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A B S T R A C T   

Combining particles and polymers provides materials with unique mechanical properties. Hereby, the character 
of the particle surface is important for the network properties. However, particle-polymer interfaces of food 
systems are scarcely controllable. This often leads to an indefinite contribution on the network properties. 
Developing hybrid artificial systems by using inert particles with a well-defined coating represents a new 
approach in food science. Coating with functionalized silanes enables the imitation of naturally occurring 
chemical groups. A novel experimental approach involving nano- and macroscopic analytical techniques (X-ray 
photoelectron spectroscopy and contact angle) sheds light on the nature and the strength of the adsorption. 
Depending on the presented surface functionality, strong specific to weak unspecific adsorptions arise, e.g. 
amino-functionalized surfaces show strong interaction with protein, while almost no interaction was observed 
with an aliphatic surface. Based on these different particle adhesivenesses, the monitoring of network formation 
discloses a significant impact of particle surface functionality on network development of food matrixes. An 
increasing network development time (3.2–6.0 min, gluten protein-based) in combination with a decreasing 
network strength (874-464 mNm gluten protein-based) correlates with an increasing adhesiveness of particles. 
Thus, using functionalized particles clearly demonstrates the importance of particle surface functionality on 
network properties in food systems.   

1. Introduction 

Polymer systems, filled with small particles like carbon black or 
silica, are widely used in material sciences and applications to improve 
the mechanical properties by increasing tensile strength or elongation at 
break [1,2]. These enhanced material properties are mediated by 
physical and chemical interactions between particle surface and poly-
mer matrix. Beside these designed systems, highly complex 
particle-polymer systems occur also naturally in foods. Particle-polymer 
based foods are present at different processing steps: in a non-processed 
form as raw materials, like wheat kernels, in a processed form, like 
cheese, dough, sausages, or in a highly processed manner as designed 
foods for specific applications, like nutraceuticals. For most 
particle-polymer based food systems, the polymeric matrix consists of 
proteins or carbohydrates [3], whereas the particles could be of very 
different character, especially regarding the rigidity. In wheat kernels or 
dough, rigid starch particles are embedded in gluten-based protein 
matrices, whereas in cheese or sausages soft oil particles are embedded 

in protein matrices. Despite this difference in particle rigidity, foods 
containing soft oil droplets are also considered as particle-filled com-
posite materials. In general, all these systems have in common, that the 
analysis of the particle-polymer interface is challenging. In the 
following, the difficulties in analyzing particle-polymer interfaces of 
complex food systems supplemented with rigid particles are discussed, 
using the example of wheat dough, a very frequently processed food 
pre-product: From a general point of view, particles affect polymer 
networks mainly by three factors: the particle shape, the size/size dis-
tribution and the surface functionality [2,4–6]. Independent of shape 
and size, surface functionality can be regarded as universal factor, 
because the surface contributes to the interface between particle and 
polymer. Therefore, it defines the kind of possible interactions [7]. To 
analyze the impact of this interface on the network formation, different 
approaches are used in food science. The most common methods are 
reconstitution experiments [8] or the modification of a particle (starch) 
surface by mechanical/chemical treatment [9–11]. However, these 
methods have several disadvantages. Reconstitution experiments, in 
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which polymeric wheat proteins (gluten) and particulate starch (~1–80 
μm) of different origin and nature are mixed in quantities that corre-
spond to wheat flour, modify not only the surface functionality [12] but 
also the shape and size of starch. In addition, exchanging the starch 
origin and quality causes different compositions of surface-active pro-
teins and lipids [10,13]. Therefore, the impact of a specific functional 
group, in mediating a specific interaction, like hydrogen bonds or hy-
drophobic interactions, can not be identified. Consequently, reconsti-
tution experiments only contribute to the general importance of particle 
(starch) properties to the overall (food) system, but do not clarify the 
influence of surface functionality [14]. In addition, modification of a 
particle (starch) surface by removing lipids or proteins does not offer a 
clear assignment of surface functionality on the material properties. The 
required aggressive chemicals or high temperatures often cause addi-
tional modifications of particles (starch) regarding their porosity or 
agglomeration properties [15]. In summary, the common approaches 
only reveal the importance of the particle (starch) functionality on the 
network properties in a rather general manner without delivering any 
mechanistic relations. These above described problems are highly rele-
vant as they occur in every natural particle-polymer based food system. 
Therefore, approaches, which enable a target manipulation restricted to 
the particle surface only, are indispensable for clarifying the impact of 
the particle surface on the network formation and behaviour in 
food-based systems. A promising approach relies on the replacement of 
natural particles by inert artificial microspheres of comparable size and 
shape. They offer the advantage of a controllable surface functionality 
[16–18]. In the field of food science, a few studies are available, where 
natural particles were replaced by artificial particles with modified 
surface properties based on coatings. Coating surfaces with whole pro-
teins or fats leads to adsorbed structures in an undefined way [16,17]. In 
contrast, using coupling agents like silanes or cross-linkers, enable the 
creation of well-defined, homogeneous and stable surfaces bearing just a 
single functionality. The high amount of commercially available silanes 
and a well-established synthetic pathway allow for the imitation of 
nearly every natural occurring functional group of food-based particles. 
In this study, four different silanes and two heterobifunctional 
cross-linkers are used to imitate common functional groups of food 
particle surfaces and their impact on network formation in protein- or 
carbohydrate-based matrixes. For the imitation of the hydrophobic and 
non-polar character of fats (alkyl chains), a propyl-functionalized silane 
is used. Hydrophilic and polar/ionic parts are imitated by a silane 
bearing cyano groups, sulphur-containing parts by a 
mercapto-functionalized silane and nitrogen-containing parts by an 
amino-functionalized silane. In addition, two different heterobifunc-
tional cross-linkers were used to reproduce the possibility of polymers to 
covalently bind to a particle surface and to enhance the effects arising 
from a covalent interaction between functionalized surface and poly-
mer. In the following, functionalized surfaces are prepared, validated 
and analyzed, regarding their interface characteristics, with two com-
mon food polymers (protein- and carbohydrate-based). A systematical 
approach of using varying rinsing steps enables the analysis of adsorp-
tion and desorption kinetics on a nano- and macroscopic level within a 
model system. Based on the revealed adsorption mechanisms and 
adhesiveness between imitated functional group and polymer, the 
impact of particle surface functionality and network formation is 
discussed. 

