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ABSTRACT

Starting from TMOS and implementing co-gelation in the sol-gel method, silica was hybridized with an industrial
formulation of bovine casein. The hybrid alcogels were dried in supercritical CO to yield crack-free silica-casein
aerogel monoliths of casein contents ranging from 4.7 wt% to 28 wt%. Cross-linked hybrid aerogels were
produced from formaldehyde treated alcogels. The microstructures and the morphologies of the silica-casein
aerogels highly resemble to that of pristine silica aerogels. The primary building blocks are spherical particles
that interconnect into mesoporous networks (average dyore = 20 nm and Sggr = 700 nmz/g), as shown by SEM,
small-angle neutron scattering (SANS) and N, adsorption-desorption porosimetry. Contrast variation SANS ex-
periments show that silica and casein form homogeneous nanocomposite backbones. The interaction of water
with silica-casein aerogels was investigated by SANS, and by NMR cryoporometry, relaxometry and diffusio-
metry. Even when fully saturated with water, the hybrid silica-casein aerogels retain their original, highly
permeable, open mesoporous structures that formed under supercritical drying. This represents a unique and
advantageous wetting mechanism among hybrid inorganic-biopolymer materials, since the strong hydration of
the biopolymer component often causes the deformation of the backbone and the consequent collapse of the

porous structure. Silica-casein aerogels are biocompatible and inert for CHO-K1 cells.

1. Introduction

Supercritically dried, mesoporous aerogels made of biological
macromolecules (polysaccharides, proteins) are versatile advanced
materials. Their key macroscopic properties (high specific surface area,
low thermal conductivity, low density, high compressive strength) are
the direct consequence of their microscopic structural features, such as
the high strength of their backbones, their high porosities and open
porous structures. Relying on these characteristics, the main research
directions for the applications of biopolymer based aerogels are as
follows: i) thermal and electrical insulation for industrial applications;
i) high performance adsorbents for gas separation and for environ-
mental remediation; iii) catalysts and catalyst supports; iv) drug de-
livery systems, and scaffolds for tissue engineering and regenerative
medicine [1-8].

One strategy to obtain novel functional aerogels is via the hy-
bridization of biological macromolecules with silica. The most fre-
quently used biopolymers are proteins and carbohydrate polymers
[2,9-17]. The incorporation of silica into the backbones of biopolymer
aerogels dramatically alter both the physical and the chemical prop-
erties of the matrices, ultimately leading to new properties that often
significantly ~differ from those of the pristine components
[10-12,18-24]. The hybridization of silica with starch, gelatin, algi-
nate, chitosan and silk fibroin have been explored in previous studies.
Many hybrids have been tested in drug delivery applications and as
adsorbents for hazardous materials [2,6,7,12,20,21,25-29]. The bio-
compatibility and the biodegradability of these hybrids are superior
compared to silica. In general, the molecular level structural features of
the hybrid aerogels directly determine their application related prop-
erties.
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Casein is a naturally abundant protein with potential applications in
polymer chemistry. It can be incorporated into polymer networks via
well-controlled ways, which usually result in the enhanced rigidity and
functionality of the matrix [30-34]. However, porous silica-casein hy-
brid materials have scarcely been reported.

When aerogels are designed to be used in aqueous media, e.g. in
biomedical or environmental engineering applications, it is essential to
understand the mechanism of their hydration and the consequent
changes in the aerogel structure. The most important questions are the
following. 1) Does the extensive hydration of the backbone cause the
erosion of the aerogel monolith? 2) What is the stable particle size and
surface charge of the hydrated aerogel? 3) Does the aerogel retain its
original morphology and pore structure when hydrated? 4) Are the
pores of the aerogels permeable in water, or does the porous structure
collapse due to the extensive deformation of the hydrated backbone?
Evidently, the answers to these questions are indispensable to under-
stand the properties of hydrated aerogels related to mass transport,
adsorption-desorption phenomena, suspension stability and bio-
compatibility [35-40]. One particular characteristic of silica-biopo-
lymer hybrid aerogels is, that the extensive hydration of the biopolymer
components in water causes the distortion and the swelling of the
backbone, which leads to the partial or complete collapse of the open
aerogel structures [26,41,42]. The collapse of the pores leads to the
decrease of the specific surface area and the hindrance of mass trans-
port from and into the hydrated aerogel particles. Thus, designing hy-
brids that do not display these adverse hydration properties is in high
demand.

In order to meet the above detailed requirements, we synthesized
silica-casein hybrid aerogels of casein contents varying from ca. 5 wt%
to 30 wt%. Some variants of the hybrids were chemically crosslinked by
formaldehyde. The microscopic structures of the silica-casein aerogels
were investigated by SEM, infrared spectroscopy (FT-IR), N, adsorp-
tion-desorption porosimetry and small-angle neutron scattering (SANS).
The interaction of the silica-casein aerogels with water was also thor-
oughly investigated by SANS and by non-conventional NMR methods,
such as cryoporometry, relaxometry and diffusiometry [43]. Aqueous
particle size distribution and Zeta potentials are also reported. Finally,
we discuss the mechanical properties and the biocompatibility of the
new silica-casein aerogels.

2. Experimental
2.1. Materials

Tetramethyl orthosilicate (TMOS) was purchased from
Sigma-Aldrich. Ammonia solution (25%) methanol and acetone were
purchased from Molar Chemicals Ltd. (Hungary), and formaldehyde
(37%) was from VWR International Ltd. (Hungary). Double deionized
and ultrafiltered water (p = 18.2 MQ2 cm) was prepared by a MilliQ
(Millipore) equipment. Biogon-C, 99.5% carbon dioxide cylinder
equipped with a dip tube was purchased from Linde Gas Ltd. (Hungary).

2.1.1. Casein formulation

The synthesis of the hybrid aerogels was realized from “MPI 85”
casein powder, which was manufactured and provided by the
Hungarian Dairy Research Institute Ltd. (Mosonmagyarévar, Hungary).
MPI 85 is a protein mixture, which contains 68.5% casein protein,
12.0 wt% whey protein and 19.5% non-protein constituents. The non-
protein constituents are: 1.1 wt% milk fat, 6.8 wt% lactose, 6.5 wt% ash
and 5.1 wt% moisture. The IR spectrum of the as-received “MPI 85”
casein powder is reported in Section 3.1.2.

