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Abstract 32 

Alginates are widely used polysaccharides for biomaterials engineering, which functional properties depend on 33 

guluronic and mannuronic acid as the building blocks. In this study, enzymatically crosslinked hydrogels based 34 

on sodium alginate (Na-Alg) and the exopolysaccharide (EPS) derived from Cryptococcus laurentii 70766 with 35 

glucuronic acid residues were synthesized and characterized as a new potential source of polysaccharide for 36 

biomaterials engineering. The EPS was extracted (1.05 ± 0.57 g/L) through ethanol precipitation. Then the EPS 37 

and Na-Alg were functionalized with tyramine hydrochloride to produce enzymatically crosslinked hydrogels in 38 

the presence of horseradish peroxidase (HRP) and H2O2. Major characteristics of the hydrogels such as gelling 39 

time, swelling ratio, rheology, cell viability, and biodegradability were studied. The swelling ratio and degradation 40 

profile of both hydrogels showed negative values, indicating an increased crosslinking degree and a lower water 41 

uptake percentage. The EPS hydrogel showed similar gelation kinetics compared to the Alg hydrogel. The EPS 42 

and its hydrogel were found cytocompatible. The results indicate the potential of EPS from C. laurentii 70766 for 43 

biomedical engineering due to its biocompatibility and degradability. Further studies are needed to confirm this 44 

EPS as an alternative for Alg in tissue engineering applications, particularly in the development of wound dressing 45 

products. 46 
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1. Introduction 62 

Hydrogels are materials of unique characteristics capable of mimicking the hydration conditions of 63 

tissues and extracellular matrix, making them attractive for aiding the repair and regeneration of soft tissue [1]. 64 

As an FDA-approved biopolymer, alginate (Alg) has been studied to develop hydrogels for diverse applications 65 

such as tissue engineering (TE), drug delivery, and wound dressings due to their beneficial properties, e.g., 66 

biocompatibility, non-toxicity, high absorption capacity etc [2-4]. Alg is an anionic linear heteropolysaccharide 67 

that is characterized by repetitive units of 1,4-linked -D-mannuronic acid (M) and -L-guluronic acid (G) that are 68 

displayed as homosequences chain of MMMMM and GGGGG, interspersed with heterosequences of MGMGMG 69 

[5]. Alg may have higher G or higher M contents, witch Alg with a high G content capable of  producing stiffer, 70 

brittle, and porous gels with greater strength, while Alg with a high M content produce more elastic and weaker 71 

gels [6]. Several studies have been published on Na-Alg-based hydrogels. Kaltostat™ and Tegagen™ are 72 

commercially available Alg dressings that contain only Na-Alg [7]. Despite the unique properties of Alg hydrogels 73 

that make them useful as wound dressings, they have some drawbacks, such as poor mechanical stability when 74 

swollen and hygroscopic property, leading to the need for a secondary dressing [7, 8]. During cross-linking with 75 

cations, cations diffuse from higher concentration locations to inner concentration regions, resulting in a 76 

nonuniform distribution of Alg in the gel matrix network [9]. Thus, Alg hydrogels are made using a combination 77 

of synthetic and natural polymers to overcome their poor mechanical stability, resulting in hydrogels with good 78 

mechanical properties [7].  79 

Microbial exopolysaccharides (EPSs) have received a lot of attention recently in the search for novel 80 

biomaterials for TE and wound dressing engineering [10]. Microbial EPSs such as bacterial Alg, fungal chitosan, 81 

pullulan, scleroglucan, xanthan gum, bacterial cellulose, etc., are natural extracellular metabolites produced and 82 

secreted mainly by bacteria and fungi [11-14]. EPSs can be divided into homopolysaccharides (comprised of 83 

repeating units of monosaccharides like glucose, mannose, etc.) and heteropolysaccharides (containing three or 84 

more monosaccharides, e.g., arabinose, mannose, N-acetyl galactosamine, glucuronides and different derivatives 85 

of these subunits having phosphates, glycerol, or acetyl groups) [15-17]. 86 

The promising applications of EPSs in TE, food, cosmetics, and pharmaceuticals are due to their unique 87 

and complex chemical structures that offer beneficial bioactive functions such as biocompatibility, 88 

biodegradability, etc. [11, 17]. The monosaccharide units in EPSs have active hydroxyl, carboxyl, and amino 89 

groups, allowing for derivatization reactions, thus enhancing the possibility of novel crosslinking routines for 90 

hydrogel production while also endowing unique qualities for organism interaction [18]. Unlike other natural 91 
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polysaccharides extracted from other sources e.g., animals (chitin, chitosan, and hyaluronic acid), plants (starch, 92 

cellulose, glucomannan and pectin) and algae (agar, alginates and carrageenans), microbial EPSs production is 93 

season independent. For example, a physically crosslinked microbial EPS hydrogel from Pseudomonas 94 

stutzeri AS22, exhibited an in vitro and in vivo wound healing acceleration owing to its unique properties such as 95 

high antioxidant, anti-inflammatory activity, water uptake, as well as good mechanical stability [19]. Besides, a 96 

recent study reported the wound healing potential of EPS-based hydrogel produced by Nostoc spp. with iron ion 97 

resulting in the proliferation, and migration fibroblast cells, and enhanced wound healing [20]. In addition, the 98 

ability to use genetically engineered microbes under regulated fermentation settings could lead to the development 99 

of new EPSs with superior characteristics, opening up new areas of industrial application and increasing demand 100 

[19]. 101 

Because of the high yields of EPS biosynthesis and the ease with which yeast EPSs can be separated 102 

from growth media, researchers believe yeast EPSs should be prioritized over bacterial EPSs. Aside from that, 103 

yeast EPSs have gotten a lot of attention due to their intriguing biological activity, food, medicinal, and cosmetics 104 

applications [21]. Cryptococcus laurentii is a non-neoformans uncommon human pathogen (a saprophyte of pores 105 

and skin and seldom concerned in pulmonary and cutaneous contamination in humans) [21-23]. The 106 

microorganism produces EPSs of heterogeneous composition [24]. Growth conditions are known to affect the 107 

production and composition of the EPSs produced by different C. laurentii strains [25]. For example, Smirnou et 108 

al. achieved 4.3 g/L of EPS during 144 h by C. laurentii DSMZ 70766 in a simple batch cultivation (containing 109 

sucrose, yeast extract, Na2HPO4×12 H2O, and MgSO4×7 H2O) [24]. Also, C. laurentii AL62 produced more than 110 