2. Experimental 

2.1. Materials 

Glass beads, with a size ranging from 2.60 μm to 19.27 μm, which is 
comparable to that of microscopic food particles, were purchased from 
Microperl Sovitec (Schönborn, Germany). Glass plates (microscope 
slides) were purchased from VWR (Darmstadt, Germany) and silicon 
wafers were purchased from Wacker Chemie (Munich, Germany). Silane 

coupling agents - 3-aminopropyltriethoxysilane (amino-silane, 98%), 3- 
mercaptopropyltriethoxysilane (mercapto-silane, 98%), n-propyl-
triethoxysilane (propyl-silane, 97%), 2-cyanoethyltriethoxysilane 
(cyano-silane, 97%) - were purchased from ThermoFisher (Germering, 
Germany) and Alfa Aesar (Karlsruhe, Germany). For the covalent 
attachment of mercapto-coated surfaces with the polymeric matrix, two 
heterobifunctional cross-linkers were purchased from Sigma Aldrich 
(Taufkirchen, Germany): N-succinimidyl 3-maleimidobenzoate (MBS) 
for the coupling with the protein-based (gluten) polymer matrix and N- 
[p-maleimidophenyl] isocyanate (PMPI) for the coupling of the 
carbohydrate-based (hydroxypropylcellulose) polymer matrix. For the 
protein-based food matrix vital gluten (Kröner-Stärke, Ibbenbüren 
Germany) was used. For the carbohydrate-based food matrix with 
similar mechanical properties as gluten [18], hydroxypropylcellulose 
HPC (Klucel H, Kremer Pigmente, Aichstetten Germany) as major 
component (4:1 parts) and polyvinylpyrrolidone (PVP K 90, VWR, 
Darmstadt, Germany) were used. 

2.2. Sample cleaning 

Glass beads/plates were cleaned by submergence in a freshly pre-
pared piranha solution, consisting of 1.5 parts H2O2 (30%) and 3.5 parts 
H2SO4 (98%) at 95 ◦C under gentle stirring for 30 min. After a sedi-
mentation time of 120 min, the glass beads were rinsed using ten cen-
trifugations (1500xG for 5 min), replacing the supernatant with distilled 
water between the steps. Afterwards, a neutral pH value of the super-
natant indicated the adequate replacement of piranha solution. Glass 
beads were stored in distilled water. Glass plates were directly removed 
from the piranha solution and rinsed with distilled water two times for 5 
min each. Si wafer were prepared for coating by annealing at 900 ◦C for 
1 h in air. 

2.3. Surface functionalization 

For coating of the surfaces, 1% (v/v) of silane was hydrolyzed in a 
95/5 (v/v) mixture of ethanol/distilled water, adjusted to a pH value of 
4.5 by adding hydrochloric acid and stored for 12 h at room tempera-
ture. Silylation was carried out at 70 ◦C for 30 min under gentle stirring. 
For glass beads, the supernatant was decanted, prior to silylation. After 
silylation, glass beads were rinsed using four centrifugations (25xG for 6 
min), with a replacement of the supernatant with fresh ethanol/distilled 
water (95/5 v/v) in between the steps to remove unreacted silane. Glass 
plates were rinsed two times for 5 min each in ethanol/distilled water 
(95/5, v/v). All samples were dried at 120 ◦C for >1 h. Functionalized 
SiO2 surfaces were rinsed after drying three times for 5 min in ethanol/ 
distilled water (95/5 v/v). 