2.2. Synthesis of silica-casein hybrid aerogels

Three reactant solutions were prepared and designated as solution
A, B and C. In solution A, the silane reagent TMOS (2.5 cm?, 13.7 mmol)
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Table 1
The composition of silica-casein hybrid aerogels. The recipes are given in
Sections 2.1 and 2.2. The letter F denotes cross linked aerogels.

casein content of
hybrid aerogel

CODE  amount of casein
in solution C (g)

formaldehyde added during
solvent exchange (cm®)

(wt.%)
SC5 0.050 4.7 -
SC5F 0.050 4.7 10
SC30 0.40 28 -
SC30F  0.40 28 10

was dissolved in methanol (15 cm?, 371 mmol). Solution B contained
aqueous ammonia solution (1 cm®, 12.1 mmol NH; and ca. 34 mmol
water) and water (1 cm®, 55.6 mmol) mixed with methanol (5 cm?,
124 mmol). In solution C, different quantities of the MPI 85 casein
powder were completely dispersed in water (4 cm®, 222 mmol), as
given in Table 1. For the preparation of the hybrid aerogels, solution B
was added to solution A in a beaker during constant stirring. After a few
minutes of mixing, solution C was also added. The sol that formed in the
reaction was immediately transferred into a plastic mold. The trans-
parent homogenous solution developed into a gel in a few minutes. The
gel was kept in the mold for 3 days for completing the gelation.

Subsequently, the gel was placed into a perforated aluminum con-
tainer, and solvent exchange was started. For two days, the gel was kept
in methanol, for another 2 days it was in acetone:methanol 1:1 solution,
and after that, it was kept in acetone for a week. The acetone was re-
freshed 3 times during this period. In order to remove the traces of
water from the porous system, a continuous-mode solvent regeneration
and extraction unit was used for 3 days with fresh acetone every day.
The casein contents of the spent solvents were regularly checked. No
leach of casein was detected during the multi-step solvent exchange
procedure. Furthermore, there was no unreacted TMOS and no dis-
solved casein detected in the starting methanol phase after gelation.
Thus, it is reasonable to assume that the total amount of casein is
covalently incorporated into the hybrid backbone of the gel (Table 1).

Supercritical drying was performed by using the medium tempera-
ture technique, as published earlier [44]. A pumpless drying system was
used, where acetone was extracted with liquid CO, at 5.4 MPa (room
temperature), then the gel was dried with supercritical CO, at 14 MPa
and 80 °C. Finally, depressurization is performed in minute steps
[44,45].

2.3. Synthesis of crosslinked silica-casein hybrid aerogels

In the synthesis of the crosslinked hybrid aerogels, all steps were
identical to the synthesis of the pristine silica-casein hybrid aerogels
until the solvent exchange. The difference was that 10 cm® (0.134 mol)
formaldehyde was added to 200 cm® (4.96 mol) methanol at the first
step of the solvent exchange. This amount of formaldehyde is in high
excess over casein. The gels were kept in the formaldehyde containing
mixture for a week. This time was needed for formaldehyde to com-
pletely impregnate the wet gels through the pores by diffusion [31,33].
After this step, solvent exchange and supercritical drying were per-
formed in the same manner as for the pristine gels. The supercritically
dried pristine silica-casein aerogels developed a yellow hue, while the
crosslinked aerogels remained white.

2.4. Characterization of aerogels

2.4.1. Conventional techniques

The dry, as prepared aerogels were characterized by scanning
electron microscopy (SEM), infrared spectroscopy (IR) and N, gas ad-
sorption-desorption porosimetry as described in the Supporting
Information.
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2.4.2. Compressive strength and flexibility tests

The compressibility of aerogel monoliths was measured with an
Instron 4302 universal strength testing apparatus. The length of the
monolithic test objects was 40 * 7 mm, and the diameter was
25 = 1 mm. The crosshead speed of the probe was 1.0 mm/min.
Compression was limited by the operating range of the strength testing
head (10 kN). Data were collected with the INSTRON Series IX
Automated Materials Tester v.8.30.00 software.

Mechanical flexibility measurements were performed on a custom-
built apparatus. The monolithic aerogel sample was placed on a la-
boratory balance and it was pressed with a probe object. The test object
was a Teflon measuring cone with 1.0 mm curvature and 60° cone
angle. The cone was pressed with increasing force into the aerogel, and
the depth of penetration was measured with a precision ruler installed
next to the monolithic aerogel sample. The measurement was continued
until a maximum load of 60 g was expressed on the sample, or until the
monolith cracked.

2.4.3. Small angle neutron scattering (SANS)

Dry, powdered aerogel samples were introduced into 2 mm thick
quartz cuvettes and measured without any pre-treatment. Some sam-
ples were hydrated either with H,O or with a 2:1 vol ratio H,O — D,O
mixture (64 wt% H,0 and 36 wt% D,0) to a water / dry aerogel mass
ratio of 3.5 g/g. After homogenization, the wet samples were stored
overnight at room temperature before SANS measurements.

SANS experiments were performed on the Yellow Submarine in-
strument at Budapest Neutron Centre. This is a pin-hole type instrument
with a two-dimensional neutron detector. Two sample-to-detector dis-
tances (1.2 m and 5.4 m) and two wavelengths (4.38 A and 10.23 ./7\)
were used. The beam diameter was 8 mm. The samples were measured
for 60 — 180 min at room temperature. By altering the wavelength and
sample detector distance, a Q range of 0.008 - 0.4 A~ was covered.
The momentum transfer (Q) is defined by the following equation:

47 . 6
Q=75 )
where A is the wavelength of the monochromatic neutron beam and
O is the scattering angle. The definition of the scattering intensity (I) is
as follows:

1G. 6) = LA DTV Q) @

where A is the wavelength of the monochromatic neutron beam, 6 is
the scattering angle, I is the incoming neutron flux, AQ is the unit solid
angle, 7n(4) is the detector efficiency, Tand V are the transmission and
volume of the sample and %(Q) is the macroscopic differential cross
section. The macroscopic differential cross section conveys structural
information on the studied system. The measured scattering intensity
was corrected for sample transmission, empty cell scattering, solvent
scattering, detector sensitivity and background scattering. The nano-
and microstructural parameters of the scattering objects are determined
from the mathematical analysis of the corrected I(Q) curves.

For silica and silica based aerogels that show a wide variety of
fractal scaling, a unified approach (described by Beaucage) can be used,
covering the whole Q range [46,47].

[ext(22) |

Q

1(Q) = Aexp(— szgz) +B
3

Rg is the average gyration radius, p is the power law exponent
(called Porod exponent, when its value is exactly 4), and A and B are
coefficients related to the volume and number density of the scattering
objects and to their contrast. Parameters A and B can be treated as
adjustable scaling parameters.

Data fitting was performed by using the built-in least-squares
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algorithms of the Igor Pro 6.1 software [48].

2.4.4. Particle size of wet aerogels

The size distribution of aerogel particles was measured by using a
hemocytometer and image analysis after wet grinding the samples by a
Potter-Elvehjem tissue grinder (10 min) and sonication (5 min). Images
were taken from ¢ = 0.5 mg/mL suspensions with a 1.3 MP USB mi-
croscope camera. The ImageJ software was used for calculating the size
distribution of the particles.