5 g/l EPS in a medium containing sucrose at a concentration of 4% [26]. 111 

The strain employed in this study (C. laurentii 70766) was isolated from Californian almonds and 112 

classified in biosafety level 1 (based on the data sheet from DSMZ (German Collection of Microorganisms and 113 

Cell Cultures)). The EPS that was obtained from C. laurentii 70766 [24], is an acidic heteropolysaccharide 114 

glucuronoxylomannan composed of an α-(1-3)-linked mannan backbone, with O-6 and O-2 side chains of D- 115 

xylose and D-glucuronic acid residues [24]. The EPS from C. laurentii 70766, like other microbial EPSs, can be 116 

produced in bioreactors and is recovered using an environmentally friendly process that avoids the use of mineral 117 

acids or bases, which are employed when Alg is extracted. The use of these mineral acids and bases diminishes 118 

Alg quality via promoting its partial depolymerization [27]. This EPS is characterized by side branches of 119 

glucuronic acid residues [24] that are hypothesized to improve its gelation and viscoelastic properties [28]. Most 120 

importantly, the presence of the side branches may also enhance the ease of undertaking structural modifications, 121 
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thus reinforcing its suitability as a viable biomaterial for hydrogel formation. In the study by Smirnou et al., the 122 

EPS from C. laurentii 70766 was extracted, characterized, and its production optimized regarding pH, 123 

temperature, and aeration of the culture media, resulting in an efficient EPS production yield (4.3 g/L) [24]. Such 124 

a high yield is hypothesized to translate to a reduced unit production cost of the EPS for improved economic 125 

performance. Also, the EPS improved excisional wound healing in healthy rats and suggested that it may be a 126 

suitable material for biomaterials engineering [24].  127 

        In the present study enzymatic crosslinking has been proposed since it employs mild physiological conditions 128 

suitable for making hydrogels from natural polymers, thus avoiding the risk  of losing  their bioactivity in a strong 129 

chemical environment [29]. Enzymatic crosslinking is also preferred when the hydrogel is to be employed in 130 

enclosing biomolecules and living cells  while also promoting high site-specificity and diminishing the potential 131 

for the formation of harmful by-products [30-32]. In addition to horseradish peroxidase (HRP), other enzymes 132 

such as transglutaminase and tyrosinase have also been employed in the production of hydrogelation. However, 133 

HRP has a number of advantages over these enzymes, such as faster hydrogelation time and the ability to fine- 134 

tune the hydrogelation rate and crosslinking density [33, 34]. Therefore, in the current study, our main objective 135 

was to analyze and compare the physicochemical and biological properties of the hydrogels synthesized via the 136 

enzymatic crosslinking of EPS produced from C. laurentii 70766 and Na-Alg in the presence of HRP and 137 

hydrogen peroxide (H2O2).  138 

2.       Materials and methods 139 

2.1 Materials and reagents  140 

Potato dextrose broth (PDB) was purchased from HiMedia, India (Model Number: M403-100G). Agar 141 

(CAS number: 9002-18-0) was obtained from AppliChem, Germany. Sucrose (CAS number: 57-50-1) was 142 

purchased from Fisher Chemical, Belgium. Magnesium sulfate heptahydrate (CAS number: 10034-99-8) and 143 

yeast extract (CAS number: 8013-01-2) were bought from Merck, Germany. Ethanol (96%) (CAS number: 64- 144 

17-5) was obtained from Avantor®, Belgium. Sodium alginate (Na-Alg) (W201502, alginic acid sodium salt 145 

from brown algae) having molecular weight (Mw) of 120-190 kDa with a M/G ratio of 1.61 (CAS number: 9005- 146 

38-3), 4-Morpholineethanesulfonic acid, 2-(N-Morpholino) ethanesulfonic acid (MES) (CAS number: 4432-31- 147 

9); 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (CAS number: 1892-57-5); N-ydroxysuccinimide 148 

(NHS), (CAS number: 6066-82-6), HRP (CAS number: 9003-99-0); and H2O2 (30%) (CAS number: 7722-84- 149 

1), were purchased from Merck (Darmstadt, Hessen, Germany). Tyramine hydrochloride CAS number: 60-19- 150 
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5) (HCl) was obtained from Carbosynth, UK. Dialysis membrane (Mw cut-off (MWCO): 14 kDa) was obtained 151 

from Membra-Cel™, USA. 152 

2.2    Microorganism and culture condition 153 

            Cryptococcus laurentii 70766 was obtained from the German Collection of Microorganisms and Cell 154 

Cultures GmbH (DSMZ), Braunschweig, Germany and later was cultured on the potato dextrose agar (PDA) 155 

medium at 25 ̊C. One fresh-single colony was used to inoculate 10 ml of the basal medium [24] for the inoculum 156 

preparation: Sucrose 35 g/L; yeast extract 3 g/L; MgSO4.7H2O 0.5 g/L; Na2HPO4.12H2O 2.5 g/L; pH 6. After that, 157 

Erlenmeyer flasks (250 mL) cultures containing 100 mL medium were used for EPS production (144 h at 150 rpm 158 

and 25 C̊) in a shaking incubator (New Brunswick Classic C24 Incubator Shaker, USA) [24].  159 

2.3 EPS extraction and purification 160 

After incubation, the EPS supernatant was recovered by centrifugation at 8500 rpm for 30 minutes at 4 ̊C 161 