2.4. Attachment of heterobifunctional cross-linkers 

The heterobifunctional cross-linker, MBS or PMPI, was attached to 
mercapto silane-coated samples. Prior to crosslinking, glass beads were 
soaked in distilled water for 15 min. Subsequently, excess water was 
removed by centrifugation (15 min at 1000xG). Functionalized Si wafers 
were directly used. MBS was diluted to a final concentration of 75 mM 
for glass beads or ~0.02 mM for Si wafers in a 1:1 mixture of DMSO and 
phosphate buffered saline (PBS). PMPI was diluted to a final concen-
tration of 50 mM for glass beads and ~0.02 mM for SiO2-surfaces in 
DMSO, respectively. After 1 h of incubation, excess cross-linker was 
removed by rinsing in the pure solvent. For glass beads rinsing was 
applied by three centrifugations at 1500xG for 3 min. Between the 
centrifugations, the supernatant was replaced by PBS for MBS or by 
DMSO for PMPI. Thereafter, glass beads or functionalized Si wafers were 
directly used. 
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2.5. Interactions of polymers with functionalized SiO2 surfaces 

To assess the adhesiveness of the silane coatings towards the protein 
or carbohydrate-based matrix, the functionalized Si wafer were incu-
bated in gliadin/EtOH solution (300 mg/L in 60/40 EtOH/H2O dest.) or 
HPC-PVP/dest. H2O solution (1% polymers v/v, with 1 part PVP and 4 
parts HPC) at room temperature for 30 min under gentle stirring. Since 
not the whole gluten polymer is soluble, the ethanol soluble gliadin 
fraction was used in order to prove the adsorption properties between 
the wafer and the gluten polymer. After incubation, the adhesiveness 
between polymer und wafer was analyzed by applying different rinsing 
intensities (none; 1 min, 5 min, 30 min) in the corresponding solvent of 
the used polymer. Before analysis, the samples were dried at 60 ◦C for 1 
h. 

2.5.1. Contact angle measurements 
The functionalized Si wafers (see 2.3–2.5) were analyzed by sessile 

drop method using a drop shape analyzer (DSA25 Krüss, Germany). 

2.5.2. X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectra were recorded on a Leybold-Heraeus 

LHS 10 spectrometer using a non-monochromatized Mg Kα source 
(1253.6 eV). All coated glass beads, except propyl, were pressed into 
cavities and measured as pellets. Functionalized Si wafers were directly 
mounted on a sample holder. For the detection of the propyl coating on a 
glass surface, a coated and a reference glass piece were mounted on a 
sample holder and annealed at 150 ◦C overnight before measurement. 
All spectra were recorded in an ultra-high vacuum chamber at a pressure 
below 5 × 10− 8 mbar. The analyzer was operated at a constant pass 
energy of 100 eV leading to an energy resolution with a full width at 
half-maximum (fwhm) of ~1.1 eV. The energy scale of the spectra was 
corrected for sample charging by using the Si 2p signal at 103.3 eV 
(SiO2). Core level spectra were deconvoluted by using Voigt functions 
after linear background subtraction. 

2.6. Interactions of polymers with functionalized glass bead surfaces 

2.6.1. Fluorescence labeling 
Based on the ability of amino and mercapto groups to interact with 

fluorescein-5-isothiocyanat or N-(5-fluoresceinyl)maleimide, respec-
tively, the coverage of the glass bead surface by amino or mercapto si-
lanes can be analyzed by confocal laser scanning microscopy (CLSM). 
For dye labelling, approximately 0.5–1.0 g of coated and uncoated 
(reference) glass beads were stirred in ethanol with 0.01 g dye per 10 ml 
for 15 min at room temperature. For amino silane fluorescein-5- 
isothiocyanat (Merck, Germany) and for mercapto silane N-(5-fluo-
resceinyl)maleimide (Sigma Aldrich, Germany) was used. Labeled 
samples were washed by centrifugation (6 times at 25 x G for 3 min) 
with ethanol until the supernatant became colorless. Labeled and 
washed glass beads were placed onto a hemocytometer, which was used 
as object carrier. For visualization, an eclipse Ti–U inverted microscope 
with an e-C1 plus confocal system (Nikon GmbH, Düsseldorf, Germany), 
a Plan Apo VC 60x/1.40 oil objective and 534 nm and 488 nm lasers was 
used. Three images of the coated and uncoated glass particles, each with 
a resolution of 1024 × 1024 pixel (size 215 × 215 μm) and at a different 
position in z-direction, were acquired. 

2.6.2. Network formation of food matrices 
For analyzing the effect of the particle-polymer interface on the 

network formation in complex food matrices, different polymer-particle 
systems were hydrated and mixed (gluten or HPC/PVP-based) by using a 
recording z-kneading system (DoughLAB, Perten Instruments, Hamburg, 
Germany). For monitoring the network formation, all systems were 
mixed for 20 min at a speed of 63 rpm at 30 ◦C. To produce optimal 
developed (max. mNm) polymer particle systems, protein-based ma-
trixes were mixed for 7 min and carbohydrate-based systems 8 min. 