2.4.5. Zeta potential of aerogel particles

Aerogels were wet ground by a tissue grinder (see above), and the
zeta potential was measured at a final aerogel concentration of 0.1 mg/
mL on a MALVERN Zetasizer Nano ZS instrument using conventional
instrument setup and operation.

2.4.6. NMR relaxometry

NMR relaxometry measurements were performed with a Minispec
Bruker mq20 relaxometer instrument. Approximately 50 mg dry
aerogel was weighed into an NMR tube, and it was titrated with water.
The water / dry aerogel mass ratio was increased up to 3.5 g/g in 12 —
15 steps [49-51]. The wet aerogel samples were mixed and sonicated,
and every sample was equilibrated for 24 h before the measurement. All
measurements were performed at 6 dB. The T; (spin-lattice) and the T,
(spin-spin) relaxation times were determined for every samples. The
CPMG (Carr-Purcell-Meiboom-Gill) sequence was used with 3 different
echo times (0.08 ms, 0.12 ms, and 0.16 ms) for all T, measurements.
The parameters of the CPMG sequence were optimized according to the
T, relaxation times determined previously using the inversion-recovery
method.

The relaxation time of water is influenced by its chemical sur-
roundings in the porous sample, i.e. water can be found in different
relaxation domains in wet aerogels. Multiple T, values combine in the
final signal if the exchange of the water molecules is slow between the
different domains [52,53]. The number of exponential functions in the
primary CPMG decays were determined by inverse Laplace transfor-
mation using the MERA (Multi-Exponential Relaxation Analysis) algo-
rithm on the basis of the CONTIN method in MatLab v.8.5 (MathWorks
Inc., USA).

2.4.7. NMR cryoporometry

Water was used as a probe liquid for cryoporometry. Approximately
50 mg of dry, powdered aerogel was weighed into a plastic NMR tube
and ca. 250 pL water was added in order to fully saturate the pores of
the aerogel. Thus, the water content (water / dry aerogel mass ratio) of
the samples was ca. 5.0 g / g. After manual homogenization, the sam-
ples were sonicated and kept at + 4 °C for 24 h. NMR cryoporometry
measurements were performed in a Bruker Avance II 360 MHz NMR
instrument. Cooling was achieved with dried air supplied by BCU-05
and BSCU-05 cooling units.

The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence
was applied to eliminate the broad signal of the solid phase during the
echo time. The remaining signal intensity is proportional to the amount
of liquid water inside the pores, which changes gradually with tem-
perature, as water freezes or ice melts. The melting and freezing points
of liquids confined in nanometer wide spaces are lowered as given by
the modified Gibbs-Thompson equations:

M r Ke
) ()]

Here, AT, is the melting/freezing point depression expressed as
the difference between the bulk (T,) and confined liquid (Ty, ) phase
transition temperatures. K. is the cryoporometric constant of water, s
is a geometric factor and ry, is the pore size [54-56].

Before every measurement the 90° pulse was determined (ca.

ATy = Tnyp — To = —
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10.7 ps). The optimal echo time was ca. 0.8 ms in order to filter the fast
relaxing signal of the solid phase. Every sample was mixed with the
proper amount of water and the mixture was frozen at —20 °C. Multiple
melting-freezing cycles were measured between -15 °C and + 6 °C in
0.5 °C steps. Temperature was calibrated using glycol and methanol
[57]. The sample was left for 5 min at a given temperature for equili-
bration before running the CPMG sequence. MestReNova 9.0 software
was used for transforming the spectra. The measured water peak in-
tegrals were plotted against the temperature. Intensity versus tem-
perature data was transformed to intensity versus pore size data by
using the modified Gibbs-Thompson equations (eq. (4)). The numerical
derivation of these yields pore size distribution plots.

2.4.8. NMR diffusiometry

The self-diffusion of water was studied in wet silica-casein hybrid
aerogels at 298 K at different water / dry aerogel mass ratios.
Approximately 70 mg dry aerogel was weighed into a glass NMR tube
and water was added to reach ca. 0.5 g/g, 1.5 g/g and 3.5 g/g water
contents. The wet aerogels were mixed, sonicated, compacted by hand
and stored at room temperature for 24 h before NMR measurements.
The observation time of the diffusion experiments (4) was varied be-
tween 10 and 140 ms. The length of the gradient pulse (§) changed from
2 to 4 ms. A stimulated spin echo pulse sequence was used for the
measurements containing bipolar gradient pulses (BIPLED) to decrease
eddy currents [58,59]. The pulsed gradient strength (G) increased in 64
square distant steps from 0 to 50 G/cm. The spectra were transformed
with MestReNova 9.0 software. The diffusion data were evaluated ac-
cording to the general expression: [60,61]

I = Iyexp{—Dobsy*(A — 6/3)5°G*} )

When multiple diffusion domains are present in the sample, each
domain is represented by a different single-exponential function of a
given D,ps according to eq. 5, and the observed decay is the sum of
these functions. If the exchange of water is slow between these do-
mains, the different D, values can be separated [62-64]. In order to
determine the number of diffusion domains, primary data were trans-
formed by inverse Laplace transformation using the same algorithms as
for the evaluation of NMR relaxometry data.

2.5. In vitro biological experiments

Chinese hamster ovary CHO-K1 cell line was used for the in vitro
biocompatibility testing of the hybrid aerogels. Cell viability was
measured by using the MTT assay. Time-lapse NIR microscopy imaging
was performed in a custom-built system [25,27].

The CHO-K1 cell line is widely used for recombinant (mainly ther-
apeutic) protein production in pharmaceutical industry. CHO cells can
be genetically modified and grown either as adherent cells or in sus-
pension. In the present study, CHO-K1 cells were grown in Ham’s F12
medium supplemented with 1.25% L-glutamine 23 mM NaHCO3, 100
U/ml penicillin, 100 U/ml streptomycin, 1% non-essential amino acids
and 10% fetal bovine serum.

The silica-casein aerogel monoliths were ground and sieved
(dpartice < 250 pm) for the in vitro studies. The aerogel particles were
sterilized with UV light overnight before the experiments. This was
realized by placing the powdered samples in UV transparent plastic
containers and irradiating them in constant 360°. After sterilization, the
aerogels were placed into cell free Ham’s F12 medium for conditioning
for 3 h, then the cells were added to the cell culture flasks. By using this
methodology, no contamination of the samples was observed during the
subsequent time-lapse imaging experiments.

