A laser beam (488 nm) was 
directed at the cells, measuring both forward scatter (FSC) and side 
scatter (SSC) at a 90◦-angle. The FSC and SSC were measured of cells 
incubated for 24 h with β-Lg control solutions (0.5 wt%), particle-β-Lg 
mixtures (c.f. subsection 2.3), cell medium (negative control) and 100 
µg/mL, 25 µg/mL and 4 µg/mL TiO2 nanoparticles NM-104 (positive 
control). Measurements were run until either 10,000 cells were detected 
or for a maximum of 3 min (proliferating Caco2) or 5 min (differentiated 
Caco-2) for each condition. The mean values of the side scatter intensity 
of the cell population were used as a measure for granularity increase. 
The experiments were performed in three independent replicates for 
each experimental condition.

2.8. Statistical evaluation

Normality was assessed using the Kolmogorov-Smirnov test, and 
homogeneity of variance was evaluated with Levene’s test. A one-way or 
two-way ANOVA (factors: particle type and incubation time or concen
tration) was performed for each dataset, followed by Tukey’s test to 
identify significant differences. Significant differences are indicated in 
the figures by different letters.

3. Results and discussion

For the first time, a comprehensive investigation of the adsorption 
behavior of the model protein β-lactoglobulin (β-Lg) on nanoscale silica, 
polylactic acid (PLA), and polyethylene terephthalate (PET) particles 
was performed, incorporating physicochemical, structural, and cell 
biological analyses. The adsorption characteristics were analyzed using 
electrokinetic and hydrodynamic measurements, structural alterations 
induced by the adsorption process were assessed with spectroscopic 
techniques, and the cytotoxic effects were evaluated using cell biological 
assays with the well-established mammalian cell model Caco-2 cells.

3.1. Physicochemical characterization of particle-β-lactoglobulin 
mixtures

The physicochemical properties of β-Lg, both before adsorption and 
within particle–β-Lg mixtures, were investigated by monitoring changes 
in zeta (ζ) potential and hydrodynamic diameter (Dh) (Table 1,  Figs. 1
and 2). Zeta potential represents the electrokinetic potential at the shear 
plane of colloidal particles, such as proteins or their complexes, and 
provides insight into their effective surface charge. In the aqueous 
control solution, β-Lg displayed a slight positive charge of 14.5 ± 0.1 mV 
and 15.2 ± 0.6 mV after 30 min and 24 h respectively (Table 1), 
consistent with previous observations at acidic conditions (pH ≈ 4), 
which are below the isoelectric point of β-Lg at pH 5.4 [21,38,47]. 
Hydrodynamic diameter measurements indicated an initial size of 
8.9 ± 0.5 nm for β-Lg after 30 min, increasing significantly to 
58.7 ± 6.9 nm after 24 h (Table 1). This increase suggests that β-Lg is 
largely in its native state initially and undergoes aggregation over time, 
eventually reaching diameters similar to those of thermally aggregated 
β-Lg [20,50].

For the silica-β-Lg mixtures, the hydrodynamic diameter increases 
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with time, as illustrated in Fig. 1A. Along with the observed changes in 
zeta potential (Table 1), these findings indicate that β-Lg adsorbs on the 
silica surface, forming silica-β-Lg complexes, as initially hypothesized. 
To interpret the time-dependent increase in hydrodynamic diameter 
quantitatively, we refer to colloidal particle growth models. In this 
context, particle growth follows the principles of diffusion-limited ag
gregation (DLA) [8,36]. In DLA, the aggregation rate is governed by the 
frequency of particle collisions due to Brownian motion. When particle 
growth is driven by a DLA mechanism, the hydrodynamic diameter over 
time D(t), can be expressed as: 

D(t) = D0 + kDLAt
1
df 

where D0 is the initial diameter, kDLA is an effective aggregation rate 
constant, and df is the fractal dimension of the silica-β-Lg complex. Here, 
the hydrodynamic diameter D0 = 75.4 ± 1.3 nm is approx. 40 nm larger 
than the hydrodynamic diameter of the pristine silica particles. This 
difference suggests the formation of a 20 nm thick hard protein corona 
composed of β-Lg around the silica particles, which forms within about 

5 min and gradually extends into a soft corona over time. Furthermore, 
the fractal dimension df = 1.46 ± 0.07 aligns with typical characteris
tics of a DLA mechanism [36]. The kDLA value of 0.10 ± 0.03 1/s in
dicates rapid complex formation, supporting the presence of a fast 
aggregation mechanism in the system. Moreover, the resulting surface 
concentration of β-Lg on the silica particles was determined to be 
approx. 0.05 wt% at the initial protein concentration (Fig. 1B).

In general, the adsorption of β-Lg within the hard corona is influ
enced by the hydrophilic nature of the silica surface, which is charac
terized by a high density of silanol groups (Si-OH) that predominantly 
engage in van-der-Waals interactions, hydrogen bonding, and electro
static interactions. Although hydrogen bonds are significantly stronger 
than van-der-Waals interactions, the number of hydrogen bonds be
tween proteins and MNP is much smaller than that of van-der-Waals 
interactions [60]. At pH ≈ 4, the zeta potential of the pristine silica 
particles is negative, i.e., the particles are negatively charged due to 
partly deprotonated geminal or vicinal silanol groups, while that of β-Lg 
is positively charged (Table 1). Therefore, it was assumed that the strong 
affinity and adsorption of β-Lg are primarily driven by electrostatic 

Table 1 
Zeta (ζ) potential and hydrodynamic diameter (Dh) measured with dynamic light scattering of β-lactoglobulin (β-Lg), silica particles, silica-β-Lg mixtures, polylactic 
acid (PLA) particles, PLA-β-Lg mixtures, polyethylene terephthalate (PET) particles, and PET-β-Lg mixtures, incubated for 30 min or 24 h. Different letters indicate 
statistically significant differences (n = 3, p < 0.05, two-way ANOVA).

