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Abstract: New scaffolds, based on whey protein isolate (WPI) and chitosan (CS), have been pro-
posed and investigated as possible materials for use in osteochondral tissue repair. Two types of
WPI-based hydrogels modified by CS were prepared: CS powder was incorporated into WPI in
either dissolved or suspended powder form. The optimal chemical composition of the resulting
WPI/CS hydrogels was chosen based on the morphology, structural properties, chemical stability,
swelling ratio, wettability, mechanical properties, bioactivity, and cytotoxicity evaluation. The hy-
drogels with CS incorporated in powder form exhibited superior mechanical properties and higher
porosity, whereas those with CS incorporated after dissolution showed enhanced wettability, which
decreased with with increasing CS content. The introduction of CS powder into the WPI matrix
promoted apatite formation, as confirmed by energy dispersive spectroscopy (EDS) and Fourier
transform infrared spectroscopy (FTIR) analyses. In vitro cytotoxicity results confirmed the cyto-
compatibility of CS powder modified WPI hydrogels, suggesting their suitability as cell scaffolds
These findings demonstrate the promising potential of WPI/CS scaffolds for osteochondral tissue
repair.
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1. Introduction

Tissue engineering (TE) has been recently developed as the most effective group of
methods for repairing injured tissues. This may overcome the barriers arising from con-
ventional approaches related to tissue regeneration [1]. Allografts face multiple issues,
such as compatibility of recipient and donor, limited number of donors, risk of transplant
rejection, immunological reaction, pain, or a need to take immunosuppressive drugs [2].
The use of biocompatible scaffolds allows cells to adhere and proliferate, thus facilitating
self-regeneration of tissue [3]. Natural materials, especially polymers, have been widely
investigated as substrates for tissue engineering. The human tissue-like properties of
many natural polymers are desirable for developing the most compatible solutions for
tissue loss treatment [4].

Osteochondral tissue (OCT) is composed of articular cartilage, osteochondral inter-
face, and an underlying subchondral bone, which transforms into the trabecular bone.
Going further, cartilage consists of another three different layers, dependent on the orien-
tation of the collagen fibres. OCT is a complex heterogeneous tissue with differences in
the bioactivity of each zone [5]. Moreover, cartilage is an avascular and aneural tissue.
This significantly limits its self-healing abilities. The gradient of all properties between
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bone and cartilage constitutes a significant problem for the simultaneous regeneration of
these two different tissues. One of the most important parameters of OCT scaffolds is mi-
crostructure. It significantly influences cell adhesion and proliferation, as well as favors
angiogenesis [6—8]. Mechanical properties of the scaffolds are, similarly to porosity and
biological properties, highly important and should not be overlooked. Appropriate me-
chanical stimuli have to be transmitted to the newly formed tissues. Otherwise, the recon-
structed tissue will not have the appropriate functionality and may generate new defects
[9]. Biodegradability is another crucial property which should be specified and adjusted
to the regeneration and reconstruction time of OCT. Important properties that are consid-
ered in TE studies are water absorption and wettability. The ability of the material to ab-
sorb water and its surface properties are essential for cell adhesion, thus influencing OCT
regeneration [10].

OCT engineering approaches have been significantly focused on hydrogel scaffolds,
for example protein-based [11] or polysaccharide-based [12,13] biomimetic scaffolds.
However, the suitable natural hydrogel-based complex scaffold with desirable complete
long-lasting functionality has not been developed so far. Many different ways of natural
hydrogel modifications to improve their properties have been known. The mixing, for-
mation of composites or the addition of bioactive molecules are often reported in the field
of OCT tissue engineering [14].

Natural polymers are mainly derived from sources, such as plants, animals, or mi-
croorganisms [4]. ‘Green’ technology has become more popular recently, therefore com-
bining food waste industry and tissue engineering approaches may be an ecological way
to develop effective methods of tissue regeneration. Moreover, using food waste of mate-
rials for biomedical applications may contribute to decrease the negative influence on the
environment and the economy. Processing food, its residues, and byproducts may gener-
ate a valuable source of biosubstitutes. One of the widely used polymers in TE is chitosan
—aderivative of chitin, extracted from crab and shrimps shells. Another example are whey
proteins as a by-product of the dairy industry [15-17].

Whey protein isolate (WPI) is a specific, water-soluble compound of whey, which is
produced during cheese manufacturing. It is formed as a result of the precipitation of
proteins in milk facilitated by microorganisms. As the highest form of purification, WPI
consists of >90% protein, lactose, fat, ash and approximately 4-5% of moisture [18]. 3-lac-
toglobulin (3-LG) and a-lactalbumin (a-LA) are usually the main components next to gly-
comacropeptide (GMP), immunoglobulins (Igs), bovine serum albumin (BSA) and other.
Although it is considered as an environmental pollutant, WPI has many advantages that
make the material a potential application not only in food products but also in tissue en-
gineering as a biomaterial [19]. The amount of 3-LG in WPI is in the range of 45-90% [20]-
[26]. Its structure containing two disulphide bridges and one free thiol allows the for-
mation of a hydrogel network under high pressure or temperature by thermal denatura-
tion. This suggests that different types of WPI are obtained, depending on [3-LG amount.

