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[bookmark: _Hlk183380867][bookmark: _Hlk193825770][bookmark: _Hlk184680645]Abstract: Whey protein isolate (WPI) hydrogel is a promising candidate as a biomaterial for tissue engineering. Previously, WPI hydrogels containing poly-γ-glutamic acid (γ-PGA) with a molecular weight (MW) of 440 kDa has demonstrated the potential as scaffolds for bone tissue engineering. Here, the study compares different γ-PGA preparations of differing MW. WPI-γ-PGA hydrogels containing 40% WPI and 0%, 2.5%, 5%, 7.5% and 10% γ-PGA were synthesized. Three γ-PGA MWs were compared, namely 10 kDa, 700 kDa and 1100 kDa. Evidence of successful γ-PGA incorporation was demonstrated by scanning electron microscopy and Fourier transform infrared spectroscopy. Increasing γ-PGA concentration significantly improved the swelling potential of the hydrogels, as demonstrated by ratio mass increases of between 85-90% for each 10% variable group. Results suggested γ-PGA delayed enzymatic proteolysis, potentially decreasing the rate of degradation. The addition of γ-PGA significantly decreased the Young’s Modulus and compressive strength of hydrogels. Dental pulp mesenchymal stem cells proliferated on all hydrogels. The Hhighest cellular growth was observed for the WPI-700kDa γ-PGA group. Additionally, superior cell attachment was observed on all WPI hydrogels containing γ-PGA compared to the WPI control. These results further suggest the potential of WPI hydrogels containing γ-PGA as biomaterials for bone tissue engineering.
Keywords: Whey protein isolate; γ-PGA; polymers; biomaterials; hydrophilic; bone scaffolds; osteogenesis; osteogenic differentiation; tissue engineering.

1. Introduction
Chronic bone related pathologies occur when a break or fracture fails to heal correctly, resulting in non-union [1]. The initial fracture can result from trauma or underlying health conditions such as diabetes and osteoporosis [2]. Although bone has the potential to self-repair, approximately 5-10% of fractures fail to heal correctly, resulting in non-union of the bone, requiring sustained treatment [3,4]. Globally, in 2019, there were 455 million cases of acute or non-healing fractures [5]. In 2017 the cost to Europe for fractures was £30.5 billion, a number reportedly expected to rise by 27% in 2030 [6], due mainly to an aging population [7]. 
Currently, the gold standard treatment for non-union is an autologous bone graft [8]. However, autologous bone grafts present limitations [9]. For instance, bone harvesting requires an additional surgery [10]. Additionally, there is a limited amount of bone material available [11]. Therefore, there is a necessity for artificial biomaterials as replacements for traditional autologous bone grafts. Numerous approaches have been employed to synthesise scaffold biomaterials for bone regeneration from metals, ceramics, protein, polysaccharides, or composites [12, 13, 14, 15, 16]. However, current scaffolds still present some limitations caused mainly by the nature of the biomaterial used [17]. Ideally, scaffolds should be non-cytotoxic, biodegradable and porous, offering an increased surface area for cellular attachment and proliferation, and promote cellular proliferation [18]. Additionally, ideal scaffolds would have adequate mechanical properties, including mechanical strength similar to bone and an ability to distribute weight in a similar manner to that of bone [19].
Recently, protein-based hydrogel biomaterials based on whey protein isolate (WPI) have demonstrated numerous desirable properties. WPI is purified from Whey [20], the main waste product from the dairy industry, accounting for approximately 90% of the waste from cheese production [21]. The main protein in WPI is β-lactoglobulin (BLG) [22]. WPI is a suitable scaffold biomaterial as it forms sterilisable hydrogels. Hydrogel formation is induced mainly through heating which initiates the denaturing of the β-lactoglobulin protein. The denaturing of the proteins allows for the interactions of methionine and cystine residues forming disulphide bridges; hydrophobic-hydrophobic interactions also promote crosslinking between protein molecules [23].
Another advantageous property of WPI is the potential to incorporate biologically active molecules. Previously, WPI hydrogels have been loaded with flower extracts, antibiotics, and small biologically active molecules [24, 25,]. WPI hydrogels have been enriched with bioactive glass and anti-microbial molecules and have functioned as a drug delivery system for hydrophobic medication [26, 27, 28]. Additionally, WPI hydrogels have supported cellular attachment, proliferation, and differentiation in multiple investigations [29, 30]. Furthermore, WPI hydrogels loaded with a 440 kDa variant of γ-PGA previously supported the growth and osteogenic differentiation potential of MG-3T3 E1 pre-osteoblasts [31].
[bookmark: _Hlk184751680]γ-PGA is a hydrophilic protein-like polymeric substance consisting of a polymer chain of repeating l-glutamic acid and d-glutamic acid monomers [32]. The molecule was first identified in a capsule of Bacillus antheracis, consisting of D- γ-PGA homopolymer. Since the initial isolation, γ-PGA has been isolated from other microbes - mainly in the D/L γ-PGA racemic mixture - including, Bacillus licheniformis, Bacillus subtilis subsp. natto, Rhodopirellula baltica and Staphylococcus epidermidis [33]. It has been demonstrated that γ-PGA is produced during the citric acid cycle of the microbe [34]. Recently, γ-PGA has demonstrated the potential to be antimicrobial, immunogenic, cytocompatible, conducive to enamel protection and biodegradable [35, 36, 37]. 
[bookmark: _Hlk198722496]The investigation sought to combine the advantageous properties of both WPI and γ-PGA by generating and characterizing WPI- γ-PGA hydrogels to be utilised as scaffolds for tissue engineering. The aim was to begin the fine-tuning process of the WPI- γ-PGA hydrogels, analyzing both degradation and mechanical profiles for tissue regeneration  Three γ-PGA preparations of different MW, were compared, namely 10 kDa, 700 kDa and 1100 kDa. The γ-PGA concentrations were also varied; 2.5%, 5%, 7.5% and 10% concentrations were compared. To determine degradation profiles,  the physiochemical characterization included investigations of swelling and degradation by proteolytic enzymes at pH 7 and release investigations. Mechanical properties, were also analysed. Additionally, biological characterization, including determination of cell viability, was performed using dental pulp mesenchymal stem cells (DPSCs). 
[bookmark: page3]2. Results and Discussion
2.1. Scanning electron microscopy.
[bookmark: _Hlk183701880]Scanning electron microscopy (SEM) was utilised to demonstrate the successful incorporation of γ-PGA into the WPI hydrogel. The resulting images can be observed in Figure 1. The images were obtained at x100, x3000 and x10,000 magnification using the WPI0 control and the 10% γ-PGA sample groups. The WPI0C samples presented mainly a flat, featureless surface at all magnifications. In contrast, the surfaces of samples containing γ-PGA were seen to be textured at x100 magnification. Further inspections, at x3000 and x10,000 demonstrated the presence of congruent spheroid clusters.
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[bookmark: _Hlk198644214][bookmark: _Hlk183612832]Figure 1. SEM images from left to right of a,γ-PGA 10 kDa, b, γ-PGA 700 kDa, c, γ-PGA 1100 kDa, d, the WPI0 hydrogel control, e, the WPI-γ-PGA 10, 10 sample group, f, the WPI-γ-PGA 700, 10 sample group and g, the WPI-γ-PGA 1100, 10 sample group. The images were taken at x100, x3000 and x15,000 magnification. 
[bookmark: _Hlk198658428]The analysed samples were taken from a portion of the centre of the hydrogel. Based on the images and the formation of cluster of spherical shapes, the results suggest changes in the hydrogel formation and potential interactions between WPI and γ-PGA, especially when compared to the γ-PGA kDa controls. The MW of the γ-PGA appeared to have no marked effect on the size of the spheres, which were approximately 1 μm in diameter. There are potential explanations for the formation of the clusters. For example, the charges of both WPI and γ-PGA can lead to electrostatic complexation and phase separation resulting in coacervation or complex coacervation, which in turn can result in spheres and clusters of spheres. Similarly, the spheres could be formed by the thermal aggregation of the WPI, where the denatured WPI is stabilized and formed into spheres through interactions with the γ-PGA chains, perhaps due to exposure of the hydrophobic regions or the exposure of the reactive groups. However, discussion of the exact nature of this interaction must remain speculative in view of the limited data available. 