(3K3 centrifuge, Sigma Laboraxentrifugen, Germany). The EPS was precipitated from the supernatant by 162 

dropwise addition of cold ethanol while stirring; followed by keeping the precipitated EPS at 4 ̊C for 12 hours. 163 

The precipitated EPS was washed two times with ethanol and centrifuged at 8500 rpm for 20 minutes at 4 ̊C to 164 

obtain EPS pellets [35, 36].  The EPS pellets were dried at room temperature to a consistent mass, and finally, the 165 

pellets were dissolved in distilled water and lyophilized (Christ freeze-dryer alpha I-5). The EPS yield was 166 

reported as g of EPS per liter of culture media. The phenol-sulfuric acid method was used to determine the total 167 

carbohydrate content of the EPS, with glucose as the standard [37]. The average Mw of the EPS was 1×106 Da 168 

[24]. 169 

2.4     Fourier transform infrared (FT-IR) spectroscopy 170 

         FT-IR measurements were carried out at room temperature using a Jasco model FT/IR-6600 spectrometer 171 

using Spectra ManagerTM II Software. FT-IR spectra of the EPS and Na-Alg were obtained at a wavelength 172 

region of 4000 to 400 cm-1 [12]. 173 

2.5 Tyramine conjugation 174 

EPS and Na-Alg were dissolved in MES buffer (1% w/v), and EDC (0.5% w/v) and NHS (0.3% w/v) 175 

were added to each solution to activate the carboxylic acid groups of EPS and Na-Alg for 30 minutes under stirring 176 

[38, 39]. Tyramine HCl (0.35 g/10 ml of MES buffer) was added dropwise to the solutions. The pH of the solutions 177 

was then maintained at 6 by dropwise adding 1 M HCl and allowing it to react with tyramine HCl at room 178 

temperature for 24 hours with stirring [38]. The resultant solutions were dialyzed for three days against deionized 179 

water in dialysis bags (cutoff: 14 kDa), and the water was changed every eight hours. Conjugated EPS (EPS-Ty) 180 
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and Alg-Ty were freeze-dried for further use. The UV–VIS spectra of unmodified/modified samples were 181 

obtained in the range of 220 to 400 nm to evaluate the extent of phenol group modification of the EPS and Alg. 182 

The calibration curve was plotted from known percentages of tyramine HCl in distilled water [38].  183 

2.6 Hydrogels Formation and gelation times 184 

Both HRP solution (1 U/mL) and H2O2 solution (1 mM) were prepared in distilled water. EPS-Ty and 185 

Alg-Ty solutions of 1% (w/v) were used for the hydrogel preparation. 180 µL of the EPS-Ty or Alg-Ty solutions 186 

were mixed with 10 µL of HRP and 10 µL of H2O2. The vial inversion test was performed at room temperature 187 

to obtain the gelation time [40]. The vials were monitored by inverting test tubes every five seconds after mixing 188 

EPS-Ty and Alg-Ty with HRP and H2O2. The gelation time was calculated as when there was no flow in the vial. 189 

Also, gelation time was estimated by rheology experiments (section 2.9). 190 

2.7 Swelling and degradation of the hydrogels 191 

 The hydrogels (400 µL) were formed in the vials and accurately weighed (W0). The hydrogel samples 192 

were subsequently incubated in 10 mL of PBS (pH 7.4) at 37 ̊C. After 24 hours, the buffer solution was removed 193 

from the samples, placed in filter paper to remove excess liquid and the weight of the hydrogels was determined 194 

(Wt) to calculate the swelling ratio. The swelling ratio percentage was calculated using Equation (1) [41, 42]: 195 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =
𝑊𝑡

𝑊0
∗ 100  Equation (1) 196 

The degradation rate of hydrogels was investigated by the gravimetric method during incubation in PBS 197 

(pH 7.4) at 37 °C. After weighing the hydrogels every 24h, fresh PBS solutions were added to the hydrogels. The 198 

experiments were performed in triplicate [43]. 199 

2.8 Scanning electron microscopy 200 

       The morphology of the hydrogels was determined by the scanning electron microscope (SEM) (SU-70 Hitachi 201 

Ltd., Tokyo, Japan), operating at an accelerated voltage of 15 kV. The hydrogels in the volume of 900 μL were 202 

prepared and subsequently lyophilized. Before the experiment, the lyophilized hydrogels were cross-sectioned 203 

and gold-coated. 204 

2.9 Rheological properties  205 

The rheological measurements of EPS-Ty and Alg-Ty hydrogels were performed using an Anton Paar 206 

MRC 302 rheometer (Graz, Austria) equipped with a plate–plate geometry (25 mm). In situ, a volume of 300 µL 207 

of hydrogel was placed on the rheometer plate at 37 ̊C. Oscillatory tests were used to determine the storage (G’) 208 

and loss (G”) moduli under the linear viscoelastic range (LVR). Amplitude sweep was performed from 1 to 1000% 209 
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at a constant frequency of 1 Hz, frequency sweep test was carried out at a constant strain of 0.1% over a frequency 210 

range of 0.1 to 50 Hz. Moreover, to study the gelation kinetics, the viscoelastic properties of hydrogel samples 211 

were determined using a time sweep oscillatory test at a constant frequency of 1 Hz and a strain of 0.1% under 212 

LVR at 37 ̊C. 213 

2.10 Effect of the unmodified EPS on the viability of human fibroblasts and macrophage cell lines 214 

The effects of the different concentrations of the unmodified EPS (250, 500, 750, 1000, and 2000 µg/mL) 215 

on the viability of human macrophage (U937, ATCC: CRL-1593.2) and fibroblast (ATCC: CCL-186) cell lines 216 

were determined using a luminescence test based on Adenosine triphosphate quantification (CellTiter-Glo 217 

(Promega, Madison, Wisconsin)). Passage 19 cell lines (human macrophages and fibroblasts) were cultured in 218 

Roswell Park Memorial Institute Medium (RPMI-1640) and Dulbecco's modified Eagle's medium (DMEM) 219 

(LONZA, Verviers, Belgium), respectively supplemented with Fetal Calf Serum (FCS) (10% v/v), 1%(w/v) 220 