Table 1 shows the used amounts of polymers and glass beads for the 
different systems. The amount of water and polymer used is based on a 
previous study [18]. 

3. Results and discussion 

3.1. Polymer adsorption on functionalized surfaces 

The characteristics of the interface between differently functional-
ized surfaces and two common food matrixes (protein- and 
carbohydrate-based) are analyzed regarding their adsorption and 
desorption kinetics (adhesiveness) on a nano- and macroscopic level. 
Since coating and characterization of an ideally flat and well-defined 
surface is simplified compared to a heterogeneous spherical surface 
(particles), SiO2 surfaces serve as a model system for glass beads. After 
annealing in air, the atomically flat and single-crystalline surface of a Si 
wafer is oxidized to SiO2 and, hence, chemically identical to quartz 
glass. Therefore, results obtained from this model system are highly 
comparable to those of functionalized glass beads. In total, 10 different 
systems were analyzed: Propyl-, cyano-, amino- and mercapto- 
functionalized SiO2 surfaces in combination with HPC-PVP and 
gliadin, respectively, MBS-functionalized SiO2 surfaces in combination 
with gliadin, and PMPI-functionalized SiO2 surfaces in combination 
with HPC-PVP. Thereby, the protein-based matrix is represented by 
gliadin and the carbohydrate-based by HPC-PVP. Contact angle mea-
surements monitor surface characteristics at the macroscale, based on 
the hydrophobicity of the surface. Therefore, modified wetting proper-
ties of water droplets are capable to detect functional groups and even 
adsorbates. In contrast, XPS is a surface-sensitive method, which char-
acterises the chemical composition on the nanoscale. A successful 
functionalization of the SiO2 surfaces was confirmed by XPS and contact 
angle measurements for all systems. Specific core levels of the functional 
groups were detected in XPS: C 1s peak for propyl groups (285.2 eV), N 
1s peak for cyano and amino groups as well as for the PMPI and MBS 
cross-linkers (400.0, 399.7, 401.0 and 401.3 eV, respectively) and S 2s 
peak for mercapto groups (227.3 eV) [25]. In addition, the functional-
ized SiO2 surfaces show various contact angles between water droplets 
and surface, depending on the hydrophobic/hydrophilic character of the 
coating (compare Fig. 2 a). For the propyl coating, a contact angle of 
99.2 ± 1.5◦ demonstrates the hydrophobic character. In contrast, mer-
capto (69.7 ± 5.7◦) and cyano (64.9 ± 0.8◦) coatings show a lower 
hydrophobicity due to their lower contact angles. The amino function-
alization induces nearly full wetting (29.6 ± 8.8◦) due to a strong hy-
drophilic character. Attaching cross-linkers to the mercapto coating, 
causes further modifications of the surface; PMPI slightly increases 
(71.1 ± 2.2◦), whereas MBS reduces the hydrophobic character (65.8 ±
1.7◦). The experimental approach for the assessment of polymer adhe-
siveness on differently functionalized SiO2 surfaces is summarized in 
Fig. 1. By comparing contact angle and XPS data of the functionalized 
SiO2 surfaces before (reference) and after incubation in a polymer so-
lution, the adsorption of the polymers can be analyzed. The subsequent 
rinsing steps of different durations assess the desorption and, thus, 
determine the adhesiveness between polymer and functionalized 
surface. 

After incubation in a carbohydrate-based (HPC-PVP) or a protein- 
based (gliadin) polymer solution, the surface is completely covered by 
the polymer, independent of the coating. Therefore, contact angles are 
in a small range between 31.8 ± 3.7◦ for HPC-PVP and 30.8 ± 6.7◦ for 
gliadin for every coating. The low standard deviations of 3.4 and 6.7◦, 

Table 1 
Food matrix composition and particle proportion. Quantity in parts.  

Matrix type Distilled water Glass beads Gluten HPC PVP 

Protein 1 1.59 0.68 / / 
Carbohydrate 1 0.74 / 0.25 0.07  
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respectively indicate the formation of a homogenous polymer layer 
which covers the surface entirely. XPS confirms these results as the Si 2p 
peak originating from the SiO2 surface is almost completely attenuated 
by a covering adlayer. 

3.2. Evaluation of polymer desorption from functionalized surfaces 

For the assessment of the polymer adhesiveness, the rinsing induced 
desorption of the polymers from the functionalized SiO2 surfaces is 
evaluated. Due to different functional groups present in the coating, 
neither absolute values for the contact angle, nor absolute XPS in-
tensities of a single surface, provide reasonable numbers to address the 
desorption behavior. Hence, we defined macro- and nanoscopic co-
efficients to evaluate the polymer adhesiveness as a function of the 
rinsing time by comparing the functionalized surface before and after 
polymer incubation with the rinsed surfaces. The results and discussion 
of contact angle and XPS data for every coating and polymer can be 
found in the supplementary data. The surface modification observed by 
contact angle measurements, is assessed by the macroscopic adsorption 
coefficient kmacro, which is defined as follows: 

kmacro = |
αcoating − α(t)
αcoating − α0

| (1) 