2.5.1. MTT cell viability assay

The effect of the silica—casein aerogel microparticles on the viability
of CHO-K1 cells was tested with MTT assay. The aerogel particles were
added in 3 concentrations (0.2, 0.5 and 1.0 mg/ml) to the cell cultures
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in 96-well plates for 48 h. Untreated cells were used as control. Tests
were conducted with 10.000 cells/well. After incubation, MTT (Sigma
Aldrich) solution (0.5 mg/mL in PBS) 100 puL was added to each well.
The plates were incubated with the reagent for 2 h at 37 °C, the wells
were aspirated, and MTT formazan was extracted with 100 pL of DMSO
aided by gentle agitation on a shaker. After keeping the plates at room
temperature for 10 min, the absorbances were read at 570 nm by an
automatic plate reader (WALLAC Victor 2 1420 spectrophotometer).
The instrument blank was recorded on a row of wells to which cells had
not been added. Percentage viability (respiratory competence) of the
cells in each well was expressed as:

(Absorbance of treated cells/Absorbance of control cells) X 100% 6)

Standard deviation was calculated as a measure of dispersion of data
from its mean ( + SD), and statistical significance is estimated by the t-
test and one-way analysis of variance (ANOVA). *p < 0.05 is con-
sidered statistically significant and **p < 0.01 is statistically highly
significant.

2.5.2. Time-lapse video imaging experiments

Modified and inverted upright microscopes (Olympus, Tokyo,
Japan) were used in a SANYOMCO18-AC (Wood Dale, USA) CO, in-
cubator. The cell cultures were grown to ca. 40% confluence, then the
cells were treated with the aerogel microparticles (1.0 mg/ml) for 48 h.
The image sequences were converted from color (24-bit red, green, and
blue (RGB)) .bmp files to 8-bit grayscale .bmp files using ImageJ soft-
ware. Images were acquired at 1600 x 1200 pixels with a 0.507 pm/
pixel spatial resolution. For manual tracking, the MtrackJ and the
Chemotaxis tool plugins were used in ImageJ software. After obtaining
a series of X and y positions of separate cells, the path length and the
velocity were determined. The corresponding multimedia video files
are given as Supporting Information.

3. Results and discussion

For the sake of simplicity, silica-casein aerogels of different com-
position are referred to by using short codes as given in Table 1. SC5
stands for the pristine aerogel of 4.7 wt% casein content and SC30
stands for the pristine aerogel of 28 wt% casein content. The codes that
finish with letter F denote aerogels treated with the crosslinking agent
formaldehyde.

3.1. Characterization of dry aerogels

3.1.1. Scanning electron microscopy (SEM)

Representative images of pristine and crosslinked silica-casein
aerogels are shown in Fig. 1. The backbones of all hybrid aerogels are
built from small primary globules of dgjobuie = 15 — 20 nm. Most of the
pores visible in the fresh fracture surfaces are in the mesopore range. A
few macropores are also present, mainly in the aerogels of higher casein
content (SC30 and SC30F). Altogether, the key morphological features
of the hybrid aerogels are almost identical to those of the parent silica
aerogels [65]. A minor morphological difference can be detected be-
tween the hybrids of low and high casein contents. In the case of the
30 wt% casein aerogels, the primary globules occasionally form densely
packed ridges, but the appearance of these ridges is scarce.

The formation of globules is typical in the sol-gel synthesis of silica
and silica based hybrid aerogels. The first steps of the hydrolysis and
polycondensation of the TMOS silica precursor yield primary particles.
Subsequently, these particles increase in size and aggregate with each
other to finally yield a self-sustaining gel network. The highly similar
morphologies of silica and silica-casein aerogels suggest that casein
does not interfere in the primary reactions leading to the formation of
the gel network, and thus, most probably hybridizes with silica at the
nanometer level. The homogeneity of the hybrid backbone is discussed
further in connection with SANS measurements in Section 3.4.2.
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Fig. 1. SEM images of silica-casein hybrid aerogels A: SC5, B: SC5F, C: SC30, D: SC30F. The red arrows point to ridges in the structures. Magnification is x 50 k, and
the scale bar shows 500 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The reaction of silica-casein with formaldehyde does not alter the
morphological features of the hybrid aerogels, as seen by comparing the
SEM images of the analogous pristine and crosslinked silica-casein
aerogels (SC5 / SC5F and SC30 / SC30F in Fig. 1).

3.1.2. Infrared spectroscopy (FT-IR)

The FT-IR spectra of the hybrid silica-casein aerogels and that of the
starting material casein MPI-85 are shown in Figs. 2 and S1 in the
Supporting information. A broad band is present at 1000 cm ™! in all
spectra, which is attributed to the Si-O-Si antisymmetric stretching
vibration. The symmetric and the asymmetric vibrations of the car-
boxylate and amide groups are between 1646 and 1657 cm™'. By
comparing the intensity of the corresponding v(C = O) peaks, it is clear
that the amount of incorporated casein is much higher in the SC30
samples than in the SC5 samples. The FT-IR spectra of the cross-linked
and the pristine aerogels are only slightly different. This can be ex-
plained by considering that only a few new crosslinking bonds form in
the reaction of formaldehyde and casein, and the vibrations of these

100 T > T
80+ E
60+
~
= 404 ]
20 H —— MPI-85 casein B
——SC30
—— SC30F
0 T T T
4000 3000 2000 1000

Wavenumber (cm™)

Fig. 2. Infrared spectra (FT-IR) of SC30 silica-casein aerogels and MPI-85
casein.

overlap with the much more intensive vibrations of the backbones.
There is a noticeable decrease in relative intensity of the minor peak
around 950 cm ™! of the SC30F sample compared to the SC30 sample,
that can be attributed to the depletion of the Si-OH bonds due to their
reaction with formaldehyde.

3.1.3. N adsorption-desorption porosimetry

Representative N, adsorption-desorption isotherms of pristine and
crosslinked silica-casein aerogels are shown in Figs. 3 and S2 in the
Supporting Information. All hysteresis curves can be classified as IUPAC
IV category with a H3 type loop, which is characteristic for mesoporous
materials with a small number of macropores [66]. There is no steep
rise in the isotherms at p/py = 1, which indicates that the contribution
of macropores to the measured porosity is negligible. According to the t-
plot method, the contribution of micropores is also negligible to the
total porosity [67]. All desorption curves return to zero relative pres-
sure, meaning that the rigidity of the aerogel backbones is intact during
the measurements and no deformation takes place that could falsify
data evaluation. The structural parameters calculated from the iso-
therms by the BET and the BJH methods are given in Table 2. The
specific surface areas (Spgr) of the aerogels are between 612 and
768 m?/g. These values are relatively large considering that the parent
silica aerogel has a specific surface area of 810 m?/g [41]. The specific
surface area of the hybrid aerogels decreases with the increase of their
casein content. This can be the consequence of the formation of tightly
packed sites in the structures of the SC30 and SC30F aerogels, as

Table 2

Structural parameters of silica-casein aerogels estimated by the BET and the
BJH methods from N, adsorption-desorption porosimetry data (cf. Figs. 3 and
S2).