The application of WPI-based hydrogel scaffolds in tissue engineering is a niche in
scientific research. There is a limited number of studies related to this field. Dziadek et al.
[27] developed novel multicomponent WPI-based hydrogel composites for bone regener-
ation. Gelatin powder of 20 wt.% was added to 40% WPI aqueous solution, then mixed
with a-TCP (0-70 wt.%) dispersion. Crosslinking was carried out at 100°C and autoclaved
for 30 min at 121°C, thus providing simultaneous sterilization. The tested systems showed
a significant improvement in mechanical properties, high bioactivity in vitro in simulated
body fluid (SBF), and cytocompatibility, thus enhancing osteoblast-like cells to adhere,
spread and proliferate. Gupta et al. [28] proposed 40% WPI aqueous solution with CaCO:s
to improve porosity and bioactivity of the hydrogel. Autoclaving at 120°C for 2 h allowed
to effectively crosslink and sterilize the materials. The composites provided concomitantly
higher porosity and mechanical properties. Pores larger than 100 um in diameter were
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obtained and osteoblast-cell proliferation was also supported. The products of degrada- 97
tion were not cytotoxic. There is also some evidence that WPI acts as an antioxidant and 98
antibacterial agent. Carson et al. [29] investigated antimicrobial activity of complexes 99
based on polyphenols from green tea extract and WPL. The obtained results confirmed 100
antioxidant and antibacterial activity of the complexes against Gram-positive bacteria. 101
Rouabhia et al. [30] conducted in vivo evaluation in mice of WPI-based and pure 3-LG- 102
based films as dermal scaffolds, which were found non-toxic and nonimmunogenic. Fur- 103
thermore, the films were biodegradable — signs of early degradation, such as crumbling 104
or erosion, were observed after 15 days of implantation. 105

Chitosan (CS), as the second most abundant polysaccharide, after cellulose, has been 106
widely investigated so far. It has been used in many areas, especially biomedical, due to 107
its preferable properties, such as excellent biocompatibility, nontoxicity, biodegradability, 108
and antimicrobial activity. CS is very susceptible to various chemical and physical modi- 109
fications, which makes it very often used as a hydrogel in tissue engineering [31-33]. 110

Many reports related to chitosan-based hydrogels as scaffolds for tissue engineering 111
have been published over the last few decades [34-38]. Its similarity to glycosaminogly- 112
cans present in the cartilage extracellular matrix plays an important role in osteochondral 113
tissue engineering [39]. Shamekhi et al. [40] presented hydrothermally crosslinked chi- 114
tosan (medium molecular weight and deacetylation degree (DD) 75-85%), with simulta- 115
neous sterilization using autoclave. The process is based on the reaction between the 116
amine and carbonyl groups, known as Maillard reaction. The wide range of methods con- 117
firmed an improvement of CS physical and mechanical properties, as well as showed no 118
cytotoxicity of the CS porous scaffolds. Autoclaving provided CS higher chemical stability 119
—mass loss was lower of about 10-20% after 12 weeks in lysozyme solution. Moreover, the 120
viability of human chondrocytes was confirmed after 7 days of cell culture by MTT test. 121
Jin et al. [41] developed injectable chitosan-based hydrogels cross-linked by enzymaticre- 122
action as a support for cartilage regeneration. The in vitro showed a viability of round- 123
shaped cells after 2 weeks. CS is modified very often to improve or add specific properties. 124
Yu et al. [42] combined genipin-crosslinked chitosan hydrogel with hydroxyapatite (HAp) 125
and graphene oxide, thus obtaining high strength scaffold for bone tissue engineering. 126
The material showed the oriented structure with high porosity and good biocompatibility. 127
HAp may also be considered as a bioactive agent [43]. Demirtas et al. [44] developed the 128
injectable thermally crosslinked chitosan-based hydrogel. The pure CS (DD=75-85%) and 129
that loaded with HAp and osteoblasts suspensions were prepared. Mineralisation and os- 130
teogenic differentiation were observed after 21 days of cell culture. Additionally, HAp 131
significantly improved mechanical properties, which is desirable for chitosan as a scaffold 132
for bone regeneration. There are also known functionalized form of CS to obtain mechan- 133
ically strong photopolymerizable form of CS-based hydrogels. An addition of collagen to 134
the CS matrix were described in the work of Arakawa et al. [45]. This provided slower 135
biodegradation and significantly enhanced osteoblasts adhesion and proliferation. Scaf- 136
folds based on chitosan and collagen are well-known in bone and cartilage tissue engi- 137
neering. A combination of these two polymers allows to tailor properties toward both, 138
bone and cartilage [46]. There are also bilayered CS-based systems, which may be an ef- 139
fective way to repair osteochondral loss. Malafaya et al. [47] used nonmodified CS 140
(DD=85%) and HAp-modified CS to obtain particles cross-linked with glutaraldehyde. 141
After crosslinking, the layers were laid and pressed into cylindrical moulds, then dried at 142
60°C for 3 days. The studies suggest a cytotoxic behaviour of composite materials due to 143
unsintered HAp, while using sintered HAp leads to no cytotoxic behaviour. However, 144
there is some evidence, that glutaraldehyde as a crosslinking agent may cause such a re- 145
action [48]. 146