Penicillin-streptomycin (Gibco, Rockville, MD, USA) and incubated at 37 ̊C in a 5% CO2. The cells were plated 221 

in triplicate in a white assay 96-well plate with a 104cells/well density [44]. 50 μL of EPS samples (dissolved in 222 

cell culture media) and 50 μL of RealTime-GloTM MT Cell Viability kit components were used to treat human 223 

fibroblast and macrophage cells. Control cells were grown in a medium that did not contain EPS. The viability of 224 

the cells was then determined by monitoring luminescence on a microplate luminometer (Centro XS LB 960- 225 

Berthold) at 0, 24 and 30 h, as proposed in the manufacturer's instructions.  226 

2.11 3D cell encapsulation and hydrogel cytocompatibility tests 227 

The cytocompatibility of hydrogels was evaluated through live/dead assay using 3T3 L fibroblast cell 228 

line and 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), 229 

[45]. First, the 3T3 L fibroblast cells were seeded on the hydrogel at a cell density of 104 cells/well in a 96-well 230 

plate for 3 days at 37 ̊C and the cell culture media was renewed every day. After 1, 2 and 3 days of culture, the 20 231 

µL of MTS solution was added to the wells and incubated for 4 hours. Cell viability was determined by measuring 232 

the absorbance of the control (cell culture media) and samples at 490 nm using a microplate reader. Moreover, 233 

after 3 days of culture, the cell viability was evaluated by live/dead staining (ab115347, Abcam, UK) according 234 

to the manufacturer’s protocol. The cell-seeded hydrogels were stained with the live/dead reagent and incubated 235 

for 10 min at 37 ̊C, after which the cells were investigated under a fluorescent microscope. 236 

For the 3D cell encapsulation, the hydrogel precursors (1%) were dissolved in PBS solution and sterilized 237 

using syringe filters with sterile 0.22 µm pore size membranes. The hydrogel precursor (50 µL) containing HRP 238 

and cells with a final cell density of 5×105 cells/mL were mixed with the hydrogel precursors containing 1 mM 239 
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of H2O2 in a 96-well plate. After 10 min of incubation, the cell encapsulated hydrogels were cultured with 1 mL 240 

DMEM supplemented with 10% fetal calf serum (FCS), 200 U/mL penicillin, and 200 U/mL streptomycin. Cell 241 

viability was investigated after 3 days of incubation using Hoechst/ethidium homodimer I (EH1) staining. The 242 

cells were analyzed using a fluorescent microscope.  243 

2.12 Statistical analysis 244 

The statistical analyses were performed using three independent samples. The results were reported as 245 

mean ± standard error of the means. Data were analyzed as repeated measurement analysis of variance (ANOVA) 246 

to investigate the effects of the time, the concentrations of EPS and type of hydrogel on the cell viability and 247 

proliferation. Significant differences between means and multiple comparisons between means were analyzed by 248 

Tukey’s test using Minitab 19 Statistical Software (Minitab®, PA, United States). Origin 2019b software (USA) 249 

and GraphPad Prism 9.0.0 (GraphPad Software, LLC, USA) were used for graphs.  250 

3. Results and discussion 251 

3.1 The EPS extraction, purification, and characterization 252 

The total yield of the EPS produced by the C. laurentii strain was 1.05 ± 0.57 g/L and was determined to be 253 

mainly composed of carbohydrates (71.58 ± 1.43%, weight basis), using the phenol-sulfuric acid method. The 254 

residual portion of the EPS (28.42 ± 1.17%, weight basis) was attributed to ash and non-carbohydrate substituents 255 

in the EPS such as sulfate, pyruvate, methyl, or acetyl groups [46-48].  Notably, the yield 1.05 g/L reported in the 256 

current study was different from the EPS yield of about 1.8-2 g/L reported in the previous study [24] even though 257 

the same conditions were applied (temperature 25 ̊C and pH 6). In the study by Smirnou et al. [24], maximum 258 

EPS formation (4.3 g/L), occurred at the pH of 3, temperature 25 ̊C, low aeration rates of 1 %<pO2<10 % and 259 

after a 6-day incubation period in a bioreactor with 20-L working volume. Since the production of EPS from C. 260 

laurentii 70766 with the high content of glucuronic acid constituted a major objective of the study, pH 6 was 261 

applied to enhance the glucuronic acid content in EPS [24]. Furthermore, the present study did not seek to regulate 262 

the pO2 in the shaking incubator. Such differences in pH values and lack of control over the aeriation rate for the 263 

EPS cultivation conditions may explain the differences in the EPS yields determined in the present study relative 264 

to the investigation undertaken by Smirnou et al. [24]. 265 

In comparison to Alg, which is usually extracted from brown algae under drastic conditions (acidic/basic 266 

extraction processes), leading to its partial depolymerization and increasing the cost of production [27, 49], the 267 

EPS from C. laurentii can be easily produced (extraction and purification) with eco-friendly processes, including 268 
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bioreactors. In addition, culture conditions such as carbon source, temperature, pH, aeration, and agitation can be 269 

controlled in terms of optimizing production. 270 

FT-IR analysis was used to investigate the chemical structure of the extracted EPS and Na-Alg (Fig. 1). 271 

Regarding the EPS, the observed broad peak at 3225 cm-1 is related to the stretching vibrations of O–H [50] and 272 

the sharp peak observed at 2936 cm-1 is due to the stretching vibrations of C–H indicating the presence of the CH3 273 

functional group [51]. The peaks at 1566 cm-1 and 1418 cm-1 can be attributed to C=O stretching and C–H bending 274 

vibrations of carboxylic and CH3 and/or CH2 functional groups, respectively [50]. A sharp peak at 1032 cm-1 275 

indicates the presence of C—O—C bonds [51]. Also, the Alg spectrum shows characteristic peaks around 1567 276 

cm-1 and 1409 cm-1 corresponding to the asymmetric and symmetric stretching vibrations of the COO- group on 277 

the polymeric backbone of Alg, respectively [52, 53]. The peak at 1024 cm-1 corresponds to the stretching 278 

vibration of the C-O bond [53]. The FT-IR analysis demonstrated a similarity in chemical bonds between EPS 279 

and Alg, particularly the presence of glucuronic units in the EPS structure.  280 