αcoating corresponds to the contact angle measured on a functional-
ized SiO2 surface, α0 to the contact angle directly after polymer incu-
bation and α(t) to the contact angle after a certain rinsing time. Based on 
the amount of adsorbed/desorbed polymers on the functionalized sur-
face over rinsing time, the contact angle varies. If α(t) is equal to αcoating, 
no polymer is adsorbed anymore and kmacro = 0. In contrast, if α(t) is 
equal to α0, all polymers remain adsorbed at the surface and kmacro = 1. 
The error of kmacro was calculated based on the propagation of error 
considering the standard deviation of the respective contact angles. 

knano was calculated based on XPS data. Characteristic core levels for 
the coating as well as the polymers were identified. In most cases, 
distinct components of the C 1s core level could be attributed to either 
the polymer or the coating. Deconvolution of the signals (see supple-
mentary information) reveals the peak area of each component (Apolymer 

and Acoating). We defined knano to reflect the amount of polymers adsor-
bed on the functionalized SiO2 surface as a function of the rinsing time t 
as follows: 

Fig. 1. Experimental approach for analyzing the adsorption and desorption properties of polymers towards differently functionalized surfaces (cyano-, propyl-, 
amino-, mercapto-, MBS-, PMPI-coated). Contact angle and XPS were measured after each step. 

Fig. 2. Evaluation of polymer adhesiveness on functionalized SiO2 surfaces by contact angle measurements. Coating and incubation in polymer solution in a). 
Adhesiveness, expressed by kmacro, over rinsing time of HPC-PVP (●) and gliadin ( ) in b) - f) depending on surface functionalization: propyl-functionalized surface 
in b), cyano-functionalized surface in c), mercapto-functionalized surface in d), amino-functionalized surface in e) as well as MBS- (for gliadin) and PMPI (for HPC- 
PVP)-functionalized surface in f). For better visualization in e) and f), gliadin is plotted versus a separate y-axis (right side). Means are shown with standard deviation 
(a) or propagation of error considering the standard deviation (b–f). 
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knano =
Apolymer(t)

Acoating(t) + Apolymer(t)
⋅
A0

coating + A0
polymer

A0
polymer

(2) 

The second term scales knano with respect to the initial peak ratio 
obtained directly after incubation with the polymer and, hence, offers 
values for knano that are comparable to kmacro. 

3.2.1. Carbohydrate-base polymer desorption 
Depending on the surface functionalization, the consideration of 

kmacro for HPC-PVP incubated surfaces (Fig. 2 b-f), demonstrates 
different desorption behaviors. A propyl-functionalization already cau-
ses a significant decrease of kmacro after 1 min of rinsing. kmacro stabilizes 
at a diminutive value of 0.11 ± 0.18 after 5 min. In contrast, kmacro of the 
amino-, cyano- and PMPI-functionalized systems decreases immediately 
but stabilizes at significantly higher values after 5 min of rinsing; kmacro 
of the amino-functionalization corresponds to 0.52 ± 0.44, the cyano- 
functionalization to 0.93 ± 0.26 and the PMPI-functionalization to 
0.39 ± 0.17. Interestingly, a mercapto-functionalization results in a 
constant decrease of kmacro over the entire rinsing time to a final value of 
0.10 ± 0.60. The fast and tremendous decrease of kmacro, propyl evidences a 
negligible adhesiveness of HPC-PVP to the hydrophobic coating. Since 
HPC, respectively PVP, are hydrocolloids, their low affinity to a hy-
drophobic surface is reasonable. The stabilization of kmacro at higher 
values proves a higher adhesiveness to other coatings. Based on the 
equilibrium value of kmacro, the functionalized surfaces can be ranked 
with respect to the adhesiveness of HPC-PVP: cyano > amino > PMPI. 
Note that kmacro for amino- and cyano-functionalized surfaces is larger 
than 1 after the 1 min of rinsing (Fig. 2 c & e). According to its definition, 
kmacro>1 might correspond to an increase of polymer adsorbed to the 
surface, which is excluded in our experimental setting. Considering the 
high water solubility of the hydrocolloids, it is reasonable that excess 
quantities present after incubation will dissolve in the water droplet 
during contact angle measurement. As the properties of the probing 
water droplet are now changed this might force a spreading of the water 
droplet resulting in lower contact angles and consequently in values of 
kmacro>1. After a first rinsing, the weakly bound fraction of polymer has 
been desorbed and, thus, kmacro becomes <1. The persisting decrease of 