2.2. Fourier transform infrered (FTIR) spectroscopy
FTIR analysis results can be seen in Figure 2 a-c. Post baseline removal, the hydrogels demonstrated main bands at 3282 cm-1, 1630 cm-1, 1546 cm-1, 1459 cm-1, 1397 cm-1, and 1241 cm-1. The amide I, II and III regions were observable at the wavenumbers 1630 nm, 1546 nm, and 1241 nm, respectively. A tableAn overview of underlying interactions is presented can be observed  in Table 1.
 Due to the analysis being undertaken Tto study possible interactions between γ-PGA and WPI, further analysis focused on regions of interest known to be associated with glutamic acid. The underlying glutamic acid interactions can be observed in Table 2. For instance, [38] suggested glutamic acid side chain interactions at 926 cm-1 a result of C-C stretching vibrations. The results visible in Figure 2 e-f demonstrated significant changes in this region, increased in the samples containing γ-PGA. Similarly, other regions of interest demonstrated similar results. Intensity, for all γ-PGA concentrations, intensity increased at 1241 cm-1 when compared to the WPI0 control. The region 1241 cm-1 could be associated with glutamic acid side chain stretching vibrations of C-O bonds, side chain twisting vibrations of CH2 and in plane bending vibrations of C-H bonds. Likewise, the region at 1447 cm-1 demonstrated showed an increase of intensity for all concentrations when compared to the WPI control.
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Figure 2. FTIR results of the various WPI-γ-PGA sample groups, (a.u.) a, The 3 MW γ-PGA powders, b, the WPI-γ-PGA 10 kDa, c, WPI-γ-PGA 700 kDa, and d, WPI-γ-PGA 1100 kDa (intensity in arbitrary units (a.u.) with wavenumber), while e, f and g represent the intensity at wavelengths 926, 1241, and 1459 cm-1, respectively. Each wavelength represents the mean of n=3.

Table 1. The wavenumbers were acquired by FTIR and the potential underlying interactions. The data was compiled from [38, 39].
	Wavenumber cm-1
	Region/potential interactions

	3281
	Amide A – O-H and N-H stretching

	1630
	Amide I 
	Arginine side chain symmetric stretching vibrations - CN3H5+

	Asparagine side chain in plane bending vibrations - NH2

	Glutamine side chain in plane bending vibrations - NH2

	Lysine side chain antisymmetric in plane bending vibrations - NH3+

	Tryptophan side chain stretching vibration CC, stretching vibration C=C, NH

	Tyrosine side chain stretching vibrations CC ring, in plane bending vibrations CH




	1546
	Amide II 
	Tyrosine  - OH , CC stretching vibrations, CH in plane bending vibrations 

	Lysine side chain interaction - symmetric in plane bending vibrations - NH3+

	Tryptophan - stretching vibration - CN, in plane bending vibration CH, NH

	stretching vibrations CC ring, in plane bending vibrations CH




	1459
		Proline - CN stretching vibrations, CH2 in plane bending vibrations, CH3 antisymmetric bending vibrations 

	Glutamic acid side chain interactions - in plane bending vibrations - CH2

	Glutamic acid side chain interactions - in plane bending vibrations - CH3

	Glutamine side chain interactions - in plane bending vibration - CH2

	Histidine side chain interactions - in plane bending vibrations CH, stretching vibrations CN

	Lysine side chain interactions - in plane bending vibrations - CH2

	Proline side chain interactions - in plane bending vibrations - CH2

	Serine side chain interaction - in plane bending vibrations - CH2

	Tryptophan side chain interaction - in plane bending vibration - NH, stretching vibration - CC, in plane bending vibration CH

	Tryptophan side chain interactions in plane bending vibration - CH, stretching vibration - CC,CN

	Tyrosine side chain interactions in plane bending vibrations – CH2




	1397
		Aspartic acid and Glutamic acid - in plane bending vibrations 

	Aspartic acid side chain interaction - symmetric stretching - COO-, COH

	Glutamic acid side chain interactions - wagging vibrations - CH2

	Threonine - in plane bending vibrations - COH, CH

	Tyrosine side chain interaction - wagging vibration - CH2




	1241
	Amide III
	Tyrosine side chain interactions - in plane bending vibrations - COH

	Histidine interactions - in plane bending vibrations CH, stretching vibrations - CN and in plane bending vibrations - NH

	Glutamic acid side chain interactions - stretching vibrations - C-O

	Glutamic acid side chain interactions - twisting vibrations - CH2, in plane bending vibrations - CH

	Histidine side chain interactions - stretching vibrations - CN

	Threonine side chain interactions - in plane bending vibrations - COH, CH

	Tryptophan side chain interactions - twisting vibrations - CH2, in plane bending vibrations – CH

	Tyrosine - Stretching vibration - CO, stretching vibrations - CC






Table 2. The wavenumber associated with glutamic acid. The data was compiled from [39, 40].
	Wavenumber CM-1
	Potential cause of interaction
	Wavelength CM-1
in 
water

	926
	Glutamic acid side chain interactions - stretching vibrations - CC
	926

	1079
	Glutamic acid side chain interaction - stretching vibration - CC
	COO- 1074
COOH 1083

	1161
	Glutamic acid side chain interactions - stretching vibrations - C-O
	COOH 1120-1253

	1241
	Glutamic acid side chain interactions - stretching vibrations - C-O
Glutamic acid side chain interactions - twisting vibrations - CH2, in plane bending vibrations - CH
	COOH 1120-1253


COO- 1225

	1397
	Glutamic acid side chain interactions - wagging vibrations - CH2
	COOH 1388

	1459
	Glutamic acid side chain interactions - in plane bending vibrations - CH2
Glutamic acid side chain interactions - in plane bending vibrations - CH3
	1452, COOH 1451