Parameter SC5 SC30 SCS5F  SC30F  Data evaluation
C-constant 70.7  58.3 82.8 57.9 BET
Specific surface area (mz/g) 750 612 768 616 BET
Average pore size (nm) 17.3 199 23.1 19.8 BJH

Total pore volume (cm®/g) 322 3.03 4.47 3.05 BJH




L. Ldzdr, et al.

= SC5 ' '
2.04|-a sc3o ,}

-
[$,]
1

3 4
Vg (cm’ig) x10
o N

o o

o
o

o
o
o
N
o
o

p/p,

Applied Surface Science 531 (2020) 147232

9.0 T T T
B SC5
—@— SC30
6.0 ]
g
(=)
°
>
>
T 3.0 ]
0.0

d (nm)

Fig. 3. Panel A: Nitrogen adsorption desorption isotherms of pristine silica-casein aerogels. Panel B: pores size distribution curves calculated from the desorption
isotherms by using the BJH method. Additional data are given in Fig. S2 in the Supporting Information. Estimated structural parameters are summarized in Table 2.

pointed out in the SEM images (cf. Fig. 1). The Sggr, mean pore size and
total pore volume values and of the crosslinked aerogels (SCSF and
SC30F) are slightly higher, than those of the pristine hybrids. This in-
dicates that the pore structure slightly opens up as the consequence of
the formaldehyde treatment. This is also shown by the SANS results
(vide infra in Section 3.1.4).

The BET C-constant is typically between 80 and 100 for silica
aerogels. The silica-casein aerogels have smaller C-constants, and the
value of this parameter decreases with increasing casein content
(Table 2). Casein molecules have large nonpolar moieties, that can be
responsible for the smaller values of the C-constant. The reaction with
formaldehyde results in an increase in the C-constant, but only in the
aerogel of low casein content (SC5). It is reasonable to assume that a
higher portion of the protein can react and form crosslinks (new -C = O
bonds) in the low-casein hybrid, which in turn results in an increase of
surface polarity. Pore size distribution curves were calculated by the
BJH method from the desorption isotherms (Fig. 3). These curves are
practically equivalent for all hybrid aerogels with a mean pore size of
ca. dpore = 20 nm.

3.1.4. SANS of dry aerogels

Small angle neutron scattering (SANS) yields meaningful informa-
tion on the structure of a heterogeneous sample if the characteristic
inhomogeneities of the sample are nanometer sized and have different
neutron scattering length densities [47,68]. The primary contrast in
aerogels occurs between the solid backbone and the fluid phase inside
the pores, i.e. air in the case of dry samples. In the case of a hybrid
aerogel, the different components of the backbone can give a secondary
contrast.

Small angle neutron scattering curves of dry silica-casein aerogels
are shown in Fig. 4. All of the experimental curves can be adequately
fitted with the Beaucage model (eq. (3)). The estimated values of the
gyration radius (Rg) and the power law exponent (p) are given in
Table 3. The values of the power law exponent are between 2 and 3 for
the silica-casein aerogels of low casein content (SC5 and SC5F), which
is characteristic for mass fractals [69,70]. The power law exponent is
close to 3 for the hybrids of high casein content (SC30 and SC30F),
which indicates that these aerogels can be approximated by surface
fractals. A slight morphological difference was revealed by SEM be-
tween the hybrids of low and high casein contents, i.e. a small number
of densely packed ridges are present in the 30 wt% casein hybrids
(Fig. 1). This morphological difference is a feasible explanation for the
alteration of the power law exponent by changing casein content. The
value of the gyration radius is lower in the case of the aerogel of lower
casein content (SC5F), but it does not change significantly as a con-
sequence of formaldehyde treatment. In this sense, the R, value in-
versely correlates with the Sprr value of the aerogels (cf. Section 3.1.3).
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Fig. 4. Small angle neutron scattering (SANS) curves of silica-casein hybrid
aerogels measured in their dry states. Solid lines represent data fitting with the
Beaucage model. The estimated values of structural parameters are given in
Table 3.

The SANS results strongly support the conclusions drawn from the SEM
and the N, porosimetry data, i.e. the casein content and crosslinking
have only minor effects on the nanostructures (i.e., the morphology and
the pore size distribution) of the silica-casein aerogels.

The scattering curves of dry silica-casein aerogels do not show
features distinct from silica aerogels, meaning that the backbones of the
different hybrids scatter as homogeneous materials. The homogeneity
of the aerogel backbones was studied further by contrast variation
SANS experiments, which is detailed later in Section 3.4.2.

3.2. Compressive strength and flexibility of dry aerogels

Flexibility tests were performed at 2 different, arbitrary chosen
points on each aerogel monolith. In general, the results of the duplicate
tests are in good agreement with each other, regardless of the compo-
sition of the aerogel sample. This suggests, that the monoliths are crack
free and homogeneous at the macroscopic level. Depth of deformation
versus mass of load curves are given in Fig. 5. The depth of deformation
at 50 g load was interpolated from the experimental curves (Table 4).
These data suggest that the amount of casein in the backbone has
practically no effect on the flexibility of the aerogel monoliths, but
crosslinking by formaldehyde results in an increase of rigidity.

Representative strain—stress curves of silica-casein aerogels are
shown in Fig. 5, and the corresponding compressive strength values are
given in Table 4. Strain is practically proportional to stress in the case of
the aerogels of low casein content, while the curves of the high casein
aerogels show breaks at several points, which indicates the extensive
formation of micro-cracks. Crosslinking by formaldehyde significantly
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The values of the gyration radius (R,) and the power law exponent (p) for dry and hydrated silica-casein aerogel samples. Parameters were estimated by fitting
experimental small angle neutron scattering (SANS) curves with the Beaucage model (eq. (3)).

dry hydrated(H,0) hydrated(2:1 H,0:D,0)
SCSF Ry =67 = 2Ap =26 = 0.1 Ry=77 = 3Ap =28 * 01 Ry=59 + 2Ap =30 = 0.1
SC30 R, =78 £+ 2Ap =131 = 01 Rg=93 £ 3Ap=25 = 01 Ry, =68 + 2Ap =26 = 0.1
SC30F Ry=81 = 2Ap =30 = 01 Ry=98 = 3Ap =26 * 0.1 Rg=70 + 2Ap =26 = 0.1
increases the compressive strength of the hybrid aerogel of low casein Table 4

content, but has practically no effect in
aerogel.