β-Lg Silica Silica + β-Lg PLA PLA + β-Lg PET PET + β-Lg

ζ potential 30 min 14.5 ± 0.1a − 6.5 ± 0.5b − 1.0 ± 0.2c − 1.2 ± 0.0c 1.1 ± 0.1c − 1.7 ± 0.6c 12.2 ± 0.4e

24 h 15.2 ± 0.6a − 6.5 ± 0.1b 4.9 ± 0.1d − 1.2 ± 0.0c 1.4 ± 0.4c − 1.1 ± 1.8c 12.1 ± 0.4e

Dh (nm) 30 min 8.9 ± 0.5a 35.2 ± 0.5c 433.7 ± 140.5df 340.2 ± 31.5d 387.4 ± 45.2d 158.1 ± 13.7g 171.2 ± 22.9gh

24 h 58.7 ± 6.9b 36.8 ± 1.0c 1742.0 ± 604.5e 352.6 ± 17.6d 536.9 ± 77.6f 195.2 ± 15.5h 240.6 ± 109.2dgh

Fig. 1. Hydrodynamic diameter distribution measured with dynamic light scattering (scattering angle 175◦) for (A) β-lactoglobulin (β-Lg), silica particles, and silica- 
β-Lg mixture; (B) β-Lg, polylactic acid (PLA) particles, and PLA-β-Lg mixture; and (C) β-Lg, polyethylene terephthalate (PET) particles, and PET-β-Lg mixture. All 
samples were incubated for 24 h (n = 3, representative data shown for n = 1).

Fig. 2. (A) Kinetics of hydrodynamic diameter (Dh) measured with dynamic light scattering (DLS) for silica-β-lactoglobulin (β-Lg) mixtures (n = 3, representative 
data shown for n = 1), incubated for 5 min, with a fit based on the diffusion-limited aggregation model; (B) Absorbance of the supernatant from centrifuged silica- 
β-Lg mixtures, measured by UV/VIS-spectroscopy, as a function of initial β-Lg concentration (n = 3) with a linear fit; and (C) Dh measured with DLS for silica particles 
and silica-β-Lg mixtures incubated for 24 h, both undigested and digested (+ trypsin, T), n = 3. Different letters indicate statistically significant differences (p < 0.05, 
one-way ANOVA).
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interactions between the negatively charged silica surface and oppo
sitely charged amino acid residues of β-Lg. Additionally, the adsorption 
process may be thermodynamically favored due to an entropy gain 
associated with the release of remaining counterions from the silica 
surface into the aqueous phase. This suggests that both electrostatic 
attraction and counterion release contribute to the adsorption process, 
potentially occurring simultaneously depending on the local dissocia
tion state of functional groups on the silica surface. This assumption 
aligns with the findings described by Meissner et al. and Elofsson et al. 
[38,14], who emphasized that electrostatic interactions are particularly 
noteworthy below the isoelectric point of β-Lg, especially at pH 4. They 
explained that an increase in ionic strength leads to the desorption of 
β-Lg from the silica surface due to a shielding effect. Further experi
mental and computational analyses have identified the positively 
charged β-Lg lysine residues Lys8, Lys14, and Lys100 (pKa = 10.5) and 
adjacent neutral amino acid residues of β-Lg like Tyr99 as key surface 
contacts with silica at pH 7 [18]. Chaabane et al. [10] recently 
demonstrated that, in addition to electrostatic interactions, covalent 
bonds may also form, but primarily with functionalized silica surfaces, 
such as some modified with thiol groups. Moreover, within the soft 
corona, the dominant interactions are protein-protein interactions, 
which include for instance hydrogen bonding, hydrophobic attach
ments, and electrostatic interactions.

Beyond the formation of silica-β-Lg complexes, the high hydrody
namic diameter observed after 24 h indicates the formation of large 
aggregates (Fig. 2). The protein-induced aggregation of silica particles 
has been described previously [5,38]. Regarding the stabilization of 
such aggregates, it is assumed that similar to protein-stabilized oil 
droplets in emulsions, stabilization occurs through so-called ‘protein 
bridges’ between the complexes [6]. Hence, proteins within the soft 
corona of two adjacent silica-β-Lg complexes are expected to interact 
with each other, thereby stabilizing the aggregate. The observed vari
ability in hydrodynamic diameter likely reflects the complex and dy
namic nature of the aggregation process. This variation can be attributed 
to differences in the extent of aggregate growth, influenced by potential 
variations in the local microenvironment, such as particle surface 
coverage, availability of interaction sites, and steric hindrance among 
complexes. For instance, adsorption dynamics at oil/water interfaces 
have also been shown to depend on the extent of surface coverage by 
pre-adsorbed proteins [49], suggesting that a similar dependence may 
also influence aggregation in the present system. Overall, the present 
results demonstrate a high affinity of β-Lg for the silica surface, pre
sumably, due to electrostatic interactions that lead to the rapid forma
tion of silica-β-Lg complexes and subsequent aggregation, as suggested 
in hypothesis I.