1440


2.3. Hydrogel swelling analysis
Hydrogel swelling analysis was conducted to determine the effect of γ-PGA; the results can be seen in Figure 3. The hydrogels were introduced in a pH environment consistent with a bone environment (pH 7). The introduction of γ-PGA to the WPI hydrogels significantly increased the swelling of the hydrogels for all γ-PGA molecular weights and incremental concentrations (P < 0.05). However, there was one exception, namely the WPI1100-γ-PGA, 10% sample group, which swelled less than the WPI-γ-PGA 1100, 7.5%. 
[image: ]
[bookmark: _Hlk183595498]Figure 3. Results of swelling assays. Hydrogel samples were incubated at pH 7 for 5 days and the ratio mass change as percentage was calculated. Each bar represents the mean ± SD of n=10 (***p < 0.001 compared to the WPI control).
[bookmark: _Hlk197006662][bookmark: _Hlk197010580]The increase of swelling due to the addition of γ-PGA was to be expected, mainly due to the hydrophilic nature of γ-PGA. However, in contrast to our previous investigation [40], in which 440 kDa γ-PGA was utilized, greater swelling was observed for all percentage concentrations for the WPI-γ-PGA 10 kDa, WPI-γ-PGA 700 kDa and WPI-γ-PGA 1100 kDa sample groups. The maximum swelling for the WPI-10 kDa γ-PGA hydrogels was observed in the 10% sample group; mass increased by a factor of 7.4 when compared to the WPI0 control. Similarly, the maximum ratio mass change for the WPI-700 kDa γ-PGA hydrogels was observed for the 10% sample group which demonstrated an increase in mass by a factor of 10.7 when compared to the WPI control. Previously, the addition of γ-PGA with a molecular weight of 440 kDa improved the swelling until the concentration 10% γ-PGA was reached, whereupon the ratio mass change began to decrease. In this investigation, only the WPI- γ-PGA 1100 sample groups followed the same trend. For instance, the largest mass increase for the WPI-γ-PGA 1100 kDa hydrogels was the WPI-γ-PGA 1100, 7.5 % sample group which demonstrated an increase in mass by a factor of 9.3 compared to thean increase in mass of a factor of 7.8 achieved by the WPI-γ-PGA 1100, 10% sample group when compared to the WPI control, Figure 3. Both the 10 kDa and 1100 kDa γ-PGA were known to present similar molar mass potentially the reason behind the similar results, when contrasted with the WPI- γ-PGA 700. However, it should be stated that the relative concentration of the L and D isomers of γ-PGA could potentially have an influence on the results. It would be expected that the addition of γ-PGA beyond a certain concentration would impact the structural integrity of the hydrogels, which would be demonstrated by a decrease in ratio mass change due to the increased degradation of the hydrogels. This could potentially be attributed to the main bonding mechanisms involved in the gelation of WPI hydrogels.
WPI hydrogels are formed by disulphide bridges and hydrophobic interactions between β-lactoglobulin molecules. As previously discussed, γ-PGA is a hydrophilic polymer of glutamic acid. Therefore, an increase in glutamic acid decreases the percentage of amino acids that can form disulphide bonds and form hydrophobic interactions. A decrease in both disulphide bridges and hydrophobic interactions decreases the percentage of crosslinks in the hydrogel, potentially increasing the rate of degradation. Overall, the WPI-γ-PGA 700 kDa hydrogel demonstrated a higher swelling potential than both the WPI- γ-PGA 10 hydrogels and the WPI-γ-PGA 1100 kDa γ-PGA hydrogels. Additionally, as demonstrated by the SEM analysis there is an interaction between the WPI and γ-PGA that may impact the internal structure of the hydrogels. 
2.4. Enzymatic degradation
The utilization of protein- based WPI- γ-PGA hydrogels as a tissue engineering biomaterial would expose the hydrogels to potential proteolysis from endogenous proteolytic enzymes [41]. Therefore, an assay was conducted to establish the effect of enzymes on the protein-based hydrogels. The addition of γ-PGA to WPI hydrogels increased the mass ratio change when compared to the WPI controls (P < 0.05). The results can be seen in Figure 4.
[image: ]
Figure 4. The enzymatic degradation of hydrogel samples incubated at pH 7 with proteases for 5 days and the mass ratio as percentage. The WPI0c sample group is a control without enzymes, whereas the WPI0 is the 40% WPI hydrogel control with enzymes in the solution. Each bar represents the mean ± SD of n=10 (*p < 0.05, **p < 0.01, ***p < 0.001 compared to the WPI control).
[bookmark: _Hlk184662576]The increase in mass change was evident for all γ-PGA molecular weight sample groups, when compared to the WPI control. However, the trend between each percentage concentration was not always linear, which was potentially the result of imperfections in the hydrogels from the manufacturing process. The WPI-γ-PGA 10kDa hydrogel sample groups displayed a linear increase until the final WPI-γ-PGA10, 10% sample group as demonstrated by a ratio mass change by a factor of 4.7 when compared to the WPI0 control (P < 0.05). The WPI- γ-PGA 700 kDa sample groups demonstrated a linear increase in ratio mass change for all percentage concentrations when compared to the WPI controls. In contrast, the WPI-γ-PGA 1100 kDa sample groups demonstrated fluctuating results with the WPI- γ-PGA1100 7.5 sample group outperforming the WPI-γ-PGA1100, 10 sample group, presenting an increase in mass by a factor of 6.3 compared to a factor of 2.2 when comparing both to the WPI0 control. The same trend was also observable in the polymer swelling assay for the WPI- γ-PGA 1100 kDa hydrogel sample groups.
[bookmark: _Hlk185025445][bookmark: _GoBack]When compared to the swelling assay, the hydrogel introduced to enzymes displayed more degradation, the result of the effect of the proteolytic enzymes. However, generally as the γ-PGA concentration increases, the hydrogels degrade less. The potential explanation could be due to the properties of both WPI hydrogels and glutamic acid. WPI hydrogels are formed mainly through disulphide bonds. However, glutamic acid forms isopeptide bonds by covalent bonds, creating an amide linkage between the side chain or main chain of glutamic acid and the amino group of a lysine side chain. Being outside the main protein chain, isopeptide bonds have a higher chemical stability to. Additionally, isopeptide bonds have been demonstrated to be less prone to enzymatic proteolysis than peptide bonds and disulphide bonds formed by the reactive amino acid cystine [42]. Therefore, an increase in γ-PGA decreases the percentage of the more cleavable peptide bonds and disulphide bridges, creating a hydrogel less prone to proteolysis. When the FTIR results are analysed at 1550 cm-1, an amide II region associated with isopeptide bonds, there is an observable increase in intensity related to the addition of γ-PGA into the hydrogels, when compared to the WPI control, suggesting that the addition of γ-PGA to WPI increases the number of isopeptide bonds. Furthermore, as γ-PGA has gamma-peptide bonds, it should not be susceptible to alpha-proteases. Previously, isopeptide bonds have been added to antimicrobial peptides to protect from proteolysis [43]. 
2.5. γ-PGA release
[bookmark: _Hlk194917718]Release profiling was utilised to determine the effect on protein release from the hydrogels. The results could provide information on the release of γ-PGA from the hydrogels and the effect of γ-PGA on the stability of hydrogel formation. Two wavelengths were identified as regions of interest, 216 nm, and 280 nm. Analysis at 280 nm is the standard protein wavelength, whereas 216 nm has been associated with γ-PGA [44]. The results can be seen in Figure 5. 
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[bookmark: _Hlk198659240]Figure 5. The protein release at a, 280 nm and b, 216 nm. The hydrogel samples were incubated at 37C in pH 7 for 5 days and the solutions were analysed with UV/vis spectroscopy with an emphasis on the 280 nm and 216 nm regions. 
The results suggested that the molar mass of γ-PGA exerted opposing effects on the hydrogels when protein release was analysed. For instance, the absorbance at 280 nm increased in a linear fashion with γ-PGA concentration in the 10 kDa γ-PGA hydrogels. Overall, the analysis resulted in a 52% difference in absorbance in the 10% WPI-γ-PGA, WPIPG1010 sample groups, when compared to the WPI0 control. However, no significant difference in protein release was observed for the 700 kDa γ-PGA hydrogels when compared to the WPI0 control. In contrast, the 1100 γ-PGA sample groups significantly increased in absorbance for the 2.5% γ-PGA sample group presenting an absorbance difference of 46% when compared to the control. However, in correlation with an increasing γ-PGA concentration the absorbance decreased in a linear fashion resulting in a negative absorbance when compared to the WPI0 control. 