 281 
3.2 Tyramine conjugation and hydrogel formation 282 

The EPS and Alg were conjugated with tyramine using carbodiimide chemistry (Fig. 2b), and the 283 

conjugation of EPS-Ty and Alg-Ty was monitored by UV-vis analysis [54] (Fig. 2c). Compared to the unmodified 284 

EPS and Alg, the EPS-Ty and Alg-Ty conjugates showed UV absorbance at 275 nm corresponding to the 285 

absorbance of aromatic tyramine [55]. Moreover, the substitution degree of phenol groups was determined to be 286 

0.417 ± 0.27 mmol/g and 0.428 ± 54 mmol/g of the EPS and Alg, respectively, using the tyramine HCl calibration 287 

curve. 288 

HRP activated by H2O2 catalyzed the oxidation of the phenolic groups in the EPS and Alg chains, 289 

producing two phenoxy radicals in one catalytic cycle. The phenoxy radicals can react with each other in a radical 290 

coupling process, forming C-C and C-O bonds [56]. The carbon atom at the ortho position of phenyl groups and 291 

the phenolic oxygen formed a carbon-carbon bond or a carbon-oxygen linkage that connected the phenolic 292 

moieties at the ends of the polymers [57]. The gelation time obtained by vial inversion, was 99 ± 6s for the Alg- 293 

Ty hydrogel and 218 ± 6s for the EPS-Ty hydrogel, at the same concentration of polymers (1%), HRP (1 U/mL), 294 

and H2O2
 (1mM).  295 

Several studies used natural polysaccharide-phenol conjugate for enzymatic crosslinking and hydrogel 296 

formation in the presence of HRP and H2O2. Sakai et al. initially combined Alg with tyramine hydrochloride, then 297 

used HRP as a catalyst to prepare a Alg-Ty hydrogel. The results revealed that phenol crosslinking increased Alg's 298 

hydrophobicity, resulting in increased adsorption of cell-adhesive protein and the acquisition of cellular 299 
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adhesiveness in Alg [58]. Alg gels with crosslinks created by the HRP-catalyzed process were shown to be more 300 

stable than those with crosslinks formed by divalent ions alone [59]. Other biocompatible polymers such as 301 

dextran have been shown to be effective when phenol groups are included into them for HRP-catalyzed gelation 302 

[43, 60]. 303 

Moreover, Sakai et al. developed hydrogel constructs from polyglucuronic acid (PGU) - an bacterial EPS 304 

from Sinorhizobium meliloti M5N1CS that can be considered as an Alg alternative-[10, 27] by conjugating with 305 

tyramine through an HRP-catalyzed reaction and investigated the usefulness in TE field by using this derivative 306 

as a bioink component allowing gelation in extrusion-based 3D bioprinting [27]. Sakai et al. concluded that, like 307 

Alg, PGU may be effectively used and researched for new applications in TE, and that it might be used as a pectin 308 

and Alg substitute in the cosmetic and pharmaceutical industries [10]. 309 

Oliveira et al. developed three tyramine-substituted gellan gum (GG) hydrogels (with different amounts 310 

of HRP and H2O2 solutions). All three samples gelated in about 30 s [61]. GG is an anionic bacterial EPS and, 311 

like the EPS from C. laurentii has glucuronic acid in its structure (the repeating unit of GG consists of two D- 312 

glucose, one L-rhamnose and one D-glucuronic acid) [62], however unlike our EPS, the glucuronic acid units are 313 

in the polymer backbone. In another study, Tavakol et al. used repeated galacturonic acid methyl ester units in 314 

gum tragacanth (a heterogeneous highly branched anionic polysaccharide that galacturonic acid, xylose, fucose, 315 

arabinose, galactose, glucose, and traces of rhamnose are the primary components, with varying ratios in different 316 

species) [63] for the conjugation by tyramine and in situ forming hydrogel preparation via enzymatic crosslinking 317 

using HRP/H2O2 [64]. A fast gelation time (5–50 s) was achieved for the hydrogel suitable for drug delivery and 318 

TE applications [64]. The faster gelation time of hydrogels formed by GG (30 s) and gum tragacanth (5–50 s) in 319 

comparison to our study can be attributed to the increased number of phenolic groups per chain formed during 320 

tyramine conjugation with GG and gum tragacanth. Furthermore, Hasturk et al. reported that enzymatic 321 

crosslinking of silk fibroin in physiological buffers such as PBS or cell growth media was found to be much slower 322 

and produced mechanically weaker hydrogels than crosslinking in water [65]. It was suggested that these 323 

observations were likely due to the salting out effect of metal ions inducing self-assembly of hydrophobic domains 324 

containing many tyrosine groups required for enzymatic crosslinking [65]. 325 

There are also some reports in the literature regrading usage of microbial EPSs for hydrogel formation 326 

and other composites like electrospun nanofibers for wound healing applications. For instance, Ashraf et al. 327 

fabricated and characterized nanofiber skin substitutes composed of collagen/Na-Alg/polyethylene 328 

oxide/Rhodotorula mucilaginosa sp. GUMS16 produced EPS by means of the biaxial electrospinning method 329 
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[66]. They employed collagen from bovine tendon as a natural scaffold, Na-Alg as an absorber of excess wound 330 

fluids, and the EPS from GUMS16 strain as an antioxidant [66]. According to the findings, GUMS16-produced 331 

EPS in electrospun fibers might be considered a new biomacromolecule that increases cell survival and 332 

proliferation [66]. Also, Hivechi et al. used the EPS from GUMS16 strain as a bioactive agent in polycaprolactone 333 