Subsequently, the interactions within mixtures of PLA particles and 
β-Lg were examined. Here, changes in zeta potential and an increase in 
hydrodynamic diameter were observed after 30 min (Table 1). Howev
er, due to the high variability in the data, the increase in hydrodynamic 
diameter observed after 30 min is not clearly statistically significant, 
making precise interpretation of the layer thickness challenging. Despite 
this variability, it could still be assumed that a stable, hard corona forms 
on the PLA surface after 30 min, indicating a potentially lower affinity of 
β-Lg for PLA compared to silica. Furthermore, the additional increase in 
hydrodynamic diameter after 24 h indicated the formation of a soft 
corona (Table 1).

The reduced affinity of β-Lg for PLA may be due to exchange re
actions with the stabilizing Pluronic F127 block copolymer surfactant 
initially present on the PLA particle surface. The surfactant imparts a 
slightly negative charge to the PLA surface, which increases upon β-Lg 
adsorption, explaining the observed zeta potential changes in Table 1. 
Over time, an equilibrium forms between PLA-β-Lg complexes and the 
remaining PLA-Pluronic F127 complexes. As the experiments were 
performed with an excess of β-Lg, it was assumed that the equilibrium 
shifted towards the formation of PLA-β-Lg particle complexes with 
proceeding incubation, consistent with Le Chatelier’s principle. Similar 

competitive adsorption processes have been described by Kiss et al. [30], 
who studied bovine serum albumin (BSA) adsorption onto PLA using a 
Langmuir balance technique, examining the surface tension of PLA 
particles in different Pluronic and BSA solutions over time. Likewise, 
Jiao et al. [23] revealed similar competitive effects for the adsorption of 
BSA on PLA surfaces stabilized by various polysaccharides.

Once adsorbed on pristine PLA particles, β-Lg in the hard corona 
interacts with chemical groups on the surface that impart both hydro
philic and hydrophobic properties. Consequently, interactions beyond 
van-der-Waals forces, hydrogen bonding, and electrostatic interactions – 
including hydrophobic interactions – are possible [60]. The adsorption 
of β-Lg is likely driven by a reduction in the hydrophobicity of the PLA 
particles, which decreases the surface tension of the originally slightly 
hydrophobic PLA particles, resulting in a thermodynamically stable 
state in the aqueous solution. Kiss et al. [30] observed a similar reduc
tion in surface tension for PLA particles upon forming complexes with 
BSA, emphasizing the distinct interactions between the hydrophilic and 
hydrophobic regions of BSA and the PLA surface.

After 24 h, the broad distribution of hydrodynamic diameter indi
cated the formation of both PLA-β-Lg complexes and larger aggregates 
(Fig. 2B). Stabilization of adjacent PLA-β-Lg complexes may have 
occurred through ‘protein bridging’, similarly to the aggregation 
observed in silica-β-Lg systems. Overall, while β-Lg had a lower affinity 
for the PLA surface than for silica, it still promoted the formation of 
complexes and aggregates, albeit on a smaller scale and with delayed 
kinetics compared to silica systems (c.f. hypothesis II).

Finally, mixtures of PET particles and β-Lg were analyzed. The 
adsorption of β-Lg onto PET particles resulted in a significant increase in 
zeta potential after 30 min, while the hydrodynamic diameter remained 
relatively unchanged compared to pristine PET particles (Table 1). After 
24 h, the zeta potential stabilized, showing no further significant 
changes. Although the hydrodynamic diameter exhibited an increase 
over time, high variability within the data rendered this increase sta
tistically insignificant. However, the hydrodynamic diameter distribu
tion indicated evidence of complex formation after 24 h (Fig. 2C); the 
broad distribution suggested a limited number of complexes formed, 
with no indication of large aggregates. This finding implied that the 
adsorbed β-Lg layer on the PET particles is thin, suggesting the forma
tion of at least a hard corona on the PET particle surface.

The colloidal stability of PET particles in the aqueous solution is 
achieved through stabilization by negatively charged hydroxyl ions. 
Similar to the PLA-β-Lg system, a competitive exchange may occur be
tween β-Lg and hydroxyl ions, as reflected by the increase in zeta po
tential from a slightly negative to a positive value in Table 1. The 
increase in both zeta potential and hydrodynamic diameter is in line 
with a recent study, which observed the interaction between PET and 
BSA [4]. In general, the surface of pristine PET particles is primarily 
hydrophobic due to the presence of phenyl groups, with limited hy
drophilicity provided by ester groups. This chemical composition in
dicates that hydrophobic interactions are likely the primary mechanism 
behind the adsorption of β-Lg onto PET, accordingly [60]. Hydrophobic 
interactions are driven by an entropic effect, where clustering of hy
drophobic groups reduces the surface area exposed to the aqueous 
environment, thereby releasing ordered water molecules and enhancing 
the system’s stability. In aqueous solutions, the hydrophobic residues of 
β-Lg (primarily tryptophan and other specific amino acids) are generally 
oriented towards the interior of the protein structure. For β-Lg to adsorb 
on a hydrophobic PET surface, substantial energetic gain is required 
compared to its non-adsorbed form. As noted by Yang et al. [60], hy
drophobic interactions are more likely to occur when proteins are 
already partially unfolded, as unfolded proteins expose more hydro
phobic residues, increasing their potential for interaction with hydro
phobic surfaces. However, β-Lg is known for its structural stability and 
resistance to conformational changes under mild conditions, which may 
have limited the extent of hydrophobic interactions with PET surfaces in 
the present study. Additionally, the presence of residual hydroxyl ions 
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on the PET surface could interfere with β-Lg adsorption by reducing 
available hydrophobic interaction sites. Intriguingly, in studies of β-Lg 
adsorption at nanoscale hydrophobic surfaces, it was found that the 
curvature of the surface significantly affects the protein adsorption af
finity. For example, β-Lg displayed reduced affinity for hydrophobic 
polystyrene particles as particle size decreased, with no detectable β-Lg 
dimers on particles as small as 25 nm [32]. Accordingly, this may sug
gest that lateral protein-protein interactions are weakened on curved 
surfaces of small particles, as each adsorbed molecule is less likely to 
interact with neighboring molecules due to the available space. Hence, 
in addition to limited interactions, other factors may contribute to the 
low affinity of β-Lg for PET particles. Overall, the observed low affinity 
suggests minimal complex formation, no significant aggregation, and 
few hydrophobic interactions involved in the β-Lg adsorption on PET 
particles (c.f. hypothesis III).