The compiled results of the mechanical tests suggest that the silica-
casein aerogels increase both in compressive strength and rigidity at
high casein content, and both of these properties display a further,
minor increase upon crosslinking by formaldehyde. The monolith of the
crosslinked silica-casein aerogel of low casein content (SC5F) displays
optimal mechanical properties. The compressive strengths of the hy-
brids are higher than those of the archetypical silica aerogels [71-73].

the case of the high casein

3.3. Particle size and Zeta potential of hydrated aerogels

Silica-casein aerogels spontaneously disintegrate in water and yield
micrometer-sized particles. In order to increase the reproducibility of
the disintegration of the aerogels, wet grinding was applied to produce
suspensions. The size distribution curves of the suspended particles are
practically equivalent for all hybrid aerogels with mean particle sizes
between 12 and 18 pm, regardless of their casein content and the
presence of crosslinking (Fig. S3 in the Supporting Information).

The Zeta potential (Ez) of the hybrid aerogel particles was measured
in the pH range from 3.0 to 9.0. Data are summarized in Fig. S4 in the
Supporting Information. In general, the Zeta potential of the hybrid
aerogels is negative above pH 3.5. (This pH value is the approximate
isoelectric point of silica [74]). The approximate isoelectric point of
casein is pH 4.5 [75]. The Ez values of all hybrid aerogels are ca.
—30 mV at pH = 7.0 and only slightly change with changing chemical
composition. The pristine aerogel of low casein content (SC5) has the
lowest E; values among the hybrids, regardless of pH. Crosslinking by
formaldehyde slightly increases E; at each pH value.

3.4. Structural characteristics of hydrated aerogels

3.4.1. Morphology of hydrated aerogels by SANS

Silica-casein aerogels were hydrated by adding 3.5 g H,Oto 1.0 g
aerogel. This amount of water fully hydrates the backbone and satu-
rates the pores, as shown by the NMR cryoporometry measurements (cf.
Section 3.4.3). The corresponding SANS scattering curves are almost
identical with those measured in the dry states of the aerogels (cf.
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Results of the duplicate flexibility tests and compressive strength tests.

Code Depth of deformation at 50 g load (mm) Compressive strength (kPa)
1st test 2nd test

SC5 1.34 1.10 52

SC30 1.24 1.62 32

SC5F 0.87 0.93 74

SC30F 0.93 0.96 23

silica 34

Fig. 4) The structural parameters (R; and p) estimated with the
Beaucage model are given in Table 3. The value of the power law ex-
ponent (p) does not change significantly by the hydration of the aero-
gels, while the value of the gyration radius increases for all hybrids.
However, the increase of the value of R, is negligible compared to the
hydration induced alteration of the R, values of such silica-gelatin
aerogels that significantly swell on the microscopic level upon hydra-
tion [41]. In the case of the silica-casein aerogels, the minor increase of
the R, value is attributed to the formation of the hydration sphere of the
solid backbone, that is well expressed in the NMR relaxometry data, as
well (cf. Section 3.4.4). Practically, there is no difference between the
nature of the hydration induced minor structural changes in the pristine
and the crosslinked hybrid aerogels. Thus, the high similarity of the
scattering curves of the dry and the hydrated silica-casein aerogels in-
dicates that the porous structures of the hybrids are practically not al-
tered upon hydration. There are no signs of the collapse or the swelling
of the aerogel networks [76,77].

3.4.2. Homogeneity of aerogel backbone by SANS

Independent contrast variation experiments were performed by
hydrating the silica-casein aerogels with H;0:D,0 2:1 (64 wt% H,0 and
36 wt% D,0) mixture (3.5 g liquid / g aerogel). The neutron scattering
length density (SLD) values of silica, bovine casein and H,0:D,0 2:1
mixture are estimated to be 4.10 x 10° A~2 1.96 x 10° A2 and
1.90 x 107° A~2, in order [78,79]. It has been reported that the scat-
tering of casein micelles is matched by a mixture of 60 wt% H,O and
40 wt% D50 [78]. Thus, it is valid to assume that the neutron scattering
length density of the casein component of the hybrid aerogel is
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Fig. 5. Flexibility tests (panel A) and compressive strength tests (panel B) of pristine and crosslinked silica-casein hybrid aerogel monoliths.
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approximately the same as that of the liquid H,O:D,O 2:1 mixture.
Indeed, the scattering intensity of the wet silica-casein aerogel hydrated
by H0:D,0 2:1 is one order of magnitude lower, then that of the wet
silica-casein aerogel hydrated by pure H,O (Fig. 6).

Nevertheless, the scattering curves are still structured, and can be
fitted with the Beaucage model. The values of the power law exponent
(p) are similar to those that are characteristic for the silica-casein
aerogels in the dry sate, while the R, values are lower than in the dry
state (Table 3). This indicates, that the main structural features and the
spatial distribution of the silica component in the hybrid backbone is
practically the same as in the dry state of the material. Still, the SANS
contrast of silica remains distinct in the wet hybrid backbones when
hydrated by H>0:D,0 2:1 mixture. When the contrast is reduced, the
scattering pattern does not change significantly, that suggests that silica
and casein do not form separate nanometer domains of different shapes
and mix on the nanometer scale. This is a strong indication that the
hybridizations of the different silica-casein backbones are homogeneous
on the nanometer scale. Thus, the silica-casein hybrids can be regarded
as homogeneous nanocomposites where the individual silica and casein
building blocks are smaller than the spatial resolution of the SANS and
the SEM techniques.

It is interesting to note, that the R, values are somewhat higher
when the hybrid aerogels are hydrated by H,O and lower when they are
hydrated by H,0:D>;0 2:1 mixture compared to the dry states of the
materials (Table 3). One explanation could be that some of the smaller
pores are not filled with water upon the hydration of the aerogel matrix,
but this explanation is in contradiction with the NMR relaxometry re-
sults. (NMR relaxometry data strongly suggest that the filling of the
pores is continuous and there are no preferences in the wetting of the
smaller and larger pores, as discussed in Section 3.4.4.) A more feasible
explanation is that a thick water layer forms in association with the
hybrid backbone as the primary hydration sphere that yields nanometer
scale density differences near the surface of the solid backbone, and this
phenomenon is highlighted by the variation of the contrast.