(PCL) and gelatin nanofibers. In an animal model, they used nanofibers as a wound dressing material and assessed 334 

healing performance using macroscopic observation, wound closure computation, and microscopic assessment by 335 

histological analysis [67]. The wound closure percent increased from 72.33 ± 2.1% for PCL/Gelatin nanofiber to 336 

99.81 ± 1.39% for PCL/Gelatin/EPS 2%, according to animal tests. Hivechi et al. therefore hypothesized that the 337 

antioxidant properties of the EPS was contributed to enhancing the healing process [67]. 338 

As a result, our findings show that enzymatic crosslinking is an effective method for rapidly forming 339 

hydrogels in situ, which are promising for use as injectable systems in biomedical applications such as TE and 340 

drug delivery. 341 

3.3 Morphological structure, swelling and degradation properties of the hydrogels 342 

 The network microstructure of hydrogels is one of the essential features controlling protein adsorption, 343 

cell proliferation, mass transfer, and nutrition transfer [38, 68]. Furthermore, hydrogels containing interconnected 344 

porose networks can influence cell activity by promoting cell adhesion and cell-cell interaction [69]. As shown in 345 

Fig. 3a, there are no obvious differences in the morphology of the hydrogels [38]. The EPS-Ty and Alg-Ty 346 

hydrogels had a heterogeneous microstructure with irregular pore shapes randomly distributed throughout the 347 

hydrogels because of the polymers' structure and lyophilization process conditions (temperature and pressure), 348 

and the hydrogels' water content [70, 71]. This heterogeneous microstructure observation agrees with other 349 

studies. For example, Morshedloo et al. showed that peroxidase-mediated Alg-Ty hydrogel had an nonuniform 350 

porous morphology and noted that by the addition of gelatin, numerous homogeneous pores were created due to 351 

the reduction in mean pore size (MPS) and pore size polydispersity index (PSPI) [30]. Also, in the SEM images 352 

from the hydrogels produced by anionic EPSs from Nostoc sp. (strains PCC7936 and PCC7413), a fibrous-like 353 

porous network, as well as flaws and certain inhomogeneous structures in the form of continuous walls, were seen 354 

[20]. 355 

Fig. 3(c) shows the swelling ratio of EPS-Ty and Alg-Ty hydrogels after soaking the hydrogels up to 24 356 

hours at 37 ̊C. The swelling behavior of hydrogels is influenced by factors such as the degree of crosslinking, the 357 

possibility of ionic bonding with solvent (e.g., PBS solution), and the hydrophilicity of the hydrogel network [72]. 358 

The presence of cations in the immersing solution impacts the hydrogel behavior in swelling kinetics studies [72]. 359 
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These cations, such as Ca2+ form ionic bonds, increase the degree of crosslinking, and decrease the water uptake 360 

percentage [72]. Thus, the interactions between the carboxylic group of the EPS, Alg and Ca2+ ions (might be 361 

present in the PBS), can reduce the number of hydrogen-binding donors and receptors available for water 362 

interaction, lowering the amount of water in the hydrogel network. The EPS-Ty and Alg-Ty hydrogels produced 363 

by enzymatic crosslinking, after immersion in PBS (ionic crosslinking) did not present any water absorption 364 

ability [73]. This observation agrees with the former investigations [61, 73]. For example, Oliveira et al. found 365 

that following immersion of the GG hydrogel in PBS (ionic crosslinking), the hydrogels (described in section 3.2), 366 

had no water absorption capabilities [61]. Similar results have been seen regarding the hydrogels produced by 367 

anionic EPSs from Nostoc sp. (strains PCC7936 and PCC7413). When hydrogels swelled for longer than 4 hours, 368 

the swelling degrees were decreased, due to the strong charge screening effect of trivalent ions (e.g., Fe3+ and 369 

Cr3+) [20].  370 

The degradation profile of hydrogels in this study was also determined by immersing the EPS-Ty and 371 

Alg-Ty hydrogels in PBS for 5 and 11 days at 37 ̊C, respectively (Fig. 3b). The EPS-Ty hydrogel was 372 

comparatively more stable than the Alg-Ty hydrogel in PBS, partly due to the more crosslinking density. 373 

           The polydispersity index (Mw/Mn) of the EPS from C. laurentii 70766 is 1.352 [24], which is lower than 374 

the value of ~2, showing that some fractionation has occurred during the production process [74]. The Mw of the 375 

Na-Alg (W201502) used in this study is 120-190 kDa with a M/G ratio of 1.61 [75]. Furthermore, the M and G 376 

contents of Alg molecules extracted from various sources, as well as the length of each block, vary, and over 200 377 

distinct Alg are currently produced. Commercially available Alg have a G-block content ranging from 14 to 31%. 378 

Only the G-blocks of Alg are thought to participate in the formation of hydrogels through intermolecular 379 

crosslinking with divalent cations (e.g., Ca2+). The physical properties of Alg and its resulting hydrogels are thus 380 

influenced by the composition (i.e., M/G ratio), sequence, G-block length, and Mw [76-78]. As a result, the higher 381 

degree of crosslinking observed in the EPS-Ty hydrogel compared to Alg-Ty can be attributed to the EPS's higher 382 

glucuronic acid content (approximately 87% glucuronic acid in its structure [24]). Moreover, lower 383 

biodegradation profile of EPS-Ty hydrogel might be attributed to its lower swelling ratio probably due to its higher 384 

crosslinking density as well as its branching structure which hinders hydrolytic degradation compared to the Alg- 385 

Ty hydrogel [79, 80]. Further work will be undertaken in future studies to test this hypothesis. 386 

3.4 Rheological properties of the hydrogels 387 

The rheological properties of EPS-Ty and Alg-Ty hydrogels were examined by the oscillatory tests. 388 

First, the gelation kinetics of hydrogels was evaluated using an isothermal gelation test (supplementary Fig. 1 389 
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a&b). Based on time sweep results, both hydrogels showed an increase in the G’ indicating the gelation process, 390 

and the G’ reached 114 and 109 Pa after 2 min for Alg-Ty and EPS-Ty hydrogels, respectively. The G' of Alg- 391 