3.2. Structural analysis of adsorbed β-lactoglobulin on particles

The secondary and tertiary structure of β-Lg before and after 
adsorption on the particles was investigated using FTIR (Fig. 3) and 
fluorescence spectroscopy (Fig. 4). In both analyses, no signals were 
detected from the pristine particles, indicating that the observed peaks 
originated exclusively from β-Lg or the particle-β-Lg mixtures.

For the control protein in the aqueous phase, the FTIR spectra 
revealed a high proportion of intramolecular β-sheets (which are orga
nized as a β-barrel structure), along with less pronounced α-helical 
segments, random coil structures, and intermolecular β-sheets, as indi
cated by characteristic peaks in the Amide I region at approx. 1630 cm⁻¹, 
1650 cm⁻¹, 1640 cm⁻¹, and 1615 cm⁻¹ in Fig. 3, respectively [9,42]. 
These proportions of secondary structure elements are consistent with 
previously published FTIR data [25,28], indicating that the protein 
predominantly retained its native structure before adsorption. The 
intrinsic fluorescence of β-Lg primarily arises from its two tryptophan 
residues within the β-barrel structure and serves as an indicator of their 
solvent accessibility [13,21]. Trp61 is situated in a predominantly 

hydrophilic environment near the disulfide bridge Cys66-Cys160 [1], 
which acts as a fluorescence quencher, thereby suppressing the fluo
rescence activity of this residue. In contrast, the second residue Trp19, is 
located in a hydrophobic environment within the β-barrel and is pri
marily responsible for the intrinsic fluorescence of native β-Lg [1,17,40]. 
The intrinsic fluorescence spectra of β-Lg (Fig. 4) thus additionally 
confirmed that the protein maintained its native folded structure in the 
aqueous phase, particularly with respect to the exposure of the trypto
phan residues, which is in accordance with previous studies [25,48].

Upon adsorption on silica particles, notable structural changes in 
β-Lg were observed. After 30 min, there was a significant increase in 
α-helix content (Supplementary Figure S1), along with an increase in 
unordered random coil structures and the formation of intermolecular 
β-sheets between adjacent proteins (Fig. 3D, F). These adjacent proteins 
may either be adsorbed directly onto the surface or may form ‘protein 
bridges’ within aggregated silica-β-Lg complexes (c.f. section 3.1). After 
24 h, the protein exhibited a tendency to refold to its initial structure 
before adsorption, but also to partly unfold its intramolecular β-sheets 
(Fig. 3D – F); however, the structural changes on the silica surface 
showed a high variability, making these trends statistically insignificant. 
Additionally, the characteristic wavenumbers of the α-helix and the 
random coil bands shifted significantly toward higher wavenumbers 
(Table 2), indicating that the C––O vibrations of the Amide I band are 
associated with weak hydrogen bonds within these secondary structural 
elements [22]. Weak hydrogen bonds may arise from increased binding 
lengths resulting from an overall loose protein structure due to the 
structural changes mentioned above.

The study presented by Wu & Narsimhan [59] also noted rapid 
structural changes following the initial adsorption of β-Lg onto silica 
nanoparticles, although these changes slowed over time. Their FTIR 
analyses indicated partial unfolding of the secondary structure, while 
circular dichroism (CD) measurements revealed minimal overall struc
tural changes. In the presence of 2,2,2-trifluoroethanol, the authors 
detected a slight increase in α-helix content. Similarly, Falahati et al. 
[15] identified structural changes in β-Lg adsorbed to mesoporous silica 

Fig. 3. Fourier-transform-infrared spectra (n = 3, representative data shown for n = 1) of (A) β-lactoglobulin (β-Lg) and silica-β-Lg mixture after 30 min and 24 h of 
incubation, (B) β-Lg and polylactic acid (PLA)-β-Lg mixture after 30 min and 24 h of incubation, and (C) β-Lg and polyethylene terephthalate (PET)-β-Lg mixture after 
30 min and 24 h of incubation. Absorbance intensity is shown for all samples at (D) ~1645 cm⁻¹ corresponding to random coil structures, (E) ~1630 cm⁻¹ cor
responding to intramolecular β-sheets, and (F) ~1615 cm⁻¹ corresponding to intermolecular β-sheets. Different letters indicate statistically significant differences 
(n = 3, p < 0.05, two-way ANOVA).
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using CD, however, primarily noting stabilization and an increase in 
various structural elements, such as α-helices and β-sheets. This stabi
lization even led to an increase in the protein’s heat resistance. In 
contrast, Chaabane et al. [10] observed no changes in the secondary 
structure of β-Lg on mesoporous silica, as measured by Raman spec
troscopy. The discrepancies between these studies might originate from 
several factors, such as the type of silica material and its functionaliza
tion. For instance, Falahati et al. [15] used amine-functionalized silica at 
pH 7.8, leading to positively charged amine groups that likely favored 
electrostatic interactions with the negatively charged β-Lg at this pH, 
promoting structural stabilization. In contrast, Chaabane et al. [10]
employed non-functionalized and thiol-functionalized silica surfaces at 
pH 7, which exhibited fewer interactions with β-Lg and, consequently, 
less structural changes. Additionally, confinement effects could play a 
role in the observed variability. The pore size and structure of meso
porous materials can influence protein conformation. For instance, 
Falahati et al. [15] used KIT-6 with ~6.5 nm pores and Chaabane et al. 
[10] used SBA-15 with 5 – 10 nm pores, both of which may limit protein 
flexibility and, in turn, structural changes. On the other hand, the large 
silica particles (90 nm) used by Wu & Narsimhan [59] likely provided a 
less restricted surface, allowing β-Lg to undergo structural changes, 
particularly in the presence of additives. In fact, the secondary structural 
changes of β-Lg upon adsorption onto silica particles seem to be highly 
dependent on the specific surface and surrounding conditions. 