kmacro, mercapto is rather unexpected. However, the standard derivations 
indicate a highly inhomogeneous surface and thus, a desorption 
behavior which cannot be determined unambiguously based on the 
macroscopic approach. knano essentially confirms the observations of 
kmacro (compare Fig. 2 b-f) with Fig. 3 a-e)) and also gives rise to a 
ranking of the polymer adhesiveness: amino > PMPI > propyl. 
Compared to the macroscopic approach, the detection limit for adsor-
bates is higher in XPS. Therefore, knano, propyl is higher than 
kmacro, propyl during all rinsing steps. The substantial decrease of 
kmacro, propyl demonstrates that the small amount of polymer remaining on 
the coated surface is still detected at the nanoscopic level but has no 
functional effect on droplet formation at the macroscopic level, at all. 
The unusual behavior of kmacro, mercapto is not found for knano which sta-
bilizes around 0.80 after an initial decrease. In the nanoscopic approach, 
XPS reveals an amount of adsorbed polymer, which is averaged over a 
large surface area. In contrast, the contact angle is just defined by the 
edges of a water droplet, which corresponds to only a small local area. 
Therefore, inhomogeneities in the surface composition are strongly 
pronounced in kmacro , resulting in vast standard derivations, as seen for 
the mercapto-functionalized surface. Despite this inhomogeneity for 
mercapto-functionalized surfaces, knano proves the adsorption of 
considerable amounts of polymer even after long rinsing times. Conse-
quently, the adhesiveness of HPC-PVP on a mercapto-functionalized 
surface can also be evaluated as strong. The cyano-functionalized sur-
face cannot be addressed by XPS as overlapping signals arising from the 
coating and the polymer are not deconvoluted uniquely. Therefore, we 
refrained from a calculation of knano. However, the N 1s core level of the 
cyano groups on the surface is significantly attenuated with respect to 
the signal intensity before polymer incubation and, thus, indicates that a 
constant fraction of HPC-PVP remains adsorbed at the surface during all 
rinsing steps. 

3.2.2. Protein-based polymer desorption 
Analyzing the functionalized surfaces after a gliadin incubation by 

kmacro does not lead to meaningful values, e.g. kmacro>3 for amino- 
functionalized surfaces (compare Fig. 2 e). In contrast to the defined 

Fig. 3. Evaluation of polymer adhesiveness on functionalized SiO2 surfaces by XPS measurements. Adhesiveness, expressed by knano, over rinsing time for HPC-PVP 
(λ) and gliadin (o) in a) – e) depending on surface functionalization: Propyl-functionalized surface (a), cyano-functionalized surface (b), mercapto-functionalized 
surface (c), amino-functionalized surface (d) as well as MBS- (for gliadin) and PMPI (for HPC-PVP)-functionalized surface (e). 
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structure of the carbohydrate-based polymers, gliadin is a naturally 
occurring, large protein with a highly complex structure. In general, the 
high sensitivity of proteins easily leads to modified folding or denatur-
ation. Changes in the protein structure might be induced due to the 
functional groups present at the coated surface during adsorption and 
explain the arbitrary results for kmacro. Nonetheless, knano provides reli-
able information about the adhesiveness of gliadin to different surface 
functionalizations. For propyl- and cyano-functionalized surfaces, knano 
significantly decreases after 1 min of rinsing to a negligible value of 0.03 
and 0.10, respectively (see Fig. 3 a & b). In contrast, amino-, mercapto- 
and MBS-functionalized surfaces lead to a significantly lower decrease 
within the first minute of rinsing to values of 0.87, 0.62 and 0.85, 
respectively (see Fig. 3 c, d, e). Even longer rinsing times do not affect 
knano, anymore. Consequently, propyl- and cyano-functionalized sur-
faces offer a low adhesiveness for gliadin, whereas the adhesiveness to 
amino-, mercapto- and MBS-functionalized surfaces is significantly 
higher and corresponds to an increasing order of mercapto ~ amino <
MBS. In general, all surface functionalizations show a decrease of knano 
after the first rinsing step, even if the adhesiveness is high. Based on the 
analyzed peak intensities, a desorption of weakly adsorbed multilayers 
of polymer can be concluded. After multilayer desorption, a stable 
monolayer remains at the surface, which appears as a stabilized value 
for both coefficients. 

Depending on the polymer matrix (protein- or carbohydrate-based) 
and the surface functionalization, systems with different adhesive-
nesses in relation to each other were identified. Table 2 summarizes the 
functionalities of the different coatings. In combination with the 
observed desorption kinetics, possible interaction mechanisms with the 
polymers can be assumed. Cyano and propyl coatings enable weak and 
unspecific interactions, such as van der Waals forces, dipole-dipole, or 
hydrophobic interactions, explaining the fast polymer desorption during 
rinsing. Amino and mercapto coatings can induce more stable, specific 
and directed chemical interactions, like hydrogen or disulphide bonds. 
Mercapto-coated surfaces in combination with heterobifunctional cross- 
linkers enable strong specific covalent interactions. 