A new solution to effectively repair osteochondral tissue may be a combination of 147
WPI and CS. There are reports describing the Maillard reaction between protein and pol- 148
ysaccharide [49]. Wang et al. [50] studied covalent interactions between WPl and inulinas 149



Polymers 2023, 15, x FOR PEER REVIEW 4 of 22

a polysaccharide (mass ratio 1:1; aqueous solution). FTIR measurements confirmed a de- 150
crease in the amount of free amino acid groups and the formation of new C-N bonds. 151
Moreover, the increased antioxidant activity of inulin-modified WPI conjugates was ob- 152
served. Miralles et al. [51] also presented a beneficial influence of CS addition on the bio- 153
logical properties of 3-LG. CS and WPI have opposite charges at pH > 5.3, therefore elec- 154
trostatic interactions are possible, thus formation of a complex. Moreover, heating may 155
improve such interactions [52,53]. Zheng et al. [54] confirmed a beneficial influence of CS 156
addition on WPI properties, such as heat stability or emulsifying properties. Yang et al. 157
[55] formed thermogels by heating CS/WPI/wheat starch dispersions at 85°C for 75 min. 158
Previously, the pH of the solutions was adjusted to 5.5 to provide the most effective cross- 159
linking. The medium molecular weight CS provided better chemical stability protection 160
for the tested systems, compared to the low molecular weight chitosan. Hu et al. [56] also 161
confirmed the improved stability and antioxidant activity of the CS/WPI fibrils complex 162
with the increase in the amount of CS in comparison to pure WPL The effective interac- 163
tions between CS and WPI make these materials very interesting to apply together asa 164
hydrogel scaffold for osteochondral tissue engineering. 165

The main goal of the study was to obtain natural hydrogels based on WPl and CS, as 166
well as to evaluate the impact of the polysaccharide addition on the physicochemical and 167
biological properties of the WPI-based hydrogel. The optimal chemical composition of the 168
hydrogel was chosen based on physicochemical and biological properties: morphology, 169
structural properties, chemical stability, swelling ratio, wettability, mechanical properties, 170

in vitro bioactivity, and cytotoxicity assay. 171
2. Materials and Methods 172
2.1. Materials and samples preparation 173

Medium molecular weight (M = 100,000-300,000 g/mol) chitosan (CS) was purchased 174
from Acros-Organics (Morris Plains, NJ, USA); whey protein isolate (WPI) with 97.7% of 175
protein and 75% of B-LG (according to the specification provided by the manufacturer) 176
was obtained from Davisco Foods International, Inc. (Eden Prairie, MN, USA). The rea- 177
gents necessary for the preparation of the phosphate buffered saline (PBS) and simulated 178
body fluid (SBF) were obtained from Avantor Performance Materials Poland S.A., Gli- 179
wice, Poland. All the reagents were used as received. 180

Two types of the WPI-based materials modified by CS addition were prepared. An 181
appropriate amount of the CS powder was mixed with a fixed amount of WPI powder 182
and then either dissolved in a fixed amount of 2% acetic acid (AcAc, Avantor Performance 183
Materials Poland) to obtain chitosan solution equal to 1%, 5%, 10%, 20%, and 40% (CSsol) 184
or suspended in deionized water in the amount for 20%, 30%, 40%, 50%, and 60% (CSp). 185
In both groups, the final WPI concentration was set at 40%. The as prepared mixtures were 186
mixed again after 24 h and left for another 24 h to degas. The composition of all the sam- 187
ples is summarized in Table 1; 40% water-based solution of WPI was used as a reference. 188
After this time, they were mixed again (5 min, electric stirrer, manual) to avoid sedimen- 189
tation of the additives. The resulting mixtures were placed in sealed containers in an oven 190

and cross-linked at 90°C for 30 min to ensure complete denaturation of the protein. 191
Table 1. Description of the WPI/CS systems tested in the study. 192
CS dissolved CS powder suspended WPI
Sample . o (") . (") ()
in 2% AcAc [%] in water [%] [%]
CSsoll 1 - 40
CSsol5 5 - 40
CSsol10 10 - 40
CSsol20 20 - 40

CSsol40 40 - 40
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CSp20 - 20 40
CSp30 - 30 40
CSp40 - 40 40
CSp50 - 50 40
CSp60 - 60 40
WPI 40
2.2. Characterization 193