[bookmark: _Hlk193879086]The results suggest the MW of γ-PGA affects the protein release. However, the results could potentially be attributed to an increase in molecule size overshadowing the protein in WPI protein in the solution. Additionally, the dispersity of the γ-PGA could be having an effect. The 280 nm region is analysed for protein based mainly on interaction from tryptophan and tyrosine residues with some interactions form phenylalanine. The increase in concentration could potentially cause the overshadowing of the Trp and Tyr residues and would be displayed as a decrease in absorbance in the 280 nm region, explaining the result for the 1100 kDa sample groups. Likewise, for the 10 kDa sample groups the opposite was observed. The decrease in the MW of γ-PGA presents a higher absorbance of the larger MW constituent proteins of WPI. However, the results observed are likely the results of the binding of WPI and γ-PGA and potentially the binding of WPI within the polymer chain of the 1100 kDa γ-PGA. 
Analysis of the 216 nm region demonstrated a decrease in absorbance for γ-PGA sample groups when compared to the WPI0 control. This is significant as the 216 nm wavelength was chosen for the identification of γ-PGA. Therefore, should the results at 280 nm be due to overshadowing by the γ-PGA molecule then the same would be expected in the 216 nm region. However, the opposite is observed and the WPI0 control shows higher absorbance than the γ-PGA sample groups. Interestingly, the γ-PGA sample groups measurements at 216 nm were in contrast to the counterpart results at 280 nm. For instance, the WPI-10 kDa γ-PGA hydrogel sample groups increase in absorbance at 280 nm but decreased at 216 nm. In the WPI-γ-PGA 700 kDa γ-PGA the WPI-γ-PGA 700, 2.5%, WPI-γ-PGA 700, 5% and the WPI-γ-PGA 700, 10% sample groups, contrasting results were observed at 280 nm and 216 nm. Additionally, the absorbance values for the WPI-1100 kDa γ-PGA sample group decreased with increasing γ-PGA concentration. However, at 216 nm the absorbance increased, as expected. Therefore, these results suggest that the γ-PGA MW influences the release of WPI native proteins. However, further investigation should be undertaken to determine the effect the enantiomeric ratio of the D and L isomers had on the results. It should be stated that results between 1 and 2 demonstrate less accuracy than those below 1 due to limitations suggested by Beers law. Therefore, the results taken at 216 nm could present a higher absorbance reading that expected. However, the results generated some linearity, potentially demonstrating reliability of the results.
2.6. Mechanical analysis
[bookmark: _Hlk185018856][bookmark: _Hlk198721380]Mechanical compressive analysis was used to determine the load bearing potential of the WPI- γ-PGA hydrogel. The investigation analysed three main parameters, Young’s modulus, compressive strength, and the strain at break of the hydrogels. The results are displayed in Figure 6. The results demonstrated that the addition of γ-PGA to the WPI hydrogels markedly reduced the mechanical properties of the hydrogels. For instance, the Young’ modulus was reduced by circa 85% for the WPI-γ-PGA 10 kDa sample groups, circa 82% for the WPI-γ-PGA 700 kDa sample groups and 82% for the WPI-γ-PGA 1100 kDa sample groups (P < 0.05). The reduction in mechanical properties due to the addition of γ-PGA could be linked with the hydrogel formation process. WPI hydrogels are formed though interactions between the sulphur- containing amino acids methionine and cystine, forming disulphide bridges. Additional crosslinks are formed though hydrophobic interactions. γ-PGA is a polymer chain of glutamic acid which makes it highly hydrophilic [43]. Therefore, the addition of γ-PGA to WPI may have impeded the formation of potential disulphide bridges and hydrophobic interactions weakening the structural integrity of the hydrogels. However, in a practical situation, mechanical movement would be limited. Overall, the WPI-γ-PGA hydrogels formed in this investigation presented inferiors mechanical strength when compared to the WPI- γ-PGA hydrogels previously described in [31].  Taking into account the SEM analysis, there is likely an interaction between WPI and γ-PGA, which influences the crosslinking. If there are fewer and/or weaker bonds formed between beta-lactoglobulin molecules, the hydrogels are weaker (Figure 6) and swell more (Figure 3). The discrepancy between the result of the previous 440 kDa variant which improved the mechanical strength of the WPI-γ-PGA hydrogels and the results in this study would suggest that MW, is potentially not the only defining factor in the functionality of γ-PGA. γ-PGA can be synthesized by an array of microorganisms; its properties are greatly affected by the organism’s cultivation conditions, media composition and its downstream processing. Furthermore, the potential effect, or lack thereof, elicited by γ-PGA, can be modified depending on the presence of other compounds such as WPI, in the case of this manuscript. Additionally, WPI can also demonstrate batch variance. The variance can affect the binding potential of the hydrogels and thus influence such factors as mechanical strength. Therefore, further investigation is required to determine the underlying interactions during the hydrogel formation process and batch variation. 
[image: ]
Figure 6. The results of the mechanical testing for the WPI-γ-PGA hydrogels; a, represents the 10 kDa sample groups, b, represents the 700 kDa sample groups and c, represents the 1100 kDa sample groups. The young’s modulus, compressive strength and strain at break was analysed for each MW and concentration sample group. Each bar represents the mean ± SD of n=5 (***p < 0.001).
2.7. Cellular analysis
2.7.1 Cell vibility assay
In vitro analysis was conducted to evaluate the cytocompatibility of WPI-γ-PGA hydrogel samples using DPSCs. Cytocompatibility was assessed on days 3 and 5 in culture using the AlamarBlue™ assay (Figure 7a). On day 3, a decrease in cell viability was observed across all γ-PGA-containing scaffolds com-pared to the WPI control. For the γ-PGA 10 kDa variant, the most pronounced decrease in absorbance values was observed at the 7.5% concentration. By day 5, all concentrations exhibited an increase in absorbance values, with no statistically significant differences compared to the WPI control. 
A similar trend was noted for the γ-PGA 700 kDa variant, where absorbance values initially decreased as the concentration increased compared to WPI control. However, by day 5, the highest absorbance values were observed for the scaffold with the highest γ-PGA concentration, although no significant differences were noted. 
For the γ-PGA 1100 kDa variant, the absorbance values followed a similar pattern, but overall levels were lower than those of the previous two compositions. The most significant difference was observed at the 10% concentration, which had the lowest absorbance values compared to the WPI control. By day 5, most concentrations showed an in-crease in absorbance, with the exception of the 7.5% concentration. Similar cell viability data at an early examined time period have been previously reported on WPI-γ-PGA hydrogels with a molecular weight of γ-PGA being 440 kDa as previously discussed in [28]
Notably, reduced cell viability was observed for specific γ-PGA-WPI hydrogel compositions on day 3, particularly in the 10 kDa γ-PGA at 7.5% and 1100 kDa γ-PGA at 10% sample groups. A possible explanation for the lower viability with 10 kDa γ-PGA may be its higher solubility, which can lead to the release of free carboxyl groups and local acidification, transiently affecting cellular metabolism and adhesion. In contrast, the reduced viability observed in the 1100 kDa γ-PGA group at high concentration may result from an increased matrix density and reduced porosity, which may impair nutrient and oxygen diffusion. These findings highlight a correlation between γ-PGA molecular weight, its concentration, and cell viability, suggesting that scaffold composition should be optimized to maintain biological compatibility while achieving the desired structural and physicochemical properties.