3.4.3. NMR cryoporometry

The pore size distributions of hydrated silica-casein aerogels were
determined by NMR cryoporometry at water contents of 5.0 g H,O /
1.0 g dry aerogel. A representative melting-freezing curve is shown in
Fig. 7A for SC5. The ratio of the height of the two steps in the cryo-
porometry curve indicates that the ratio of pore water and bulk water is
ca. 1:1.7 in the sample of 5.0 g/g water content. Water in the pores
melts at 267.9 K and freezes at 264.9 K. The difference between the
melting and the freezing points of pore water and the melting point of
bulk water is 5.2 and 8.2 K, respectively. These differences represent a
2:3 ratio, which indicates the dominating presence of spherical pores in
the hydrated aerogel [54-56,80]. Similar hysteresis curves were ob-
tained for each hybrid aerogel. Pore size distribution curves were cal-
culated by using K. = 30 nm K for water in the Gibbs-Thompson

—T

01

Q(A™)

equations (eq. (4)) [81-83]. The mean diameter of the pores is around
20 nm for each hydrated silica-casein aerogel as seen in Fig. 7B.
Thus, the pore size distribution curves of the hydrated aerogels are
in good agreement with those measured by N, porosimetry in the dry
states of the aerogels. In the case of the SC30F aerogel, slightly smaller
pore sizes were measured in the hydrated state of the aerogel than by
N, porosimetry. This indicates the slight loss of hydrophilicity of the
crosslinked SC30F silica-casein compared to the pristine hybrid.
Overall, NMR cryoporometry data show that the porous structures of
the silica-casein hybrid aerogels remain intact even when the matrices
are fully hydrated and the pores are completely filled by water
[65,84,85]. This conclusion is in complete agreement with the those
drawn from the results of the SANS measurements (Section 3.4.1).

3.4.4. NMR relaxometry

The T, (spin-spin) relaxation time of water significantly depends on
the extent of interactions of water molecules with solid surfaces.
Accordingly, when a porous solid matrix is gradually hydrated (i.e. its
water content is increased until the saturation of the pores), the ac-
companying change of the T, relaxation time of water conveys in-
formation on the wetting mechanism of the solid backbone and on the
porous structure of the system [49,51,53].

Silica-casein aerogels were gradually hydrated, and the T, relaxa-
tion time of water was recorded as function of water content. The sa-
turation of the pores is reached at water content of 3.4 g water / 1.0 g
dry aerogel. In general, the NMR relaxometry data is almost identical
for all silica-casein aerogels, regardless of their chemical composition.
Two well-separated relaxation domains can be detected in all hydrated
aerogels even at the lowest water content, as seen in Fig. 8. The domain
with the smaller T is attributed to solvent molecules in strong inter-
action with the surface of the aerogels, i.e. the primary hydration
sphere of the silica-casein backbone [86,87]. Accordingly, the value of
the smaller T, relaxation time is practically independent of the water
content of the aerogel. [88] The higher T, values are attributed to the
average relaxation of water molecules moving relatively freely inside
the pores. The higher T, increases monotonously with increasing water
content, because the constraint of the molecules decreases due to the
formation of quasi bulk phases by filling the pores. [49-53,89] It is
interesting to note, that the amplitudes of the 2 relaxation domains are
in close correlation with each other (Fig. 8B). The most feasible ex-
planation for this phenomenon is that water molecules exchange be-
tween the 2 domains by an intermediate-slow rate. [87] Otherwise, in
the case of limiting slow exchange, the amplitude of the high T, domain
would monotonously increase with increasing water content. In the
case of limiting fast exchange, the 2 domains would not be separable
and merge into a single average domain. [49,51,53]

The above described hydration mechanism is effective in the case of
all silica-casein aerogels, and it is typical for hydrophilic mesoporous
silica materials. [90,91] The first step is the formation of a thin, but
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well-defined water layer at the surface of the aerogel backbone. The
saturation of this primary hydration sphere (at ca. 0.2 g/g water con-
tent) is followed by puddle formation in focal points inside the pores.
[49] When water content increases, the puddles are connected into a
coherent fluid layer inside the pores, and partially fill these. The re-
ciprocal filling-factor plots (Fig. S5 in the Supporting Information)
suggest that the subsequent saturation of the pores by water is a gra-
dual, monotonous process in each aerogel. [51]

By compiling the results of NMR relaxometry, two main conclusions
can be drawn. 1) The hydration mechanism of all hybrid silica-casein
aerogels is practically the same as that of archetypical mesoporous si-
lica materials. 2) Neither the amount of the incorporated casein, nor the
application of crosslinking agents have a detectable effect on this hy-
dration mechanism.

3.4.5. NMR diffusiometry

The self-diffusion of water in hydrated aerogels can be measured by
PGSE NMR technique. In general, the apparent self-diffusion coefficient
(Dobs) of a liquid filling the pores of a solid matrix differs from the D
value effective in the bulk phase of the liquid due to the confinement of
the molecules by the pore walls. The presence of multiple diffusion
domains indicates that the permeability of the hydrated porous solid is
low, hence the confinement of water is not uniform in the sample. On
the other hand, a single average D, is characteristic for highly
permeable porous solids, where the exchange of water molecules is fast
among the different structural regions of the sample. [62,64,92] The
apparent self-diffusion coefficient of water also depends on the length
of the observation time of the diffusion experiment, because on a longer
timescale the molecules bounce back from the walls repeatedly, which
decreases their effective displacement. [59,63,64]

Silica-casein aerogels were studied at 3 different hydration levels:
0.5, 1.3 and 3.2 g water / 1.0 g dry aerogel. Furthermore, the
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observation time of the diffusion measurement was varied between 10
and 140 ms for all samples. Independently of the observation time, and
also independently of the water content of the hydrated aerogels, only
one diffusion domain was detected in all samples (Fig. 9A). However,
this single D5 value increases with the increasing water content of the
hydrated aerogels, regardless of their chemical composition. This be-
havior is possible only, if water molecules of different spatial localiza-
tion are in fast exchange with each other on the timescale of diffusio-
metry. [93] These results strongly suggest that the porous structure of
the hydrated silica-casein aerogels are open and highly permeable, as it
is in the case of the hydrated parent silica aerogel. [65,94]

The values of D,,s measured at different levels of hydration sys-
tematically correlate with the chemical compositions of the silica-casein
aerogels (Fig. 9B). That is, the D,,s values are lower at high casein
content, and lower when crosslinking is applied, indicating the lower
permeability of these hydrated matrices. [95] As the pore size dis-
tributions and the hydration mechanisms are practically the same for all
variants of hydrated silica-casein aerogels, the decrease in Dy is at-
tributed to a higher tortuosity of the high casein content and the
crosslinked aerogels. For comparison, the D,p,s value measured in the
fully hydrated parent silica aerogel is 1.9 x 10~ cm? s, while that is
1.8 x 107 cm? s~ ! in the fully hydrated SC5 hybrid and 2.3 x 107°
cm? s7 ! in bulk water. [65,96]

3.4.6. Unique behavior of silica-casein aerogels in water

As a summary of the aqueous phase characterization of silica-casein
aerogels, it can be stated that the structural properties of these hydrated
hybrids are almost identical to those of the hydrated parent silica
aerogel. [49,65] This is a unique feature for hybrid inorganic-biopo-
lymer materials.