The microstructure and morphology of the samples were studied using an optical 194
microscope (VHX-900F, Keyence, Mechelen, Belgium) and a scanning electron microscope 195
(SEM, Nova NanoSEM 200, FEI, Eindhoven, The Netherlands) equipped with energy dis- 196
persive X-ray (EDX) analyser (EDAX Company) at 5 kV electron beam energy with mag- 197
nification 500-10000x. EDX analysis was performed in several randomly selected points 198
and as average analysis of the observed surface. All samples were coated with a carbon 199
layer prior to the measurement. Porosity was assessed using Image] software. The scaf- 200
folds were freeze-dried and cut into thin slices prior to the analysis. 201

The chemical structure of the materials was identified using Fourier-transform in- 202
frared spectroscopy in the attenuated total reflection mode (FTIR-ATR). The spectra were 203
taken after 64 scans, with the resolution of 4 cm”, in the range of 4000-600 cm™ on Bruker 204
Tensor 27 (Bruker, Poznan, Poland) with a diamond crystal. The results were obtained and 205
modified using OPUS Spectroscopy Software and SpectraGryph 1.2, respectively. 206

Universal testing machine (Zwick 1435, ZwickRoell GmbH & Co. KG, Ulm, Ger- 207
many) with a 5 kN load cell was used to assess mechanical properties in the compression 208
test (3 mm deformation; 2 mm/min test speed). All measurements were made for 6 mm 209
cubic scaffolds at room temperature. Young's modulus was determined based on a linear 210
fragment of the stress-strain curve. At least three independent measurements were aver- 211
aged for each type of sample. 212

To characterize swelling properties, the cubic samples (3 per material type) were 213
weighed and then immersed in PBS (pH = 7,4, T=37°C). The swelling ratio was evaluated 214
after 1, 2, 3, 4 and 5 h of the incubation, and then day by day during 10 following days. At 215
these time points, the swollen samples were taken out, carefully dried with a tissue paper, 216
weighed, and then placed back in the PBS solutions. The swelling ratio (SR) was calculated 217

according to equation 1: 218
SR = % -100 [%] (1) 219

0
where: Mi— the weight of the swollen sample after drying with tissue paper [g], Mo — the 220
initial mass of the sample [g]. 221

The measurement of the water contact angle (WCA) was used to assess the scaffolds 222
wettability. Using goniometer (Drop Shape Analyzer, DSA 10, KRUSS GmbH, Hamburg, 223
Germany), at room temperature, a sessile drop of deionized water was put onto the surface 224
of the materials and the WCA of the materials was determined based on at least six inde- 225
pendent measurements. 226

Degradation process was carried out in PBS solution at 37°C (pH=7.4). The propor- 227
tion of sample mass to the volume of PBS was 1 g : 100 ml. The samples were weighed, 228
placed in the solution, and incubated at 37°C for 1, 2, 3, 4, 5, 6, 7 days and then weekly up 229
to 12 weeks. At these intervals, pH of the solution was measured. PBS was refreshed 230
weekly. After 3 months of incubation, all samples were weighed. The weight loss (WL) 231

was calculated using equation 2: 232
WL = Mo}; M 100 [%] (2) 233

0
where: Mo — the initial mass of the sample [g], Mj— the weight of the samples after 12-week 234
incubation [g]. 235

The preliminary bioactivity assay was performed using the improved SBF protocol 236
described by Bohner et al. [57]. The samples were weighed, immersed in the SBF (with 237
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mass to volume ratio 1:50) and kept at 37°C for 2 and 4 weeks. After each time point, the 238
samples were taken out, gently washed with deionized water, and freeze-dried. SEM-EDS 239
and ATR-FTIR were used to determine any changes caused by the SBF incubation. 240

Based on the results of the physicochemical characterization, for the cell culture 241
study, the following samples were chosen: CSsol20, CSsol40, CSp20, CSp40 and WPI_0 as 242
the reference. Cytotoxicity evaluation was carried out using extracts in accordance with 243
the ISO 10993-5 standard. The cell culture was carried out with the MG-63 cell line (Euro- 244
pean Collection of Cell Cultures, Sailsbury, UK). Cells were cultured in EMEM (Eagle's 245
Minimal Essential Medium, PAN BIOTECH, Germany) with the addition of 10% fetal bo- 246
vine serum (FBS, Biowest, France) and 1% antibiotics (penicillin/streptomycin, PAA, Aus- 247
tria), 0.1% amino acids and 0.1% pyruvate (PAA, Austria). The culture was conducted at 248
37°C, 5% COz and under the increased humidity. 249

Extraction was prepared based on the mass of the tested material to volume of the 250
culture medium ratio equal to 100 mg : 1 ml. The freeze-dried samples were weighed and 251
immersed in EMEM, then left for 24 h at 37°C. The extracts were sterilized by filtration 252
using syringe filters (0.22 um). The following dilutions of the extracts were prepared using 253
EMEM: 1 (undiluted), 1/2, 1/4, 1/8 and 1/16. EMEM maintained under conditions identical =~ 254
to the tested samples was used as a control. 255