2.7.2. Cell adhesion and morphology
[bookmark: _Hlk193444688]The morphology of DPSCs was evaluated by means of SEM imaging at 2000x magnification, after 5 days in culture (Fig. 7b). DPSCs cultured on WPI-γ-PGA hydrogel compositions exhibited a strong attachment. By day 5, the formation of dense cell layers and cell-cell interactions was observed, which are expected to promote tissue formation. All scaffold groups demonstrated stronger cell attachment compared to the WPI control. In contrast, cells on the WPI hydrogel appeared more spherical in shape and exhibited limited spreading. 
[image: ]

[bookmark: _Hlk193444905]Figure 7. The results of cell viability and proliferation of DPSCs seeded on a, WPI-γ-PGA hydrogels. Absorbance readings at 570/600 nm were taken at days 3 and 5. Each bar represents the mean ± SD of n=5 (**p < 0.01, ****p < 0.0001; compared to the WPI0 control). SEM images demonstrating the cellular morphology of DPSCs on WPI-γ-PGA hydrogels in 2000x magnification. Images were taken after 5 days in culture. The scale bar represents 10 μm.
3. Conclusion
[bookmark: _Hlk198724664]This investigation was undertaken to develop WPI hydrogels with γ-PGA of varying molecular weights. The aim was to begin the process of fine-tuning the WPI- γ-PGA hydrogels to be utilized for bone tissue engineering scaffolds and build upon a previous investigation that utilized a 440 kDa γ-PGA variant. Here, the investigation synthesized WPI-γ-PGA hydrogels with molecular weight of 10 kDa, 700 kDa and 1100 kDa, respectively. Both SEM and FTIR analysis suggest the successful incorporation of γ-PGA into the WPI hydrogels for all sample groups. Interestingly, SEM analysis demonstrated the development of spheres, formed by some yet unknown interaction between the WPI and γ-PGA, during the formation process, presenting a route for further investigation. If the spherical aggregates can be consistently induced and a self- assembly mechanism can be established further drug encapsulation could be possible.
[bookmark: _Hlk198660003]With regards to the investigation of hydrogels in an environment that, to some extent mimics a biologically relevant one, the addition of γ-PGA led to swelling in a neutral pH environment, providing a surface area increase for cellular attachment. The WPI-γ-PGA hydrogels were shown to be degradable by proteolysis, an advantageous property for a non-toxic hydrogel, with the results potentially beginning to form the basis for timed or predictive degradation. One negative aspect unveiled by this investigation was the decrease in mechanical properties obtained by the hydrogels with the introduction of γ-PGA The addition of γ-PGA to the WPI hydrogels significantly decreased their Young’s modulus for all γ-PGA molecular weight sample groups. When contrasted with the 440 kDa variant, this would suggest that mechanical strength is impacted by more than the MW of the γ-PGA. However, importantly, biological analysis suggested the proliferation of DPSCs, with the 700 kDa sample groups demonstrated the best results. Therefore, the investigation further suggests candidacy of WPI-γ-PGA for tissue engineering scaffolding.
4. Future implications and directions
[bookmark: _Hlk198727053]	The future implication of this work results from the potential to develop tissue engineering products fine-tuned to the relevant application, with predictable degradation rates and mechanical properties. These results suggest predictable degradation and demonstrate a potential route to tune mechanical strength. However, it should be stated that the investigation suggested that there are more underpinning factors regarding the binding of WPI and γ-PGA during the formation process, these underling factors introduce variance – the effect of the variance should be investigated. Additionally, the formation of spheres, as demonstrated in the SEM images, could potentially suggest a route to develop spheres for further drug encapsulation. Further work should elucidate the underlying mechanisms behind the formation of the spheres and a method to produce the spheres constantly. In addition, cell differentiation should be studied in more detail.
5. Materials and Methods
5.1. WPI/poly-γ-glutamic acid hydrogel formation.
WPI-γ-glutamic acid hydrogels were synthesized according to the following method. WPI solutions were formed to at 40% w/v with deionized H2O The WPI was sourced from (Davis and Co). γ-PGA with molecular weight of 10 kDa, 700 kDa and 1100 kDa was added at concentrations of  2.5%, 5%. 7.5% or 10% to form the WPI-γPGA sample groups. The solutions were homogenised for 24 h on an IKA Loopster. Post homogenization the samples were degassed and formed into 1mL/1g samples for analysis. Sterilization was achieved via autoclaving.
[image: ]
Figure 8. An image of the WPI- γ-PGA hydrogels post sterilization. The bottom row is the 10 kDa sample groups. The middle row is the 700 kDa sample groups and the top row represents the 1100 kDa sample groups.
Table 3. The WPI- γ-PGA hydrogel sample groups and their constituent concentrations.
	Sample name 
	γ-PGA MW
	WPI %
	γ-PGA concentration (%)

	WPI0
	0
	40
	0

	[bookmark: _Hlk196995804]WPI-γ-PGA 10, 2.5
	10
	40
	2.5

	WPI-γ-PGA 10, 5
	10
	40
	5

	WPI-γ-PGA 10, 7.5
	10
	40
	7.5

	WPI-γ-PGA 10, 10
	10
	40
	10

	[bookmark: _Hlk196995886]WPI-γ-PGA 700, 2.5
	700
	40
	2.5

	WPI-γ-PGA 700, 5
	700
	40
	5

	WPI-γ-PGA 700, 7.5
	700
	40
	7.5

	WPI-γ-PGA 700, 10
	700
	40
	10

	WPI-γ-PGA 1100, 2.5
	1100
	40
	2.5

	WPI-γ-PGA 1100, 5
	1100
	40
	5

	WPI-γ-PGA 1100, 7.5
	1100
	40
	7.5

	WPI γ-PGA 1100, 10
	1100
	40
	10



5.2. Scanning elctron microscopy.
Scanning electron microscopy (SEM) was used to determine successful incorporation of γ-PGA into the hydrogels. The assay was conducted with a JEOL JSM-6390 LV scanning electron microscope, with an accelerating voltage of 15 kV. The analysis was conducted on four hydrogel sample groups, WPI0 hydrogel control, WPI γ-PGA 10, 10, WPI-γ-PGA 700, 10 and WPI-γ-PGA 10, 10 sample groups, comparing the WPI0 control to the three-maximum concentration WPI- γ-PGA molecular weight sample groups. Dehydrated samples from the centre of the hydrogel were gold coated and imaged and x100, x3000 and x10,000 magnification.

5.3. Fourier transform spectroscopy
FTIR provided the basis to ascertain the successful synthesis of WPI-γ-PGA hydrogels. The investigation utilised hydrogel samples cut to a thickness of 0.5 mm. the samples were dehydrated, and the spectra analysed with a Cary 630 FTIR spectrophotometer (Agilent, Santa Clara. California, USA). A spectral range of between 650 and 4000 cm-1, was analysed, with 32 scans per sample.

5.4. Polymer swelling analysis
Polymer swelling analysis was used to determine the effect of the incorporation of γ-PGA on the structural integrity of the WPI hydrogels. Additionally, the assay sought to investigate the effect of the neutral pH of the osteo environment on the swelling potential of the hydrogels. The method was as follows; WPI-γ-PGA hydrogels samples with a mass of 1 g were placed in 5 mL phosphate buffered saline (PBS). The samples were incubated at 37C for 5 days. The ratio mass change was calculated as a percentage where the swelling percentage (S%) was calculated from the wet mass (Mw) and the dry mass (Md).
S%=(Mw-Md)/Md x100 
5.5. Enzymatic degradation
[bookmark: _Hlk183699017]An enzymatic degradation assay was used to determine the effect of enzymes on the WPI hydrogels. The investigation utilised protease (Sigma), to known concentrations of collagenase and was adapted from [45]. The experiment was conducted in a neutral pH environment. The method was as follows; WPI-γ-PGA hydrogels samples with a mass of 1 g were placed in a 5 mL PBS/collagenase solution. The samples were incubated at 37C for 5 days. The percentage ratio mass change was calculated where the swelling percentage (S%) was calculated from the wet mass (Mw) and the dry mass (Md)
S%=(Mw-Md)/Md x100
5.6. Release profilling
UV-Vis spectroscopy was utilised to determine release of protein over a 5-day period. WPI-γ-PGA hydrogel samples and the WPI0 control samples with a mass of 1 g were treated with 5 mL PBS and incubated for a 5-day period at 37C (n=15). After 5 days the solute was analysed by UV-vis spectroscopy using Nanodrop (ThermoFisher, Loughborough, United Kingdom) with a focus on two wavelengths, namely λ280 nm and λ216 nm.

5.7. Mechanical analysis
Compression analysis was utilised to determine the effect of the addition of the different molecular weight γ-PGA preparations on the structural integrity of the hydrogels. WPI- γ-PGA hydrogels were formed to concentrations consistent with the investigation, with a height of 10mm and a radius of 4 mm. The compression analysis was conducted with an Instron 3345 (United States of America). The rate of compression was 2 mm/min. The Young’s modulus, compressive strength, and strain at break of the hydrogels was calculated using the following formulaes.

Youngs modulus (Ε) was calculated as,
Ε=σ/∈
where σ denotes stress and ε denotes strain.