3.3. Polymer adsorption controlled by functionalized glass beads 

3.3.1. Validation of glass bead surface functionalization 
A successful evaluation of the polymer adhesiveness using a flat 

model system paves the way towards the characterization of the impact 
of various particle surface functionalities on the network formation. 
Therefore, glass beads with a size range (2.60 μm–19.27 μm) typical for 
microscopic particles in foods, are coated with functionalized silanes. 
The presence of the desired functional groups at the glass bead surface is 
verified by fluorescence labeling in combination with CLSM imaging 
and by XPS measurements. In the first method, the binding of specific 
fluorescence dyes visualizes amino or mercapto groups. Fig. 4 shows a 
homogeneous dye layer across the z-axis of the glass bead surface 
proving a successful amino (a) and mercapto (b) coating. In contrast, for 
uncoated glass particles (Fig. 4 c) just a few undefined spots of 

fluorescence dye are visible which probably result from impurities [18] 
with a high affinity to the dye. Consequently, a successful coating can be 
concluded in case of amino and mercapto groups. Cyano and propyl 
coatings have low affinities to interact with dyes. Therefore, fluores-
cence labeling could not be performed. However, every functional group 
which was coated onto the glass bead surface could be detected by XPS. 
The characteristic photoemission lines already presented in chapter 3.1 
are found for the glass beads, as well (see supplementary data). 

3.3.2. Network formation depending on particle-polymer adhesiveness 
To analyze the impact of the modified particle surface on the dy-

namic formation of protein- (gluten) or carbohydrate-based (HPC-PVP) 
polymerized matrices, a recording mixer (z-kneading system; Dough 
Lab) is used. With progressive network formation, the resistance against 
the induced deformation by the z-kneading geometry increases. This 
increasing resistance is recorded as mNm by the Dough Lab. Thus, 
plotting the recorded mNm against kneading time enables the moni-
toring of network formation (compare Fig. 5). Typical parameters to 
evaluate the network development are the peak resistance, which in-
dicates the maximum network strength during the mixing process, and 
the development time to reach this peak. Comparing these two param-
eters for the different coatings and polymer matrices reveals a remark-
able impact of the particle surface on the network development. As 
shown in Fig. 5, development time as well as peak resistance varies 
depending on the coating; the weakest network (lowest peak) is devel-
oped with the amino coating, followed by the propyl, cyano and mer-
capto coatings, whereas the systems with cross-linkers (MBS or PMPI) 
resulted in the strongest networks. Interestingly, this order of increasing 
peak resistance applies to both network types, protein- and 
carbohydrate-based. Comparing amino with propyl and cyano coatings, 
a lower or respectively unspecific adhesiveness towards the polymeric 
matrices exists in case of the latter ones. Assuming limited or nonspecific 
adsorption between the particle and the polymer allows unhindered 
polymerization of the network. This would result in higher peak resis-
tance and thus, higher network strength. In contrast, the higher and 
more specific adhesiveness (hydrogen bonding) between amino coated 
particles and polymer might hinder the network formation due to the 
adsorption of polymers on the particles. However, this explanation does 
not apply to mercapto coated particles. For gluten proteins, thiol/ 
disulphide exchange reactions are known to be essential regarding 
network formation. The addition of further thiol groups affects the 
network formation significantly [20–22]. Therefore, a divergent 
behavior of mercapto coated particles compared to other particles with 
similar adhesiveness (amino) is reasonable for gluten. Baudouin et al. 
(2020) suggested a mechanism of gluten network development 
depending on thiol interfering chemicals. In general, the thio-
l/disulphide exchanges are considered as determinant for the required 
mechanical energy since breaking of disulphide bonds leads to a release 
of mechanical stress. Blocking this reaction by introducing interfering 
chemicals like N-ethylmaleimide (NEM), which binds to free SH groups, 
leads to an increase of mechanical stress. Since energy dissipation by 

Table 2 
Resulting interactions with the polymer matrix depending on surface functionalization.  

Functional group of coating Supposed mediated interaction with the matrix type: 

Type Properties Protein (gliadin) Carbohydrate (HPC-PVP) 
Cyano Strongly dipolar, hydrophilic, prevents chemical 

binding of proteins [19] 
Weak, unspecific (Van der Waals forces, dipole- 
dipole) 

Strong, unspecific (dipole-dipole) 

Propyl Non-polar, hydrophobic Weak, unspecific (hydrophobic interactions, Van 
der Waals forces) 

Weak, unspecific (Van der Waals forces) 

Amino Polar, hydrophilic Intermediate strong, specific (H-bonds) Strong, specific (H-bonds) 
Mercapto Polar, hydrophilic Intermediate strong, specific (H-bonds, disulfide 

bonds) 
Strong, specific (H-Bonds) 

MBS Covalent cross-linking Strong, highly specific (covalent binding with 
primary amines) 