Cells were seeded in 96-well plates at 5,000 cells per well (100 pl medium). After 24 256
h of incubation, medium was replaced with the appropriately diluted extracts (100 pl) in 257
triplicate. After the next 24 h, cell metabolic activity and cell viability were tested using the 258
AlamarBlue assay and live/dead staining. For AlamarBlue assay, cell culture medium was 259
withdrawn from all test wells and replaced with 150 ul of fresh EMEM containing 5% Al- 260
amarBlue reagent (In vitro toxicology assay kit, resazurin-based, Sigma Aldrich). After 3h 261
of incubation, 100 pl of medium was transferred into black 96-well plate and fluorescence 262
was measured at Aex = 544 nm and Aem = 590 nm (BMG Labtech spectrofluorometer, Flu- 263
oStar Omega). Percentage resazurin reduction (RR) was calculated using formula 3: 264

RR [%] = —semple”Towred , 400, (B) 265

F100% red— Foo% red
where: Fsample - fluorescence of the tested sample, Fox rea — fluorescence of culture me- 266

dium with the addition of AlamarBlue reagent without cells, Fio0% red — fluorescence of cul- 267
ture medium with the addition of AlamarBlue reagent reduced of 100% by autoclaving (15 268
min, 121°C). The statistical analysis were performed using ANOVA (One Way Analysis of 269
Variance) followed by Tukey post-hoc test (p-value <0,05). For live/dead staining a mixture 270
of 0.1% calcein AM and 0.1% propidium iodide (Sigma Aldrich) in PBS was prepared. Cell 271
culture medium was withdrawn from wells and replaced with 100 pl of staining solution. 272
After 20 min incubation in the dark, the cells were observed under Zeiss Axiovert 40 fluo- 273
rescence microscope with HXP 120C Metal Halide Illuminator (Carl Zeiss, Germany) at 100x 274

magnification. 275
3. Results and discussion 276
277

Initial observations of the morphology and macroporosity of the scaffolds were done 278
using an optical microscope (Figure 1). It was observed that the microstructure of the sam- 279
ples varied significantly. WPI solution forms a foam after vigorous mixing and the bub- 280
bles were visible on the freeze-dried surface. However, no open pores were visible. Both, 281
CS solution and CS powder, caused the changes in porosity. The more CS was in the WPI 282
matrix, the more pores and the larger pore size were observed. The increasing concentra- 283
tion of CS affected the porosity and pore size by forming the denser structure and aggre- 284
gates [58]. More regular pores were observed for the CS-powder samples. The samples 285
also provided open porosity what is beneficial for potential nutrient transport to effec- 286
tively regenerate damaged tissue. CSp30, CSp40, CSp50 and CSp60 had the highest po- 287
rosity and pore size in the range of 100-200 um, show they might be considered for, e.g. 288
osteochondral tissue engineering [7,59,60]. 289
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Figure 1. Digital microscopic images (mag.: 50x and 200x): on the top — pure WPI sample; left col- 291
umn — CS solution-based WPI hydrogels; right column — CS powder-based WPI hydrogels; Porosity =~ 292
of the tested samples calculated on a basis of the measurement prepared in Image] Software. 293

Another important criterion for TE scaffolds is their wettability. Pure WPI samples 294
were hydrophilic. Depending on the fabrication method, the addition of CS had a different 295
effect (Fig. 2). For all the samples with CS powder that was only water-suspended and 296
mixed with WPI, the WCA increased, almost changing the surface character to hydropho- 297
bic (WCA > 90). When CS solution was used, especially at lower concentrations (CSsoll, 298
CSsol5, CSsol10), the contact angle decreased, resulting in a very hydrophilic surface. 299
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Figure 2. Mean values of water contact angle for all the samples (WPI — whey protein isolate, CS- 301
chitosan). 302

Researcher in the last years began to focus on the surface wettability of hydrogels. It 303
was revealed that the modulation of the surface wettability of hydrogels can overcome 304
some defects of hydrogels, such as unexpected bacteria adhesion, undesired protein ad- 305
sorption, easy to dehydrate in air and swell in water, and it allow to enhance the hydro- 306
gels-cell interactions [61]. The relationship between hydrogel physicochemical parameters 307
and surface wettability is a very complex issue, however it was observed that procedure 308
of CS incorporation to WPI strongly affected the wettability of the hydrogels and other 309
physiochemical properties. 310

In vitro swelling test and chemical stability assay in PBS were done to predict mate- 311
rials behavior in physiological conditions. The reference WPI sample had the swelling ra- 312

tio of around 10% through the entire observation period (Figure 3). 313
60
------ WPI_0 CSsoll CSsol5 ——CSso0l10 ——CSsol20 ——CSsol40
Cs20 Cs30 ——Cs40 ——CS50 —Cse0
50 -
=
° 40 |
B
£
S 30
H
(%]
20
10
0 — T
1 2 3 4 5 24 48 72 96 120 144 168 192 216 240
Time of incubation [h] 314
Figure 3. Swelling ratio of the samples calculated up to 240 h of incubation in PBS (37°C). 315

The greatest increase in swelling was noticeable after the first 5 h of incubation, es- 316
pecially for the CSp60 and CSp50 samples (more than 40% after 5 h). In the WPI/CSsol 317
group, the highest swelling was also observed for the samples with the highest addition 318
of CS (CSso0l20 and CSsol40). It was probably related to the stronger interactions between 319
the water and chitosan macrochains. 320