Ty reached a plateau after 3 min, however, the EPS-Ty hydrogel showed a continuous G' increment up to 10 min 392 

before reaching the plateau indicating slower gelation kinetic of EPS-Ty compared to Alg-Ty hydrogel. Hence, 393 

the final G' of the EPS-Ty hydrogel (362 Pa) was achieved after 10 min while, Alg-Ty hydrogel reached a G’ of 394 

140 Pa indicating higher stiffness of EPS-Ty hydrogel in comparison with Alg-Ty. 395 

The storage modulus (G') and loss modulus (G") of EPS-Ty and Alg-Ty hydrogels were assessed by 396 

frequency sweep tests at a constant strain of 1% at 37 ̊C (supplementary Fig. 1 c&d). Both hydrogels exhibited 397 

a frequency-independent G' in the range of frequency of 1 to 10 Hz, and a higher value of G' compared to G", 398 

indicating the elastic and rigid structure of the hydrogels due to the presence of only covalent bonding [81-83]. 399 

The EPS-Ty hydrogel had a G' of 404 Pa, which was more than two times higher than the Alg-Ty hydrogel (140 400 

Pa) (at 1 Hz). Moreover, the G" of the EPS-Ty hydrogel (56 Pa) was about 10 times higher compared to the Alg- 401 

Ty hydrogel (5 Pa). Given that both Alg-Ty and EPS-Ty showed a similar degree of phenol conjugation, this 402 

phenomenon could be attributed to EPS’s high Mw (̴ 1×106 Da [24]), and its branching structure (Fig. 2a) which 403 

endows the EPS with a higher viscosity than the Alg. 404 

Moreover, an amplitude sweep test was performed to investigate the hydrogels' viscoelastic 405 

properties and critical strain (supplementary Fig. 1 e&f). This test was done on EPS-Ty and Alg-Ty hydrogels in 406 

the strain range from 0.1 to 1000 % at a constant frequency of 1 Hz and at 37 ̊C. Alg-Ty hydrogel showed a strain 407 

independent G' up to 100 %, while EPS-Ty hydrogel LVR was up to 15 % (supplementary Fig. 1 e&f). Then, the 408 

hydrogels G' gradually decreased and crossed the G" attributed to a critical strain. The results showed that the 409 

critical strain of the Alg-Ty hydrogel (495 %) was higher than the EPS-Ty hydrogel (84%), indicating more 410 

stability of the Alg-Ty hydrogel against deformation and strain.  411 

         Furthermore, the dynamic viscosity assessment (supplementary Fig. 1 d) revealed a higher viscosity for 412 

EPS-Ty hydrogel precursor (6311.2 mPa·s) in comparison to the Alg-Ty hydrogel precursor (688.7 mPa·s) at a 413 

shear rate of 0.1 1/s. The higher viscosity of EPS-Ty precursor probably could be due to the branching structure 414 

of the EPS [24]. Besides, both Alg-Ty and EPS-Ty hydrogel precursors showed shear thinning behavior. The 415 

viscosity decreased to 5 mPa·s for both hydrogels by increasing the shear rate from 0.1 to 1000 1/s (supplementary 416 

Fig. 1 d).  417 

          Moreover, a recent study, reported an enzyme mediated crosslinking of EPS produced by Sinorhizobium 418 

meliloti for 3D bioprinting application [27]. The glucuronic based EPS gel precursor with 2 % concentration 419 
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showed a dynamic viscosity of around 1300 mPa·s at the shear rate of 0.1 1/s, while, the EPS presented in this 420 

study, exhibited higher dynamic viscosity at same shear rate with 1% concentration, indicating the potential of 421 

the EPS for 3D printing application. Our results showed superior rheological properties of EPS-Ty hydrogel 422 

compared to Alg-Ty hydrogel such as higher storage and loss modules, indicating that EPS presented in this study 423 

can be an alternative to the alginate to address its low mechanical stability. 424 

3.5 Cell viability assay 425 

Before investigating the cytocompatibility of the hydrogels, we determined the unmodified EPS 426 

cytocompatibility using fibroblast (ATCC: CCL-186) and human macrophage (U937, ATCC: CRL-1593.2) cell 427 

lines (Fig. 4 a&b). The EPS was cytocompatible at all concentrations (250-2000 μg/mL) for both cell lines. 428 

Furthermore, regarding the fibroblast cell line, the EPS promoted cell growth and proliferation of the cells (Fig 429 

a). These observations are consistent with other microbial EPSs cell toxicity results reported in the literature 430 

regarding human fibroblast cell lines. For example, the EPS (100 to 1000 μg/mL) from R. mucilaginosa sp. 431 

GUMS16 (a novel cold-adapted yeast), was biocompatible toward human dermal fibroblast (HDF) cell line during 432 

48 h [35]. In addition, the EPS (10 to 1000 μg/mL) from Weissella cibaria EIR/P2 did not have a toxicity effect 433 

against human periodontal ligament fibroblast cells (hPDLFCs) during 24 hours and also showed proliferative 434 

effect on hPDLFCs [84]. Moreover, Liu et al. [85], Wang et al. [86], You et al. [87] and Uhliariková et al. [88], 435 

observed that the EPSs from Phomopsis liquidambari NJUSTb1 (between 31.25-500 μg/mL), Lactobacillus 436 

plantarum JLK0142 (between 50-1000 μg/mL), Lactobacillus pentosus LZ-R-17 (between 50-400 μg/mL) and 437 

the cyanobacterium Nostoc sp. (between 0–1000 μg/mL), had no toxicity effects on the macrophage cell line 438 

(RAW 264.7). Moreover, in another research, Alvarez et al. produced hydrogels from the EPSs produced by other 439 

strains of cyanobacterium Nostoc (Nostoc PCC 7413 and Nostoc PCC 7936) by gelation with FeCl3. The results 440 

revealed enhanced biocompatibility and the ability for stimulating wound healing. Furthermore, EPS hydrogels 441 

aided fibroblast migration, which can be included in the evolution of the regeneration process [20]. 442 