Nevertheless, as hypothesized, the present findings reveal partial 
structural alterations, likely resulting in the formation of a surface 
protein film stabilized by intermolecular β-sheets, accompanied by a 
weakening and partial unfolding of the protein structure.

Regarding the tertiary structure, adsorption on the silica surface 
resulted in a pronounced decrease in intrinsic fluorescence intensity 
after 30 min and 24 h adsorption (Fig. 4A, Supplementary Figure S2). In 
fact, the overall reduction in fluorescence aligns with previous studies, 
where the accessibility of tryptophan residues in β-Lg adsorbed on silica 
particles was analyzed using the quencher acrylamide [15]. It was found 
that quenching by acrylamide was more pronounced in β-Lg in aqueous 
solution, whereas the tryptophan residues of β-Lg adsorbed to the silica 
surface were less accessible. As structural changes were not primarily 
observed in the intramolecular β-sheets (Fig. 3E), that comprise the 
β-barrel, the decrease in fluorescence intensity is unlikely to be due to 
alterations in the protein’s secondary structure. Instead, fluorescence 
quenching has extensively been associated with hydrophobic in
teractions of β-Lg [12,26,45]. Given that the silica surface is predomi
nantly hydrophilic, the observed decrease in fluorescence is likely due to 
hydrophobic interactions between adjacent protein molecules. The 
overall structural changes in the hard corona are thought to favor the 
formation of additional protein-protein interactions within the soft 
corona. This hypothesis is supported by computational investigations 
performed by Giefer et al. [18], which also suggest that the exposure and 
interaction of hydrophobic amino acid residues in β-Lg serve as a sta
bilizing mechanism for β-Lg on silica surfaces at pH 7. This rationale may 
thus explain the stabilization of ‘protein bridges’ within the aggregates 
of silica-β-Lg complexes (c.f. section 3.1).

Moreover, the adsorption on the silica surface appears to reduce the 
tryptic digestion of β-Lg (Fig. 1C). Similarly, whey-protein adsorbed 
onto titanium dioxide particles remained only partially hydrolyzed after 
tryptic digestion [51]. This reduction in digestibility may result from the 
inaccessibility of trypsin cleavage sites at adsorption points or from 
structural alterations that obscure these sites. Digestion could also hy
drolytically cleave potential protein bridges between silica-β-Lg com
plexes, dissolving aggregates and hence decreasing the hydrodynamic 
diameter (Fig. 1C). Consistent with findings by Shan et al. (2024) and 
Koutsopoulos et al. [31], trypsin adsorption onto the particle surface 
was also observed. Overall, these findings support hypothesis I by 
demonstrating both strong protein-surface interactions, but also 
protein-protein interactions that lead to structural alterations at both the 
secondary and tertiary levels, further confirming the high affinity of β-Lg 
for the silica surface (c.f. section 3.1).

Compared to the silica-β-Lg complexes, β-Lg adsorbed on the PLA 
surface exhibited changes in its secondary structure after 24 h. Specif
ically, there was a significant increase in α-helices (Supplementary 
Figure S1) and in both intra- and intermolecular β-sheets (Fig. 3E, F), 
while the random coil structures remained largely unaffected (Fig. 3D). 

Fig. 4. Intrinsic fluorescence emission spectra after excitation at 295 nm for (A) β-lactoglobulin (β-Lg), silica-β-Lg mixture, and silica particles; (B) β-Lg, polylactic 
acid (PLA)-β-Lg mixture, and PLA particles; and (C) β-Lg, polyethylene terephthalate (PET)-β-Lg mixture, and PET particles, after 24 h of incubation (n = 3, 
representative data shown for n = 1).

Table 2 
Wavenumbers of peaks in the α-helix, random coil, intra- and intermolecular 
β-sheet region measured with Fourier-transform-infrared spectroscopy analysis 
of β-lactoglobulin (β-Lg), silica-β-Lg mixtures, polylactic acid (PLA)-β-Lg mix
tures, polyethylene terephthalate (PET)-β-Lg mixtures, incubated for 30 min or 
24 h. Different letters indicate statistically significant differences (n = 3, 
p < 0.05, two-way ANOVA).