The pH measurements of the PBS summarized in Figure 4, showed that the pH dur- 321
ing incubation for all samples was in the range of 7.0-7.4,but usually at the beginning of 322
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the incubation was lower than after a longer time. The lowest pH was found for unmodi- 323
fied WPIL. Moreover, quite similar pH changes profile was observed for the sample with 324
dissolved chitosan and for the samples with chitosan added in the form of powder. In 325
general, pH was in the range close to the pH of human blood. Guo et al. 61 observed a 326
similar behaviour of PLLA systems with chitosan [62], where for the samples with higher 327
chitosan content in first weeks of incubation slight increase in pH was observed, while in 328
the next weeks the pH dropped. 329
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Figure 4. Changes in pH of PBS-based solution during 12 weeks incubation of the samples: A - CS 363
dissolved, B - CS powder suspended in water 364

The results of mechanical properties evaluation are summarized in Figure 5. It 365
should be noted that the compositions where CS solutions were used had lower mechan- 366
ical parameters than pure WPL This effect could be attributed to the weak physical inter- 367
actions between chitosan and WPI macrochains. The best mechanical properties were 368
found for samples CS30 and CS40, where chitosan was incorporated in powder form. It 369
suggests that chitosan in such concentrations acts as a reinforcement for the WPI matrix. 370
However, further increase in CS content leads to decreasing of compressive strength and 371
other mechanical parameters. It is likely that the presence of larger amounts of CS micro- 372
particles hinders effective WPI hydrogel thermal crosslinking, because of decreased mo- 373
bility of WPI macrochains and their confinement between CS chains. For samples with 374
dissolved CS, it was observed that increasing of CS content leads to increase in compres- 375
sive strength of obtained samples. This effect can be connected to the formation of WPI/CS 376
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complexes and the formation of stronger intermolecular interactions between WPIland CS = 377
macrochains. 378
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Figure 5. Mechanical properties of the samples after preparation and incubated in PBS: Young’s 400
modulus (A), maximum compression force (Fmax) (B), and compressive strength (c) (C). 401

Bioactivity assay 402

The SBF incubation test was used to predict possible bioactive properties of the sam- 403
ples based on their ability to form calcium phosphate or apatite-like layers on the surface. 404
Scaffolds intended for use in osteochondral tissue engineering should stimulate bone for- 405
mation in the area of subchondral bone. At the same time, they cannot cause calcification 406
in the cartilage zone. Hence, it is necessary to control the mineralization process [63]. SEM 407
images of the CS-solution and CS-powder-based samples are presented in Figures 6 and 408
7, respectively. All the samples were dimensionally stable after 2 weeks incubation in SBF. 409
Only CSsoll degraded after 4 weeks of incubation. Ineffective interaction between CSand 410
WPI and weakening of the structure may affect chemical stability of the sample. After 2 411
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weeks of incubation in SBF, the structure was partially degraded and the additional, reg-
ular porosity was found. This may enhance cell adhesion and proliferation during degra-
dation process. It is vital to provide stable properties of the scaffolds, which are beneficial
for cell viability during the initial time of tissue defects treatment. Particularly, porosity,
mechanical properties and bioactivity need to be maintained not to disrupt the process of

healing [9].
Freeze-dried samples Freeze-dried samples — Freeze-dried samples —
(mag. x350) 2 weeks in SBF (left - mag. x350; right — mag. x5000) 4 weeks in SBF (mag. x5000)

Sample degraded

Figure 6. SEM microphotographs of the tested samples before and after incubation in SBF: A —
WPI_0; B — CSsoll; C — CSsol5; D — CSsol10; E — CSsol20; F — CSsol140.

412
413
414
415
416
417

418

419
420
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Freeze-dried samples Freeze-dried samples — Freeze-dried samples —
(mag. x350) 2 weeks in SBF (left - mag. x350; right — mag. x5000) 4 weeks in SBF (mag. x5000)

P " NE20 Uy

421

Figure 7. SEM images of the tested samples before and after incubation in SBF solution: A — CSp20; =~ 422
B - CSp30; C - CSp40; D - CSp50; E — CSp60 423

The incubation in SBF confirmed the preliminary bioactivity of the CS-solution and 424
CS-powder-based samples after 2 and 4 weeks of incubation. Cauliflower-like structures 425
of apatites (calcium phosphates, CaP) formation was observed for CSsol5, CSsoll0, 426
CSsol40 and CS-powder-based samples. 427