Compressive strength was calculated as,
F=P/(πr2)
where P is the load at failure and A is the cross-sectional area.

Strain at break was calculated as,
∈ =∆L/L x100
where ΔL is the difference between the initial length and the final length and L is the initial length.
5.8. Cellular analysis
5.8.1. Cell culture and viability assay
In vitro cytotoxicity, cell adhesion and morphology were conducted utilizing DPSCs as a model cell type. The cells were cultured in alpha-MEM (PAN-Biotech, Aidenbach, Germany), supplemented with 15% foetal bovine serum (FBS) (PAN-Biotech, Aidenbach, Germany), 2 mM L-glutamine (PAN-Biotech, Aidenbach, Germany), 100 μg/mL penicillin/streptomycin (PAN-Biotech, Aidenbach, Germany), and 2.5 μg/mL amphotericin (Thermo Fisher Scientific, Waltham, MA, UK). The cells were incubated in 5% CO2 at 37°C. 
Cells were trypsinized with trypsin/EDTA (Thermo Fisher Scientific, Waltham, MA, UK) and subsequently seeded onto the WPI-γ-PGA scaffolds. Prior to cell seeding, the scaffolds underwent a 10 min UV irradiation. For the proliferation assessment, a suspension of DPSCs, (50 × 103 cells per scaffold) was introduced into a 10 μL volume of complete medium. Subsequently, 200 μL of culture medium was added to each scaffold. The culture medium was replaced every three days. 
An AlamarBlue™ (Thermo Fisher Scientific, Waltham, MA, UK) viability assay was conducted to evaluate the cellular viability of the WPI-γ-PGA hydrogels. The hydrogels were seeded with DPSCs (n=5). The resazurin-based indicator stains viable cells, producing a red product that can be analysed photometrically. On days 3 and 5, 200 μl of Al-amarBlue™ reagent, diluted in alpha-MEM at a 1:10 ratio, were added to each well and incubated at 37°C for 60 min. After incubation, 100 μl of the supernatants were transferred to a 96-well plate, and their absorbance was measured at 570 and 600 nm using a Synergy HTX Multi-Mode Microplate Reader (BioTek, Bad Friedrichshall, Germany). The cell-seeded scaffolds were rinsed twice with PBS, and their culture media were renewed.

5.8.2. Cell adhesion and morphology evaluation with SEM
[bookmark: _Hlk183612718]SEM was used to examine cell attachment and morphology on the WPI-γ-PGA and hydrogels. The evaluation was conducted with a JEOL JSM-6390 LV scanning electron microscope, with an accelerating voltage of 15 kV. DPSCs (50 × 103 cells per sample) were seeded onto the hydrogels and incubated at 37°C in a CO2 incubator for 5 days. The hydrogels were then rinsed with PBS and fixed using a 4% v/v paraformaldehyde solution, for 15 min. Following fixation, the hydrogels were dehydrated using a graded ethanol series (30% to 100% v/v). and subsequently dried with hexamethyldisilane (HMDS) (Sigma-Aldrich, St. Louis, USA) to ensure complete dehydration while preserving their structural integrity. Finally, the samples were coated with a 20 nm thick layer of gold using a sputter coater (Baltec SCD 050, Los Angeles, CA, USA).

5.9. Statistical analysis.
Statistical analysis was performed using two-way-ANOVA in GraphPad Prism version 8 software to assess the significance of differences among various scaffold compositions and the control at different experimental time periods. A p-value (*) less than 0.05 was considered significant, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared to the WPI control scaffold at the corresponding time point.
6. Patents 
Not applicable
Supplementary Materials: Not applicable
Author Contributions: Conceptualization, T.E.L.D., D.K.B., I.R., M.P., and M.C.; methodology, D.K.B., V.P., M.C, T.E.L.D; validation, D.K.B., V.P., N.N.T., M.C, T.E.L.D;  formal analysis, , D.K.B., V.P., N.N.T., M.C, T.E.L.D; investigation, D.K.B., ZPL, V.P., T.W.W.C., N.N.T., M.P.; re-sources, M.C., I.R., T.E.L.D; data curation, D.K.B., ZPL V.P., N.N.T, T.W.W.C, M.P.; writing—original draft preparation, D.K.B., V.P.; writing—review and editing, all authors.; visualization, D.K.B., V.P., N.N.T., M.P.; supervision, M.C., I.R., PDP T.E.L.D.; project administration, M.C., I.R. ,PDP, T.E.L.D.; funding acquisition, M.C., I.R., PDP, T.E.L.D. All authors have read and agreed to the published version of the manuscript.
Funding: The Faculty of Science and Technology, Lancaster University, United Kingdom, is thanked for financial support to D.K.B. The research work was supported by the Hellenic Foundation for Re-search and Innovation (H.F.R.I.) under the “First Call for H.F.R.I. Research Projects to support Faculty members and Researchers and the procurement of high-cost research equipment grant” Project Number: HFRI-FM17-1999 M.C., V.P. and N.N.T. This study was supported by the Program “Excellence Initiative – Research University” for the AGH University of Krakow: ZPL
[bookmark: _Hlk89945590]Institutional Review Board Statement: Not applicable
[bookmark: _Hlk60054323]Informed Consent Statement: Not applicable