Not used 

PMPI Covalent cross-linking Not used Intermediate strong, highly specific (covalent binding 
with hydroxyl groups)  
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breaking disulphide bonds is not possible anymore, a direct stress 
transfer along the polymer chain is assumed [21]. Adding mercapto 
coated particles shows effects similar to thiol interfering chemicals. The 
additional thiol groups on the particle surface can also influence the 
thiol/disulphide exchanges of gluten by blocking free thiol groups. As 
described by Baudouin et al. (2020) the resulting direct stress transfer to 
the polymeric matrix causes the higher mNms and a shortened network 
development time. However, this approach cannot explain the high peak 
resistance of mercapto coated particles in carbohydrate-based systems. 
The molecular mechanisms causing the high peak resistance remain 
concealed. The addition of particles which are supposed to covalently 
interact with the polymers (MBS or PMPI coated) causes significant ef-
fects. For protein-based systems, the peak resistance is almost twice as 

high and the development time two to three times longer than for all 
other coatings; the peak resistance and development time in the 
carbohydrate-based system is even outside the detection limit. On the 
one hand, the strong adhesiveness between particles and polymers 
provides a very effective stress transfer [23], which results in high mNm 
for MBS- or PMPI-coated particles. On the other hand, the polymeric 
linking is hindered/delayed and results in long development times. 
Regarding the adhesiveness of coatings, the protein-based networks are 
affected stronger by the different coating types than the 
carbohydrate-based systems. The development time of gluten-based 
systems range from 3.2 min for mercapto-coated particles to 6.0 min 
for amino-coated particles. In contrast, the HPC-PVP-based systems just 
range from a development time of 6.1 min for propyl to 6.7 min for 

Fig. 4. Validation of glass bead functionalization by CLSM imaging: Glass beads at three different z-axis positions. a) amino-coated glass beads labeled with 
fluorescein-5-isothiocyanate. b) mercapto-coated glass beads labeled with fluorescein-5-maleimide. c) uncoated glass beads with fluorescein-5-isothiocyanate. 

Fig. 5. Network formation monitored by a recording mixer a) for gluten mixtures and b) for HPC-PVP glass bead mixtures with varying coatings: mercapto (⋅ ⋅ ⋅), 
amino (- - -), propyl (− ), cyano (⋅ - ⋅ -) as well as MBS for gluten in a) and PMPI for HPC-PVP in b) (⋅ ⋅ ⋅). 
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mercapto. As already mentioned, the adhesiveness between particle and 
polymers can hinder the network development by an adsorption, 
induced by the adhesiveness, and a desorption, induced by the me-
chanical forces, until a stable equilibrium of adsorbed particles and 
inter-polymeric junctions exists. Depending on the adhesiveness and the 
type of particle-polymer interaction, the network development time 
varies. Since gluten has a vast variety of polymeric junction types (hy-
drophobic and van der Waals interactions, H-bonds, disulfide-bonds, 
entanglements), each of the particle coatings will affect a different 
type of network junction, resulting in very different network develop-
ment times. In contrast to the gluten polymer, the network structure of 
HPC-PVP is mainly based on hydrogen-bonds and only to a minor 
amount on entanglements and polar forces [24]. Consequently, each 
coating type affects the same network junction type (for hydrogen 
bonding). The similar adsorption mechanisms of the particles, inde-
pendent of their coating, could explain the small range of network 
development times for the HPC-PVP matrix. 

4. Conclusion 

Within the scope of this study, the impact of particle surface func-
tionality on the network formation in food-based matrices was analyzed. 
By using a model system, the adhesiveness of protein- and carbohydrate- 
based polymers was evaluated on defined surfaces, functionalized by 
different coatings, respectively. The combination of macro- and nano-
scopic analytics enables to determine the degree of interaction between 
polymer and coating. As a result, systems with an adhesiveness ranging 
from weak unspecific adsorption to strong specific adsorption of poly-
mers were established and can be used to imitate naturally occurring 
interactions in particle-polymer-based food systems. Based on the find-
ings about polymer adhesiveness with a specific coating, the impact of 
particle surface functionality on network development could be 
analyzed in a new way. Independent of food matrix type, particle 
adhesiveness influences the mixing time for reaching maximum network 
strength, thus indicating the ability of particle surface functionality in 
affecting network formation. In particular, the heterogeneity of network 
junction types seems to enhance the effect of particle surface function-
alities on the network development. Polymeric networks, mainly formed 
by one junction type (HPC-PVP), exhibit a smaller range in network 
development time as heterogenic networks, consisting of many different 
junctions (gluten). The observations made in studies, which analyze the 
impact of network modifying chemicals (e.g. urea or NEM) on network 
development, are in accordance with the observed modifications of 
network development by using coated particles. For example, mercapto 
coated particles lead to a shorter network development time and a more 
effective stress transfer in a similar way as thiol interfering chemicals 
cause. At the one hand, this can be considered as a proof of principle for 
using silane coated particles to control the adhesion/interactions be-
tween particles and polymers, since the blocking of polymeric functional 
groups by particles resulted in the same mechanical trends as adding the 
pure chemicals. On the other hand, this implies that the presented 
approach offers a powerful method for analyzing the impact of particle- 
polymer interfaces in food based systems. The large number of com-
mercial available silanes enables the imitation of nearly every natural 
occurring surface in a very defined and reproducible way. Combining 
the presented approach with fundamental rheological tests, contributes 
to a deeper understanding of particle-polymer interactions on the 
overall mechanical properties in food and is considered as following 
step. 
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