The introduction of CS powder to WPI matrix, promoted apatites formation, what 428
was confirmed by the EDS analysis (Figure 8). Moreover, the amount of apatite crystals 429
increased after 4 weeks. The surface of the pure WPI sample was covered by a thick layer 430
of CaP after 2 weeks in SBF. However, after 4 weeks a thinner layer was observed. The 431
lower chemical stability may cause the detachment of CaP molecules. As chitosan sup- 432
ports scaffolds mineralization [64], its increased amount in WPI structure may provide 433
higher osteoconductivity of the material. The EDS analysis shows the presence of chloride 434
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and magnesium as well, which are the residues of the SBF solution. Sulphur peaks were 435
also observed as a proof of the presence of WPI. This suggests that the sulphur bridges 436
present on the WPI surface are stable despite prolonged immersion in the SBF. EDS meas- 437
urement allowed to evaluate Ca:P ratios to assess the similarity of the structures formed 438
on the surfaces to the human bone, where the stoichiometric hydroxyapatite occurs 439
(Ca:P=1,67) [65]. On the WPI surface calcium-deficient HAp formation was observed 440
(Ca:P=1,15), while non-stoichiometric HAp was found on CSp40, CSsol20 and CSsol40. 441
However, CSsol40 supported formation of the phosphorus-deficient HAp (Ca:P=1,89). 442
The highest similarity to the HAp in the human bone had the apatites-covered CSp20 sur- 443
face (Ca:P=1,68), what may provide the most efficient regeneration of bone region in OCT. 444

Moreover, this sample supports formation of the larger amount of apatite. 445
446
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Figure 8. EDS analysis for the representative samples after 4 weeks in SBF: A — WPI_0; B - CSsol20; 448
C - CSsol40; D — CSp20; E — CSp40. 449

The characteristic absorption bands for CS and WPI powders, as well as for the tested 450
hydrogels are presented in Figures 9a and 9b, for CS solution- and CS powder-based sam- 451
ples, respectively. FTIR spectra for the samples after 2 and 4 weeks of incubation in SBF 452
are also shown. 453

There was no significant difference between WPI powder and WPI_0 hydrogel. The 454
characteristic absorption band at 3270-3290 cm related to the stretching vibrations of hy- 455
droxyl and -NH: groups were observed. The triple band in the region of about 3050, 2930 456
and 2961 cm™ corresponds to —CHo stretching of aliphatic groups, both aromatic and ali- 457
phatic. The primary structure of WPI was confirmed by the intense absorption band at 458
1637 cm! and is related to amide groups —CO-NHz. Absorption bands at 1524 and 1230 459
cm! were attributed to the secondary and tertiary amide groups of WPI. The presence of 460
carbonyl and —C-O-H groups were confirmed by the band at 1387 cm™! and the small band 461
at about 1060 cm™ [66], [67]. In CS spectrum, a broad band between 3000-3500 cm™ corre- 462
sponding to stretching vibrations of-OH and —-NH groups was found, while a small signal 463
at 2868 cm! confirmed the presence of -CH groups . The double band in the range of 1570- 464
1670 cm! is attributed to carbonyl groups C=O and -NH bonds which represent the pri- 465
mary and the secondary amide structure, respectively. CHs wagging vibrations resulted 466
in the band at about 1410 cm'. A small peak at about 1380 cm™ confirmed the glucosamine 467
groups consisting of the C-C stretching vibrations. Amine I, amine II and amine III were 468
visible in this region. The multiple intense peaks in the range of 891-1059 cm! correspond 469
to C-O stretching vibrations and represent the saccharide structure of CS [68]-[70]. No 470
shifts and structural changes were observed after thermal crosslinking in WPI structure 471
and addition of CS. 472
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Figure 9. FTIR spectra of freeze-dried, modified and non-modified WPI-based samples — before,
after 2 and 4 weeks in SBF: A — CS solution-based samples, B — CS powder-based samples

For the SBF-incubated samples, specific regions related to apatites formation were
observed. A partial degradation of the WPI structure and the formation of the apatite layer
can be confirmed by the reduced doublet band in the range of 1524-1637 cm™! and presence
of the intense multiple bands at 941, 1030, 1074 cm, respectively. The triple band corre-
sponds to the asymmetric vibrations of -PO4 groups, while the small peak at 1420 cmis
related to the stretching vibration of -COs groups of carbonated apatites, thus suggesting
apatites formation on the hydrogels surface. The symmetric vibrations of the -POs groups
result in the presence of the band at 941 cm™. Moreover, the specific signal of hydroxyl
groups at 3439 cm! was observed. A small band at 633 cm! appeared and it corresponds
to the -OH groups as a result of water absorption [71], [72]. The changes related to apatites
formation are the most pronounced in the samples with the highest amount of CS added.