β-Lg Silica 
+ β-Lg

PLA 
+ β-Lg

PET 
+ β-Lg

α-Helix 30 min 1654.0 
± 0.6a

1657.2 
± 1.7ab

1655.0 
± 0.3a

1653.9 
± 0.4a

24 h 1655.5 
± 0.3a

1658.4 
± 0.7b

1655.6 
± 0.4a

1655.4 
± 0.9a

Random coil 30 min 1642.9 
± 0.1a

1640.2 
± 1.2a

1644.0 
± 0.2a

1643.2 
± 0.5a

24 h 1642.9 
± 0.2a

1647.6 
± 2.3b

1643.4 
± 0.3a

1642.9 
± 0.3a

Intramolecular 
β-sheet

30 min 1629.5 
± 0.3a

1628.7 
± 1.0ab

1629.9 
± 0.1a

1629.8 
± 0.1a

24 h 1629.3 
± 0.1a

1627.9 
± 0.3b

1628.2 
± 0.1b

1629.1 
± 0.1a

Intermolecular 
β-sheet

30 min 1614.6 
± 1.1a

1617.8 
± 1.2b

1614.9 
± 0.6a

1615.2 
± 0.9a

24 h 1614.2 
± 0.6a

1616.2 
± 1.4ab

1613.0 
± 0.1c

1614.9 
± 0.4a
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These structural changes are consistent with the slower adsorption ki
netics and the late formation of PLA-β-Lg complexes and aggregates after 
24 h (c.f. section 3.1, Fig. 2, Table 1). As suggested for silica, the increase 
in intermolecular β-sheets between adjacent proteins may occur either 
among proteins adsorbed on the PLA surface or contribute to the for
mation of ‘protein bridges’ within the aggregated PLA-β-Lg complexes 
(c.f. section 3.1). Additionally, the wavenumbers of peaks corresponding 
to inter- and intramolecular β-sheets slightly shifted toward lower values 
after 24 h of adsorption (Supplementary Figure S1), suggesting strong 
hydrogen bonding [22]. Such strong hydrogen bonds are likely a result 
of shorter bond lengths, which could lead to an overall ’stabilization’ of 
the protein structure through refolding. Sawyer & Kontopidis [47]
previously proposed that hydrophobic ligand interactions ‘stabilize’ the 
β-Lg structure, potentially reflecting its function as a lipocalin. Gener
ally, a stabilization effect is also supported by Falahati et al. [15], who 
demonstrated that adsorption onto silica particles enhances β-Lg’s sec
ondary structural elements. However, due to the more hydrophobic 
nature of PLA compared to silica, the adsorption mechanism on PLA 
surfaces is likely different. Similar to the behavior of BSA adsorbed on 
PLA surfaces [30], it is proposed that β-Lg interacts with both hydro
phobic and hydrophilic regions of the protein (see Section 3.1). In fact, 
the β-sheet and α-helix structures of β-Lg exhibit amphiphilic properties 
[12,16], enabling their hydrophobic segments to interact with the 
partially hydrophobic PLA surface, while their hydrophilic amino acids 
engage with the hydrophilic parts or the aqueous environment.

Further evidence for this distinct adsorption mechanism comes from 
the slight reduction in intrinsic fluorescence observed for β-Lg adsorbed 
on PLA particles after 30 min and 24 h (Fig. 4B, Supplementary 
Figure S2). This quenching effect may arise from interactions between 
adjacent proteins, similar to the behavior seen in silica-β-Lg complexes. 
However, as discussed in section 3.1, the formation of PLA-β-Lg aggre
gates is significantly lower than in silica-β-Lg systems, which correlates 
with a lesser decrease in fluorescence. The smaller decrease in fluores
cence compared to silica may also be attributed to a greater amount of 
non-adsorbed β-Lg remaining in the aqueous phase, which suggests a 
lower affinity of β-Lg for PLA particles and, consequently, reduced 
adsorption overall (c.f. section 3.1). As mentioned above, tryptophan 
quenching resulting from hydrophobic interactions with β-Lg has been 
well-documented in numerous studies. Thus, hydrophobic regions of the 
β-barrel may adsorb to the PLA surface, leading to Trp19 quenching. 
This explanation is further supported by the observed partial increase in 
intramolecular β-sheets (Fig. 3E), which predominantly constitute the 
β-barrel structure. In general, our findings support hypothesis II and 
suggest that the adsorption mechanism of β-Lg on PLA involves stronger 
hydrophobic interactions than on silica, promoting the ’stabilization’ of 
the protein’s secondary structure on the PLA surface.

For the PET-β-Lg system, less pronounced changes in the protein’s 
secondary structure, including a significant yet minor increase in 
intramolecular β-sheets after 24 h (Figs. 3D–F) were observed. Karim 
et al. [24] recently reported that the adsorption of β-Lg on polystyrene, 
which has a hydrophobic surface similar to that of PET, led to an 
‘α-helix-to-β-sheet’ transition characterized by a reduction in helical 
structure and an increase in intramolecular β-sheets. While our findings 
also indicate an increase in β-sheets, the α-helix content remained un
changed (Fig. 3E, Supplementary Figure S1). Intriguingly, Fang & Dal
gleish [16] noted that the helical segment plays a role in the adsorption 
process at hydrophobic (oil) interfaces, but its content does not neces
sarily change during adsorption due to its inherent flexibility. Moreover, 
the absence of an increase in intermolecular β-sheets supports the 
observation that PET-β-Lg complexes did not form aggregates (c.f. sec
tion 3.1, Fig. 2C, Table 1). Neither the other secondary structure ele
ments nor the wavenumbers of the peaks exhibited significant 
alterations upon adsorption. This finding further supports the suggested 
low affinity of β-Lg for the predominantly hydrophobic PET surface, as 
indicated in section 3.1.