Data Availability Statement: Data is contained within the article.
Acknowledgments: Molecular graphics and analyses performed with UCSF Chimera, developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco, with support from NIH P41-GM103311.
Conflicts of Interest: The authors declare no conflict of interest. Mattia Parati works for FlexSea Ltd.; however, this company played no part in the design of the study, in the collection, analyses or interpretation of data, in the writing of the manuscript, or in the decision to publish the results, and provided no support, financial or otherwise. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results”.
Appendix A
The appendix is an optional section that can contain details and data supplemental to the main text—for example, explanations of experimental details that would disrupt the flow of the main text but nonetheless remain crucial to understanding and reproducing the research shown; figures of replicates for experiments of which representative data is shown in the main text can be added here if brief, or as Supplementary data. Mathematical proofs of results not central to the paper can be added as an appendix.
Appendix B
All appendix sections must be cited in the main text. In the appendices, Figures, Tables, etc. should be labeled starting with “A”—e.g., Figure A1, Figure A2, etc.
References
[1] Wildemann, B., Ignatius, A., Leung, F., Taitsmann, L.A., Pesantez, R., Stoddart, M.J., Richards, G.R. and Jupiter, J.B. 2021. ‘Non-union bone fractures.’ Nat Rev Dis Primers Vol. 7, page 57.
[2] Marin, C., Luyten, F.P., Van der Schueren, B., Kerckhofs, G., and Vandamme, K. 2018. ‘The Impact of Type 2 Diabetes on Bone Fracture Healing.’ Front Endocrinol (Lausanne). Vol. 24;9, page 6.
[3] Steppe, L., Megafu, M., Tschaffon-Müller, M.E.A., Ignatius, A., and Haffner-Luntzer, M. 2023. ‘Fracture healing research: Recent insights.’ Bone Rep. Vol 19, page 19.
[4] Volpin, G., Shtarker, H. 2014. ‘Management of Delayed Union, Non-Union and Mal-Union of Long Bone Fractures.’ In: Bentley, G. (eds) European Surgical Orthopaedics and Traumatology. Springer, Berlin, Heidelberg.
[5] GBD 2019 Fracture Collaborators. 2021. ‘Global, regional, and national burden of bone fractures in 204 countries and territories, 1990-2019: a systematic analysis from the Global Burden of Disease Study 2019.’ Lancet Healthy Longev. Vol. 2, page 9.
[6] Borgström, F., Karlsson, L., Ortsäter, G., Norton, N., Halbout, P., Cooper, C., Lorentzon, M., McCloskey, E.V., Harvey, N.C., Javaid, M.K., and Kanis, J.A. 2020. ‘International Osteoporosis Foundation. Fragility fractures in Europe: burden, management and opportunities.’ Arch Osteoporos. Vol. 15(1), page 59.
[7] Maclaughlin, E.J., Sleeper, R.B., McNatty, D., and Raehl, C.L. 2006. ‘Management of age-related osteoporosis and prevention of associated fractures.’ Ther Clin Risk Manag. Vol. 2(3),pages 281-95.
[8] Schmidt, A.H. 2021. ‘Autologous bone graft: Is it still the gold standard?’ Injury. Vol. 52(2), pages 18-22.
[9] Roberts, T.T., Rosenbaum, A.J. 2012. ‘Bone grafts, bone substitutes and orthobiologics: the bridge between basic science and clinical advancements in fracture healing.’ Organogenesis. Vol. 8(4), pages 114-24.
[10] Migliorini, F., Cuozzo, F., Torsiello, E., Spiezia, F., Oliva, F., and Maffulli, N. 2021. ‘Autologous Bone Grafting in Trauma and Orthopaedic Surgery: An Evidence-Based Narrative Review.’ J Clin Med Vol 10(19) pages, 4347.
[11] Schlundt, C., Bucher, C.H., Tsitsilonis, S. 2018. ‘Clinical and Research Approaches to Treat Non-union Fracture.’ Curr Osteoporos Rep Vo. 16, pages 155–168.
[12] Alvarez, K., and Nakajima, H. 2009. ‘Metallic Scaffolds for Bone Regeneration.’ Materials (Basel). Vol. 2(3), pages 790–832.
[13] Kamboj, N., Ressler, A., and Hussainova, I. 2021 ‘Bioactive Ceramic Scaffolds for Bone Tissue Engineering by Powder Bed Selective Laser Processing: A Review.’ Materials (Basel). Vol. 14(18), page 5338.
[14] Niziołek, K., Słota, D., and Sobczak-Kupiec, A. 2024. ‘Polysaccharide-Based Composite Systems in Bone Tissue Engineering: A Review.’ Materials, Vol. 17(17), page 4220.
[15] Zhang, Q., Zhou, J., Zhi, P., Liu, L., Liu, C., Fang, A., and Zhang, Q. ‘3D printing method for bone tissue engineering scaffold.’ Med Nov Technol Devices. Vol. 17.
[16] Zarei, M., Shabani Dargah, M., Hasanzadeh Azar, M. 2023. ‘Enhanced bone tissue regeneration using a 3D-printed poly(lactic acid)/Ti6Al4V composite scaffold with plasma treatment modification.’ Sci Rep Vol. 13, pages 3139.
[17] Alaribe, F.N., Manoto, S.L. and Motaung, S.C.K.M. 2016 ‘Scaffolds from biomaterials: advantages and limitations in bone and tissue engineering.’ Biologia Vol. 71, pages 353–366.
[18] Roseti, L., Parisi, V., Petretta, M., Cavallo, C., Desando, G., Bartolotti, I., and Grigolo, B. 2017. ‘Scaffolds for Bone Tissue Engineering: State of the art and new perspectives.’ Mater Sci Eng C Mater Biol Appl. Vol. 78, pages 1246-1262.
[19] Boccaccio, A. 2021. ‘Design of Materials for Bone Tissue Scaffolds.’ Materials (Basel). Vol. 14(20), page 5985.
[20] Bund, T., Allelein, S., Arunkumar, A., Lucey, J.A., and Etzel, M.R. 2012. ‘Chromatographic purification and characterization of whey protein-dextran glycation products.’ J Chromatogr A. Vol. 1244, pages 98-105.
[21] Olsen, W., Liang, N., and Dallas, D.C. 2023. ‘Macrophage-Immunomodulatory Actions of Bovine Whey Protein Isolate, Glycomacropeptide, and Their In Vitro and In Vivo Digests.’ Nutrients. 2023 Vol 15(23), page 4942.
[22] Nicolai, T., Britten, M., and Schmitt. 2011. ‘β-Lactoglobulin and WPI aggregates: Formation, structure and applications.’ Food Hydrocolloids Vol 25(8), pages 1945-1962.
[23] Zhang, L., Zhou, R., Zhang, J., and Zhou, P. 2021. ‘Heat-induced denaturation and bioactivity changes of whey proteins.’ International Dairy Journal. Vol. 123, pages 105175.
[24] Stachowiak-Trojanowska, N., Prus-Walendziak, W., Douglas, T., and Kozlowska, J. 2024, 'Whey protein isolate as a substrate to design Calendula officinalis flower extract controlled-release materials for potential skin application', International Journal of Molecular Sciences, Vol. 25(10), page 5325.
[25] Plastun, V., Prikhozhdenko, E., Gusliakova, O., Raikova, S, Douglas, T., Sindeeva, O. and Mayorova, O 2022, 'WPI Hydrogels with a Prolonged Drug-Release Profile for Antimicrobial Therapy', Pharmaceutics, Vol. 14(6), page 1199
[26] Dziadek, M., Charuza, K., Kudlackova, R., Aveyard, J., D'Sa, R., Serafim, A., Stancu, I.C., Iova, H., Kerns, J., Allinson, S., Dzi-adek, K., Szatkowski, P., Cholewa-Kowalska, K., Bacakova, L., Pamula, E. and Douglas, T.E.L. (2021) “Modification of heat-induced whey protein isolate hydrogel with highly bioactive glass particles results in promising biomaterial for bone tis-sue engineering.” Materials & Design. Vol. 205, page 109749.
[27] Platania, V., Douglas, T.E.L., Zubko, M.K., Ward, D.,  Pietryga, K. and Chatzinikolaidou, M. (2021) “Phloroglucinol-enhanced whey protein isolate hydrogels with antimicrobial activity for tissue engineering.” Materials Science and Engineering: C 129  112412.
[28] Baines, D.K., Wright, K., and Douglas, T.E.L. 2024 ‘Preliminary In Vitro Assessment of Whey Protein Isolate Hydrogel with Cannabidiol as a Potential Hydrophobic Oral Drug Delivery System for Colorectal Cancer Therapy.’ Polymers Vol. 16, page 3273.
[29] Gupta, D., Magdalena, K., Tryba, A.M., Serafim, A., Stancu, I.C., Jaegermann, Z., Pamula, E., Reilly, G.C. and Douglas, T.E.L. 2020 ‘Novel naturally derived whey protein isolate and aragonite biocomposite hydrogels have potential for bone re-generation.’ Materials and Design Vol. 188, page 108408.
[30] Słota, D., Głąb, M., Tyliszczak, B., Douglas T. E. L., Rudnicka, K., Miernik, K., Urbaniak, M., Rusek-Wala, P., Sobczak-Kupiec, A. 2021. ‘Composites Based on Hydroxyapatite and Whey Protein Isolate for Applications in Bone Regeneration.’ Materials (Basel). Vol. 14 (9) page 2317.
[31] Baines, D.K., Platania, V., Tavernaraki, N. N., Parati, M., Wright, K., Radecka, I., Chatzinikolaidou, M., and Douglas, T. E. L. 2023. ‘The Enrichment of Whey Protein Isolate Hydrogels with Poly-γ-Glutamic Acid Promotes the Proliferation and Osteogenic Differentiation of Preosteoblasts.’ Gels. Vol. 10(1), page 18.
[32] Wang, L., Chen, S., and Yu, B. 2022. ‘Poly-γ-glutamic acid: Recent achievements, diverse applications and future perspectives.’ Trends in Food Science & Technology. Vol 119, pages 1-12.
[33] T. A. Ajayeoba, S. Dula and O. A. Ijabadeniyi 2019 ‘Properties of Poly-γ-Glutamic Acid Producing-Bacillus Species Isolated from Ogi Liquor and Lemon-Ogi Liquor.’ Frontiers in Microbiology Vol. 10, page 771.
[34] Kongklom, N., Lou, H., Shi, Z., Pechyen, C., Christi, Y., and Sirisansaneeyakul, S. 2015. ‘Production of poly-γ-glutamic acid by glutamic acid-independent Bacillus licheniformis TISTR 1010 using different feeding strategies.’ Biochemical Engineering Journal. Vol 100, pages 76-75.
[35] Li, D., Hou, L., Gao, Y., Tian, Z., Fan, B., Wang, F., and Li, S. 2022. ‘Recent Advances in Microbial Synthesis of Poly-γ-Glutamic Acid: A Review.’ Foods. Vol. 11(5), page 739.
[36] Yu, Z., Wei, Y., Fu, C., Sablani, S.S., Huang, Z., Han, C., Li, D., Sun, Z., Qin, H. 2023. ‘Antimicrobial activity of gamma-poly (glutamic acid), a preservative coating for cherries.’ Colloids Surf B Biointerfaces, Vol. 225, pages 113272.
[37] Parati, M., Clarke, L., Anderson, P., Hill, R., Khalil, I., Tchuenbou-Magaia, F., Stanley, M.S., McGee, D., Mendrek, B., Koalczuk, M and Radecka, I (2022) ‘Microbial Poly-γ-Glutamic Acid (γ-PGA) as an Effective Tooth Enamel Protect-ant.’ Polymers Vol. 14 (14), page 2937.
[38] Freire, P., Moreira B., Alves de Lima Jr, F., José, F., Melo, F., Filho, J. 2017. ‘Raman Spectroscopy of Amino Acid Crystals.’ Vol. 10, page 65480.
[39] Barth, A. 2000. ‘The infrared absorption of amino acid side chains.’ Prog Biophys Mol Biol. Vol. 74(3-5), pages 141-73.
[40] Baines, D.K., Platania, V., Tavernaraki, N. N., Parati, M., Wright, K., Radecka, I., Chatzinikolaidou, M., and Douglas, T.E.L. 2023. ‘The Enrichment of Whey Protein Isolate Hydrogels with Poly-γ-Glutamic Acid Promotes the Proliferation and Osteogenic Differentiation of Preosteoblasts.’ Gels. Vol. 10(1), page 18.
[41] Davari, N., Bakhtiary, N., Khajehmohammadi, M., Sarkari, S., Tolabi, H., Ghorbani, F., & Ghalandari, B. 2022. ‘Protein-Based Hy-drogels: Promising Materials for Tissue Engineering.’ Polymers, 14(5), page 986.
[42] Veggiani, G., Zakeri, B., and Howarth, M. 2014. ‘Superglue from bacteria: unbreakable bridges for protein nanotechnology.’ Trends Biotechnol. Vol. 32(10)506-12.
[43] Wani, N.A., Stolovicki, E., Ben Hur, D. and Shai, Y. 2022. ‘Site-Specific Isopeptide Bond Formation: A Powerful Tool for the Generation of Potent and Nontoxic Antimicrobial Peptides’ Journal of Medicinal Chemistry, Vol. 65(6), 5085-5094.
[44] Zeng, W., Chen, G., Zhang, Y., Wu, K., and Liang, Z. 2012. ‘Studies on the UV spectrum of poly (γ-glutamic acid) based on development of a simple quantitative method.’ Int J Biol Macromol. Vol. 51(1-2), pages 83-90.
[45] Manicourt, D.H., Fujimoto, N., Obata, K., and Thonar, E.J. 1914. ‘Serum levels of collagenase, stromelysin-1, and TIMP-1. Age- and sex-related differences in normal subjects and relationship to the extent of joint involvement and serum levels of antigenic keratan sulfate in patients with osteoarthritis.’ Arthritis Rheum. Vol. 37(12), pages 1774-83.