The hydrated silica-casein aerogel particles retain their open me-
soporous structures, even when completely hydrated and filled with
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Fig. 8. NMR relaxometry of hydrated silica-casein aerogels. Panel A: Experimental T, relaxation times of water as function of water content of hydrated aerogels.
Panel B: The normalized amplitudes corresponding to the relaxation processes shown in panel A.
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water. This behavior is almost independent of the casein content of the
aerogel or its state of crosslinking. Even partial hydration induces the
immediate disintegration of the silica-casein aerogel monoliths into
microparticles (dparticie = 15 pm in average). The pores of the hydrated
particles are highly permeable for water, and the morphologies and
pore size distributions of the hydrated aerogels are the same as in their
dry states. This is highly unusual for inorganic-biopolymer hybrids.
[26,41] The hydration of the protein components usually causes the
extensive swelling and deformation of the solid backbone of the hybrid,
that results in the partial or complete collapse of the pore structure.
[89,97-99]

3.5. Biocompatibility of silica-casein aerogels

Biocompatibility tests of pristine silica-casein aerogels (SC5 and
SC30) were performed on CHO-K1 cell cultures. The SC5F and the
SC30F aerogels were excluded, because even traces of leftover for-
maldehyde would compromise the study. The cell cultures were mon-
itored by a time-lapse imaging near-infrared microscopy system. Cell
viability was quantified by the MTT assay. Pre-conditioned silica-casein
aerogel particles and 1 — 2 mm thick aerogel slabs were used. [100]

The time-lapse imaging experiments were conducted for 40 h. In
addition to monitoring the growth of the CHO-K1 cell cultures, 10 — 10
individual cells were tracked in the control and in the silica-casein
aerogel containing sequences of the time-lapse scans. In general, both
the control and treated cell cultures reached nearly 100% confluency.
The lag phase was longer in the case of treated cells, but the cells finally
covered the available space in the cell culture flask (Fig. S6 in the
Supporting Information). No detectable difference can be seen in the
dividing time and in the generation time between the control and
treated cells (Fig. S7 in the Supporting Information). The mean mi-
gration pathways of the cells in the vicinity of aerogel particles were the
same as in the control culture (control: 160 = 32, SC30: 145 =+ 28,
SC5: 162 = 21). The migration plots did not show significant differ-
ence in the direction of the migration of the cells in the presence of the
aerogel particles (Fig. S8 in the Supporting Information). The time-
lapse imaging scans showed no signs of apoptosis or necrosis at dif-
ferent phases of the cell cycle in the presence of the silica-casein aerogel
particles (Fig. 10).

The MTT assay results showed that none of the studied silica-casein
aerogel microparticles caused a significant decrease in the viability of
the CHO-K1 cells. A slight decrease of cell viability was observed at an
aerogel concentration of 0.5 mg/mL, which decreased further at
1.0 mg/mL aerogel concentration (Fig. 11). This is probably due to the
physical stress caused by the high concentration of the aerogel particles,
that disturbed the normal adherence of the cells.

Based on the time-lapse imaging and the MTT assay results, the si-
lica-casein aerogel particles are highly biocompatible with the CHO-K1
cells and practically inert in the biological context. Previous
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biocompatibility experiments were performed with silica-gelatin hybrid
aerogels. The gelatin containing hybrids show chemoattractant prop-
erties towards adhesive cell types, and the adhesion of these cells is
facile on the surface of the gelatin containing aerogels. [25,27] A fea-
sible explanation for the differences between the properties of the two
families of hybrid aerogels can be that the surface charge (i.e. the Zeta
potential) of the silica-casein particles are much more negative that of
the silica-gelatin particles: ca. —30 mV and ca. —20 mV, respectively.
Also, gelatin and collagen are well-known chemoattractants, while
bovine casein is practically inert in this sense.

4. Conclusions

Silica-casein hybrid aerogels can be conveniently synthesized by a
sol-gel method when the hydrolysis and polycondensation of the silica
precursor (TMOS) takes place in the presence of dissolved casein. The
chemical crosslinking of the hybrid backbone can be achieved by
adding formaldehyde to the alcogels during solvent exchange.
Supercritical drying in CO,, yields crack-free hybrid aerogel monoliths
with casein contents up to 28 wt%.

Nitrogen adsorption-desorption porosimetry, SEM and SANS mea-
surements revealed that the microscopic morphologies of the hybrid
silica-casein aerogels are almost identical to that of the parent silica
aerogel. Primary globules of dgopuie = 15 — 20 nm are connected into
an open network of mesopores. The characteristic specific surface of the
aerogels is ca. 700 m?/g, and the mean pore diameter is ca. 20 nm.
These structural parameters slightly decrease with the increasing casein
content of the aerogels, but the main morphological features are prac-
tically independent of casein content and the state of crosslinking.
Contrast variation SANS experiments revealed that silica and casein are
hybridized on the nanometer scale and form homogeneous nano-
composites.

The rigidity and the compressive strength of the silica-casein aero-
gels are similar to that of the parent silica aerogel. The crosslinked
hybrid aerogel of 5 wt% casein content has the best mechanical prop-
erties.

All hybrid aerogels disintegrate in a similar manner in water to form
hydrated microparticles (d = 15 pum in average) of large negative Zeta
potentials (-30 mV in average at pH = 7.0). The combination of SANS,
and NMR cryoporometry, relaxometry and diffusiometry measurements
revealed that silica-casein aerogels retain their open, permeable me-
soporous structures in water, even when completely hydrated, regard-
less of casein content or the state of crosslinking. The morphologies and
the pore size distributions of the hydrated aerogel particles are the same
as in their dry state. This is unusual for inorganic-biopolimer hybrids.
The hydration of protein components often causes the extensive swel-
ling and deformation of the solid backbone, that results in the partial or
complete collapse of the pore structure. Thus, silica-casein aerogels are
unique regarding their characteristics in the hydrated state.
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Fig. 10. Time-lapse near infrared microscopy imaging of a CHO-K1 cell culture in the presence of SC30 silica-casein aerogel particles (cage; = 1.0 mg/mL). The white
circle shows a silica-casein particle and the numbers on the corner of the images indicate the elapsed time in minutes.
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Fig. 11. Cell viability of CHO-K1 cell cultures in the presence of SC5 (red) and
SC30 (blue) silica-casein aerogel particles measured by MTT assay. (The applied
Cagel is given on the x-axis.)

Silica-casein aerogels are highly biocompatible and practically inert
towards CHO-K1 cells. The hybrid particles do not act as chemoat-
tractants against these cells.

As a final conclusion, the newly synthesized silica-casein hybrid
aerogels display all the advantageous chemical and physical properties
of pristine silica aerogels, and the protein component opens new pos-
sibilities for functionalization to better suite biomedical and en-
gineering applications.
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