Additionally, intrinsic fluorescence analysis revealed no significant 

differences in intensity between the protein in the aqueous phase and 
that in the PET-β-Lg system, neither after 30 min nor after 24 h (Fig. 4C). 
In investigations of β-Lg’s adsorption on other hydrophobic particles, 
such as polystyrene, Miriani et al. [40] observed that both Trp61 and 
Trp19 could migrate away from neighboring quenchers, leading to their 
exposure to the solvent and consequently resulting in enhanced fluo
rescence signals. However, the unchanged fluorescence signal in this 
study is attributed to the potentially high amount of non-adsorbed 
protein in the aqueous phase, which might obscure any intrinsic fluo
rescence effects from the relatively small amount of adsorbed protein. 
Overall, the minimal structural changes support hypothesis III and 
therefore the formation of a thin hard corona and indicate the lowest 
affinity compared to silica- and PLA-β-Lg systems described in section 
3.1.

3.3. Cellbiological effects of particle-β-lactoglobulin mixtures

The cellbiological effects of β-Lg and its complexes, including cellular 
uptake and impacts on viability and impedance, were investigated in 
Caco-2 cells through flow cytometry (Fig. 5), MTT assay (Supplementary 
Figures S3 and S4), and cellular impedance analysis (Fig. 6 and Sup
plementary Figure S5). In the cell experiments, a broad concentration 
range (dilution factor 10–1000 in cell culture medium) was applied with 
respect to the high varieties, uncertainties and knowledge gaps in 
environmental exposure conditions. These conditions cover settings 
from comparatively high concentrations to very low amounts, and 
additionally guarantee normal cell medium conditions and nutrient 
supply. Flow cytometry analysis revealed that β-Lg did not impact mean 
side scatter (SSC), as an increase in side scatter was only observable for 
internalized particulate structures (Fig. 5). As a positive control, TiO2 
was applied, which is taken up by both proliferating and differentiated 
Caco-2 cells and showed increased SSC values indicative of heightened 
cellular granularity. This phenomenon is consistent with TiO2 particle 
uptake, confirmed by comparative spectroscopic analysis [39,63]. The 
MTT assay also confirmed that β-Lg had no significant effect on Caco-2 
cell viability (Supplementary Figures S3 and S4). The xCELLigence® 
system measured electrical impedance, capturing changes of cell 
viability and proliferation, thereby reflecting activities such as 
Na⁺/K⁺-ATPase function, which maintains membrane potential and 
drives essential biochemical processes. In proliferating Caco-2 cells, the 
cell index of the medium control sample increased over time, consistent 
with cell growth that raises impedance as newly formed cells act as in
sulators, as previously shown [53,55]. Thus, β-Lg did not significantly 
affect cell index growth, suggesting a negligible impact on cell 
development.

For silica-β-Lg complexes, the results indicated minimal internali
zation by differentiated Caco-2 cells, as only a subset of cells showed 
high uptake (Fig. 5A). However, proliferating Caco-2 cells exhibited 
significantly increased SSC intensities with both pristine silica particles 
and silica-β-Lg complexes, comparable to the 25 µg/mL TiO2 control 
(Fig. 5B), confirming the uptake of silica particles. The connection be
tween increased SSC and cell granularity, as previously demonstrated 
for Al2O3 nanoparticles [7], suggests enhanced cell granularity upon 
particle uptake. The increase of the side scatter goes along with an actual 
internalization of light-scattering particles, while a mere attachment of 
particles to the (hydrophobic) surface of the cells does not cause an 
increased side-scatter, as reported by Paul et al. [44]. These findings 
align with studies indicating higher uptake of fluorescently labeled silica 
particles in proliferating compared to differentiated cells [62]. In the 
MTT assay, neither silica nor silica-β-Lg complexes affected cell viability 
(Supplementary Figures S3 and S4).

The xCELLigence® data showed that differentiated Caco-2 cells did 
not exhibit changes in cell index upon exposure to silica and silica-β-Lg 
complexes (Supplementary Figure S5). In contrast, proliferating Caco-2 
cells displayed stagnant or slightly reduced cell indices over 72 h at 
relatively high concentrations of silica and silica-β-Lg, suggesting 
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impaired proliferation compared to the medium control. This stagnation 
in cell index may indicate inhibited cell growth or reduced viability, 
possibly due to cytotoxic effects of silica. Supporting this, earlier studies 
showed that silica exposure can disrupt tight junction formation, leading 
to spherical cell morphology [41]. However, it is assumed that the 
concentrations used in this study did not create particle overload, which 
would restrict space for cell growth. Past studies also indicated that 
silica could decrease endothelial cell viability at concentrations 
≥ 25 g/mL; therefore, the 1000 µg/mL concentration likely impacts 
Caco-2 viability in the present study. Cytotoxicity from silica particles, 
while sometimes inconsistent in literature, has been reported, with 
polymer-coated silica showing reduced toxicity [35]. In the present 
findings, silica and silica-β-Lg complexes induced oxidative stress in 
Caco-2 cells, potentially due to decreased intracellular glutathione 
following silica exposure [61]. Thus, these results support hypothesis I, 
suggesting that silica and silica-β-Lg complexes are internalized by 
Caco-2 cells, but without a significant masking effect by the protein 
corona.

Unlike silica systems, PLA-β-Lg complexes were not shown to be 
internalized by differentiated or proliferating Caco-2 cells (Fig. 5). This 
may be due to the lower concentration of PLA particles compared to 
silica and TiO2. Previous studies show that PLA particles, due to their 
hydrophobicity, intercalate into cell membranes rather than undergoing 
endocytosis, which does not result in an SSC increase [44]. Therefore, a 
possible interaction between PLA and cell membranes may occur, but 
there were no adverse effects on cell viability or growth (Fig. 6). How
ever, the MTT assay revealed a slight reduction in viability for 

proliferating Caco-2 cells incubated with pristine PLA and PLA-β-Lg 
complexes after 24 h (Supplementary Figures S3 and S4), with viability 
around 81 %, classifying them as non-cytotoxic to mildly cytotoxic per 
DIN EN ISO 10993-5 standards. xCELLigence® analysis showed that PLA 
particles and PLA-β-Lg complexes did not affect cell proliferation.