However, the bioactivity-related results should be verified in the in vivo conditions
where the actual biological phenomena can be tested and thoroughly explained.
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Cytotoxicity evaluation 491

Based on the results of the physicochemical characterization, only CSsol20, CSsol40, 492
CSp20, and CSp40 were selected for preliminary cytotoxicity screening. MG-63 cells were 493
cultured in the materials extracts and their dilutions. The results were compared to those 494
of WPI and the medium used as control. The samples containing only WPI (WPI_0) did 495
not influence cell viability regardless of extract dilution (Figure 10), which confirm that 496
WPI is cytocompatible with MG-63 cells. Similar materials based on WPI were already 497
tested by Plastun et al [73] on L929 fibroblasts and by Norris et al [74] on MC3TC-E1 cells. 498
Both studies found out that WPI-based materials were not cytotoxic against different cell 499
types. With regard to the culture in a pure medium, metabolic activity of the cells meas- 500
ured as percentage resazurin reduction was at a similar level within the margin of error 501
for all tested hydrogels except for undiluted extracts of CSsol20 and CSsol40 and twice 502
diluted extracts of CSsol20. In the case of CSsol20 samples, almost no metabolic activity 503
was detected for undiluted extracts, Y2 dilution allowed the survival of around 25% of cells 504
in comparison to control, while further dilutions resulted in decreased cytotoxicity (1/4 505
dilution was not found statistically significant from control, however cell viability was 506
reduced in comparison to 1/8 and 1/16 dilution). Undiluted extracts from CSsol40 samples 507
also exhibited significant cytotoxicity against MG-63 cells, nonetheless %2 dilution was suf- 508

ficient to completely reduce toxicity. 509
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Figure 10. Metabolic activity of the MG-63 cells cultured for 24 h with the samples extracts (1, 1/2, 519
1/4,1/8, 1/16 denote the dilutions). Statistically significant differences at *p <0.05 and **p <0.01 (one- 520
way ANOVA followed by Tukey post-hoc test). 521

On the contrary, even undiluted extracts from CSp20 and CSp40 samples were not found 522
cytotoxic in comparison to untreated cells or WPI0. This suggests that addition of chitosan 523
in a form of powder (without dissolution in acetic acid) was favorable in terms of cyto- 524
compatibility of obtained materials. Observed cytotoxicity in CSsol samples may be at- 525
tributed to residual acetic acid being released to cell culture medium causing the decrease 526
in medium pH. Although no significant differences between CSsol and CSp samples were 527
found during incubation in PBS (Figure 4), we believe that different composition of cell 528
culture medium containing 10% fetal bovine serum might lead to more efficient dissolu- 529
tion of acetic acid remnants. The use of in a powder form, not only improved mechanical 530
properties and bioactivity of the scaffolds, but also made them cytocompatible with MG- 531
63 cells. 532
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Fluorescent live/dead staining (Figure 11) confirmed the presence of viable cells in the case 533
of almost all samples and dilutions. Dead cells were particularly visible for undiluted (al- 534
most 100%) and diluted by half CSsol20 (around 45%) extracts, some were present in the 535
undiluted CSsol40 sample (around 43%) as well. In both WPI/CS-powder-based extracts, 536
large number of viable cells was visible with less than 2% dead cells observed in the field 537
of view. The morphology of viable cells in all samples was similar to control, the cells were 538
well spread on the surface. The majority of the cells exhibited elongated shape character- 539
istic for MG-63 cells. 540

1/16

CSsol20

CSsol40

Medium
(control)

541

Figure 11. Live/dead fluorescent staining of the MG-63 cells cultured for 24 h with the samples ex- 542
tracts (1, 1/2, 1/4, 1/8, 1/16 denote the dilutions). Scale bar: 200 pm. 543

Preliminary cytotoxicity studies showed that CS-modified WPl hydrogels (especially = 544
those containing CS in a powder form) were not cytotoxic for MG-63 cells, and consider- 545
ing their physico-chemical properties they may be considered as suitable candidates for 546
osteochondral scaffolds. To fully assess their potential in the field of tissue engineering, 547
further studies including evaluation of cytocompatibility with human mesenchymal stem 548
cells and chondrocytes in direct contact with materials (cell viability, proliferation), and 549
the influence of scaffold composition and morphology on cell differentiation are needed. 550

5. Conclusions 551

Whey protein isolate and medium molecular weight chitosan were combined to cre- 552
ate hydrogels with the possible application in osteochondral tissue engineering. The effect 553
of the amount and the form of chitosan (solution vs. powder) was evaluated. Chitosan 554
was shown to positively affects WPI properties, such as chemical stability, bioactivity, and 555
cytotoxicity. The highest porosity with more regular pores was found for the samples cre- 556
ated with the use of CS powder, whereas the wettability investigation showed that when 557
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the CS solution was used, especially at lower concentrations, contact angle decreased, re-
sulting in a very hydrophilic surface. The largest increase in swelling was revealed for the
CSp60 and CSp50 samples and CSsol20 and CSsol40. The increased swelling for the sam-
ples with the highest CS content was probably related to the stronger interactions between
the water and chitosan macrochains. The best mechanical properties were observed for
the samples CS30 and C540, where chitosan was incorporated in the powder form, sug-
gesting that chitosan microparticles can act as reinforcement for the WPI matrix. Introduc-
tion of the CS powder into the WPI matrix promoted apatite formation, that indicates po-
tential bioactivity of the samples modified with CS. In vitro cytotoxicity studies confirmed
that CSp-modified WPI hydrogels are not cytotoxic and are promising candidates for os-
teochondral scaffolds. All obtained results show a great potential of WPI/CS scaffolds in
biomedical applications.
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