Polymers 2025, 17, x	https://doi.org/10.3390/xxxxx

image2.png
AT100kDa

¥, ."‘4 d





image3.png
——WPIy-PGA10, 10

WPIyPGA10,7.5 d
——WPIyPGA10,5
——WPIy-PGA10, 2.5
——yPGA 10 kDa
——WPI0

—— WPI-y-PGA700, 10

WPI-y-PGA700, 7.5
—— WPI-y-PGA700, 5
—— WPI-y-PGA700, 2.5
——v-PGA 700 kDa
—WPI0

——WPI-»-PGA1100,10
WPI--PGA1100, 7.5

——WPI-y-PGA1100, 5

——WPI-»-PGA1100, 2.5

——-PGA 1100 kDa
—WPI0

Intensity (a.u.)

N W

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavelenath cm™

N

IR N

RN
o O\

YR\

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavelenath cm™

Intensity (a.u.)

N W

Intensity (a.u.)

T\
IV e

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavelenath cm™!

3
s
£
<
©o
N
o
=
I3
o
2
£
[ 25 5 75 10
v7-PGA concentration (%)
B
&
13
<
-
<
~N
-
2
I3
c
2
£
[ 2.5 5 7.5
v-PGA concentration (%)
E
s
1
=
~
3
-
2
[}
c
2
£

25 5 75
y-PGA concentration (%)

I WPI-y-PGA10
[ WPI-y-PGA700
WPI-y-PGA1100

I WPI-y-PGA10
[ WPI-y-PGA700
WPI-y-PGA1100

Il WPI-y-PGA10
I WPI-y-PGAT700
WPI-y-PGA1100





image4.png
Ratio mass change (%)

w - N w - N w
o o N » o o N » o
1 1 1 1 1 1 1 1 1

n
s
1

-
N
I

10kDa

* %k %

e





image5.png
10kDa

@
o
1

:

Ratio mass change (%)
N
>
1 1

-
N
1

700kDa

12}
® o
L

-
N
1

1100kDa

@
o o
1

N
F
L

RO

c

-
o N
L 1

% %k %

* %

* % %

% % %

|

5
o

«""‘X o

5 5 Y
P <,v~»1 P

«?""2 Rl




image6.png
0.84 -

0.56 -

0.28

o

o o o
N o »
© o &
L ! L

Abosrbance A280nm
o

0.84 -

0.56 -

0.28

flokDa y-PGA

“[700KDa y-PGA

T1100kDa y-PGA

2.96

2.22

2.22

fl0KDa y-PGA

700KDa y-PGA

71100KDa y-PGA





image7.png
WPI-10kDay-PGA

2400 WPI-700kDay-PGA WPI-1100kDay-PGA
Young's modulus (kPa) 2400 2400 -
Xk % Young s modulus (kPa) Young s‘r‘n‘o‘t)lkulus (kPa)
1800 I I I | 1800 — I I 1800 I I I I
1200 1200 1200 o
600 | I , 600 600
1080 —
Compressive strength (kPa) 1080 — 1080 -
S 5k % Compresslve itrength (kPa) Compres?knf >ftrength (kPa)

810

T

1 1 i

540 | 540 | 540 |
270 o T | 270 270 T
100 " . - ) ‘Y
Strain at break 10 Strain at break (%) 100 Strain at break (%)
75 75 75 Fkk
: T T 7 ] Z
: \ 1 | B
50 I 50 4 . 50
: :
25 25 | 25
0
0 [ A 1% » R 5 0 5 o Y 5 s s o
T N A SLe S o (e N A \ o Yoo v »
o0 @ A KL S
W W o W@ W o W A\ o




image8.png
Absorbance 570/600nm

0.6+

0.6

0.4+

0.2+

0.0
0.6

0.4+

0.2

WPI-10kDay-PGA

WPI-700kDay-PGA

WPI-1100kDay-PGA

*ok ok K

mm Day3

0.0-

QO o o
Q\Q\ 5 & ¥ B
N Q\"\ 5

WPI-1100kDay-PGA

WPI-yPGA2.5

> WPI-yPGAS

#l WPI-yPGA7.5

WPI-yPGA10




image9.png




image1.png




image10.png
u"’ polymers




image11.png