It seems to be plausible that a very slight reduction in measured 
metabolic activity does not lead to effects in cell growth. Although the 
assays used in the present study do not provide mechanistical informa
tion, it is conceivable that the presence of such complexes can have an 
influence on chemical turnover, nutrient uptake, metabolism, or 
oxidative balance, leading to minor alterations in viability markers. 
Recent studies, where PLA-Pluronic-P85 particles had no impact on 
Caco-2 cell viability after 24 h [52], are corroborating the present 
findings. Thus, hypothesis II is supported, further indicating that 
PLA-β-Lg complexes are not internalized but can alter cell viability 
slightly in MTT assays.

Similarly, PET-β-Lg complexes were neither measurably internalized 
by either differentiated or proliferating Caco-2 cells (Fig. 5) nor did they 
impact cell viability or proliferation (Fig. 6). MTT assay findings showed 
no viability reduction with PET-β-Lg complexes (Supplementary 
Figures S3 and S4). Previous studies indicate that PET particle uptake in 
differentiated Caco-2 cells is influenced by particle concentration, size, 
and material properties [54]. Although SSC increase is often used to 
infer particle uptake, the absence of such an increase does not neces
sarily confirm a lack of interaction, as demonstrated in studies with 
non-labeled PET particles. Specifically, PET particles of 60 µm at 
100 mg/mL were shown to interact with cell surfaces but were not 

Fig. 5. Mean side scatter intensity measured with flow cytometry for (A) differentiated and (B) proliferating Caco-2 cells, and (C) mean fraction with high side 
scatter in proliferating Caco-2 cells. All cells were incubated for 24 h with β-lactoglobulin (β-Lg), silica particles, silica-β-Lg mixtures, polylactic acid (PLA) particles, 
PLA-β-Lg mixtures, polyethylene terephthalate (PET) particles, PET-β-Lg mixtures, cell medium (negative control), and TiO₂ at various concentrations (positive 
control). Different letters indicate statistically significant differences (n = 3, p < 0.05, two-way ANOVA).

Fig. 6. Cell index over time measured with xCelligence® analysis of proliferating Caco-2 cells for (A) β-lactoglobulin (β-Lg), silica-β-Lg mixture, silica particles, 
medium (negative control), and ZnCl₂ (positive control); (B) β-Lg, polylactic acid (PLA)-β-Lg mixture, PLA particles, medium (negative control), and ZnCl₂ (positive 
control); and (C) β-Lg, polyethylene terephthalate (PET)-β-Lg mixture, PET particles, medium (negative control), and ZnCl₂ (positive control), after 24 h of incu
bation (n = 3).
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internalized, instead, they became embedded within the microvilli and 
were covered by the cell monolayer. Thus, our results support hypoth
esis III, indicating that PET-β-Lg complexes are not internalized and do 
not cause cytotoxic effects in Caco-2 cells.

4. Conclusion

For the first time, the present study comprehensively compared the 
adsorption behavior of the model protein β-lactoglobulin (β-Lg) on 
nanoscale silica, polylactic acid (PLA), and polyethylene terephthalate 
(PET) particles by combining physicochemical, structural, and cell 
biological analyses. As hypothesized, the hydrophilicity of silica parti
cles enhances the adsorption of β-Lg, leading to significant structural 
changes and decreased protein digestibility, ultimately resulting in high 
uptake by Caco-2 cells and reduced cell proliferation. In contrast, PLA 
particles induced structural refolding of the adsorbed β-Lg, displayed no 
cellular uptake, but exhibited borderline cytotoxicity. The β-Lg showed 
the lowest affinity for PET particles, resulting in minor structural effects, 
no uptake, and no impact on cellular viability of Caco-2 cells.

These results highlight the influence of surface hydrophilicity on the 
affinity and subsequent adsorption of proteins. Moreover, the present 
study expands current research that has primarily investigated the up
take of pristine particles, which do not accurately reflect conditions in 
the food chain. It was demonstrated that the adsorption of proteins like 
β-Lg, does not per se lead to a certain “masking” of the particles and thus, 
does not alter the ability of cells to take up the complexes here. Very 
likely, besides particle- and protein-related physicochemical properties, 
the total amount as well as the ratio between particles and proteins 
might have an influence on this process.

Although the present findings suggest that β-Lg adsorption may not 
significantly affect particle uptake and cellular effects, this could be 
attributed to the low stability of the complexes studied. Future studies 
need to systematically investigate how varying the protein’s initial 
structure influences adsorption and complex stability. Proteins with 
other structures may form more stable complexes, potentially leading to 
distinct biological outcomes, even when the molecular interactions are 
similar. Additionally, the present study indicates that enzymes like 
trypsin could also adsorb onto particle surfaces. Analyzing the effects of 
interactions could hence provide valuable information on how various 
biomolecules like enzymes behave in the presence of micro- and nano
scale particles, potentially affecting enzyme functionality.
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K. Lewiński, D. Jahn, C. Lübbert, W. Peukert, U. Kulozik, R. Biedendieck, Towards 
recombinantly produced milk proteins: physicochemical and emulsifying 
properties of engineered whey protein beta-lactoglobulin variants, Food Hydrocoll. 
110 (2021) 106132, https://doi.org/10.1016/j.foodhyd.2020.106132.
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