As reported by Smirnou et al., the EPS from C. laurentii 70766, employed in the current study showed a 443 

significant wound healing effect in healthy rats [24]. The proliferation of fibroblasts is an important step in wound 444 

healing [89]. The cell proliferative activities of some microbial EPSs are attributed to the presence of sulfate and 445 

carboxylate groups [90]. Based on the previous study [24], the EPS comprises more than 85% acidic 446 

glucuronoxylomannan (GXM). So, net anionic charges on the EPS may facilitate interactions with cationic amino 447 

acids on key effector protein molecules of cell proliferation, such as basic fibroblast growth factors, adhesion 448 

molecules, and cytokines [91-93]. Hence, the fibroblast cell proliferative activities of the EPS from C. laurentii 449 
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70766 confirmed in this study could be responsible for its improved in vivo wound healing effect that has been 450 

confirmed before by Smirnou et al. [24]. 451 

Then, we investigated the cytocompatibility of the EPS-Ty hydrogel and compared it with the Alg-Ty 452 

hydrogel toward 3T3 L fibroblast cell line using MTS and live/dead staining. The MTS results (Fig. 4c) showed 453 

that both Alg-Ty and EPS-Ty hydrogels were biocompatible, and the cells could grow on the hydrogels without 454 

any significant difference compared to the control (cell culture media) after 24 and 72 h.  455 

Moreover, live/dead assay results (Fig. 4d) confirmed the biocompatibility of EPS-Ty and Alg-Ty 456 

hydrogels compared to the control (TCPS). Both hydrogels showed a higher number of live cells (green) than the 457 

dead cells (red) and well-distributed cells on the hydrogels, showing the non-toxicity of the hydrogels.   458 

          Additionally, the 3D cell encapsulation of fibroblast cells within the enzymatically crosslinked EPS-Ty and 459 

Alg-Ty hydrogels was assessed after 1 (Fig. 4e) and 3 days (Fig. 4f) using Hoechst/ethidium homodimer staining. 460 

Both cell-laden Alg-Ty and EPS-Ty hydrogels could support the proliferation of fibroblast cells after 3 days with 461 

a high percentage of viable cells compared to dead cells (red). Recent research suggests that enzyme-mediated 462 

hydrogels could be candidates for 3D cell encapsulation at low H2O2 concentration [94, 95]. 463 

4. Conclusions 464 

              In the present study, an anionic EPS produced by C. laurentii 70766 was conjugated with tyramine and 465 

enzymatically crosslinked employing HRP-mediated crosslinking to form a stable hydrogel, and the EPS based 466 

hydrogel was compared with alginate-tyramine hydrogel as a commercially available biopolymer The EPS 467 

hydrogel showed similar gelation kinetic, swelling ratio, rheological properties, as well as prolonged degradation 468 

profile compared to the alginate-based hydrogel. Moreover, The EPS demonstrated no adverse effect on the 469 

viability and proliferation of human macrophage and fibroblast cells indicating a potential for developing of 470 

wound dressing hydrogels. However, the low yield of EPS produced by C. laurentii 70766 (1.05 g/L) can hinder 471 

its large-scale production which must be enhanced by optimization of extraction parameters (i.e., temperature, pH 472 

etc.). Furthermore, there is a need to elucidate the regulatory mechanism of EPS induced wound healing since 473 

such knowledge will reveal the dynamics of EPS-enabled wound healing when subjected to various physical and 474 

biological conditions. Notably, despite the existing challenges, it is important to acknowledge that the present 475 

study highlights new knowledge regarding important biological properties of the novel anionic EPS produced by 476 

C. laurentii 70766 and thus reveals new pathways for future clinical studies with respect to their potential wound 477 

healing capacity in human subjects. 478 

 479 
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Captions to illustrations 749 

Fig. 1. a) Schematic illustration of EPS extraction and purification from Cryptococcus laurentii 70766. b) FT-IR 750 

spectra of the EPS produced by C. laurentii 70766 and sodium alginate. 751 

Fig. 2. a) Schematic figure showing the conjugation reaction of tyramine HCl with a) sodium alginate and b) EPS 752 

(containing the acidic glucuronoxylomannan (GXM) as the main component (about 87%) [24]); (c) UV-vis 753 

spectra of tyramine, modified EPS (EPS-ty) and EPS, and (c) tyramine, modified alginate (Alg-ty) and alginate. 754 

Fig. 3. a) The microporous structure of EPS-Ty and Alg-Ty hydrogels. b) Swelling ratio% behavior of the 755 

hydrogels after 24 h of soaking in PBS buffer. c) Degradation profiles of EPS-Ty and Alg-Ty hydrogels in PBS 756 

at 37 ̊C. d) dynamic viscosity curve of Alg-Ty and EPS-Ty hydrogel. e) The images from EPS-Ty and Alg-Ty 757 

hydrogels before and after swelling.  758 

Fig. 4. a) RLU-RealTime-Glo™ cell viability assay of the EPS from Cryptococcus laurentii 70766 on human 759 

fibroblast cell (ATCC: CCL-186) line after 24 h and 30 h of incubation. b) RLU-RealTime-Glo™ cell viability 760 

assay of the EPS from C. laurentii 70766 on human macrophage cell line (U937) after 24 h and 30 h of incubation. 761 

c) Cell viability of 3T3 L cells treated by control (cell culture media), Alg-Ty, and EPS-Ty hydrogels after 24, 762 

and 72 h. d) Fluorescence microscopy images of live/dead 3T3 L cells seeded on Alg-Ty, EPS-Ty hydrogels, and 763 

control (tissue culture plate) after three days. Fluorescent microscopic images of cell-laden Alg-Ty and EPS-Ty 764 

hydrogels stained via Hoescht and ethidium homodimer (dead cells) after 1 (e) and 3 days (f). Each value is 765 

expressed as mean ± SEM (n = 3). a-d bars that do not share a letter are significantly different at p < 0.05. 766 
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