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Abstract 33 

Bioactive peptides from natural resources with associated beneficial biological properties 34 

such as skin wound healing have drawn much attention. Polysaccharides with their 35 

biocompatibility, biodegradability, and ease of modification are suitable carriers for 36 

peptides delivery to the wound. In this study, a polysaccharide-peptide system was 37 

designed for potential wound healing applications. Xanthan hydrogels were modified 38 

with the yeast-derived peptide VW-9 with known biological properties via chemical 39 

conjugation using carbodiimide chemistry (XG-g-VW-9) or physically incorporation 40 

(XG-p-VW-9). Grafting VW-9 to the hydrogels increased the hydrogels' swelling degree 41 

and the release of the peptide from the hydrogels followed the Higuchi model indicating 42 

the peptide diffusion from the hydrogel matrix without hydrogel matrix dissolution. Both 43 

hydrogels were cytocompatible toward the tested fibroblast and macrophage cells. XG-44 

p-VW-9 and XG-g-VW-9 reduce the level of TNF- α and IL-6 in cells activated with LPS 45 

more efficiently than free VW-9. Thus, VW-9-modified xanthan hydrogels may have the 46 

potential to be considered for skin wound healing. 47 

 48 
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1. Introduction 58 

Inflammation is a biological response of the immune system that can be triggered 59 

by physical (burn, physical injury, foreign bodies, trauma, etc), chemical (glucose, fatty 60 

acids, toxins, alcohol, fluoride, nickel, etc) and biological (damaged cells) or infectious 61 

(bacteria, viruses) factors [1] Inflammatory processes stimulate cells to produce pro-62 

inflammatory cytokines such as IL-1β, IL-6, and TNF-α, which are related to pathological 63 

pain [2]. Therefore, one way to reduce inflammation and pain is by inhibiting the 64 

excessive production of cytokines [2]. Designing biomaterials to suppress the 65 

inflammatory process might be challenging because sometimes intrinsic biomaterial 66 

characteristics might induce an inflammatory response [3]. Polysaccharide based 67 

hydrogels are interesting systems to carry and deliver anti-inflammatory agents due to 68 

their biocompatibility, inherent functional groups that endow active sites for 69 

bioconjugation and the possibility to create injectable, implantable and topical hydrogels.  70 

For instance, agarose hydrogels delivered antisense nucleotides to prevent the secretion 71 

of cytokines [4], intra-articular injection of chitosan thermosensitive hydrogels delivered 72 

diclofenac sodium [5], and tyramine-modified gellan gum hydrogels delivered anti 73 

cytokine dendrimer nanoparticles with the aid of a cartilage-on-a-chip system [6]. 74 

 There is a plethora of anti-inflammatory peptides (AIP) from plants, animals, and 75 

microorganisms [7,8]. However, peptides might undergo enzymatic degradation, 76 

resulting in low bioavailability [9]. Conjugating peptides to polymers is a strategy to 77 

increase AIP stability and gain synergistic properties [10]. For instance, AIP grafted to 78 

hydrogels formed by cysteine-terminated and thioester-terminated 4-armed poly(ethylene 79 

glycol) protected islet cells against cytokines action [11]. Although the literature has 80 

many reports about polysaccharide-peptide conjugates for drug delivery [10], there is 81 
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scarce information about the conjugation of AIP on polysaccharides for anti-82 

inflammatory therapy.  83 

2.  Yeast cells produce bioactive peptides due to their proteolytic 84 

activity during fermentation processes [12]. Yeast derived peptide VW9 85 

(VLSTSFPPW) showed antioxidant and anti-inflammatory activity as well as a 86 

stimulating effect on fibroblasts and macrophages [13], making it an interesting 87 

molecule for the functionalization of wound healing biomaterials [14]. Xanthan 88 

gum (XG) is a microbial polysaccharide; the backbone has cellobiose as the 89 

repeating unit and side-chains consisting of a trisaccharide composed of D-90 

mannose (β-1,4), D-glucuronic acid (β-1,2) and D-mannose, which are attached 91 

to alternate glucose residues in the backbone by α-1,3 linkages [15]. Beyond 92 

their use as drug carrier [16,17], XG hydrogels shows favorable conditions for cell 93 

adhesion and proliferation [18,19]. In this work, XG hydrogels were used as VW9 94 

carriers. VW9 molecules were either physically incorporated into the hydrogels 95 

or chemically attached to the hydrogels via carbodiimide chemistry; the 96 

biocompatibility and anti-inflammatory properties of VW9 in both systems were 97 

evaluated in comparison to free VW9 molecules.     Experimental 98 

2.1 Materials 99 

Xanthan gum (XG, Xantural®, CP Kelco, Brazil) with a degree of pyruvate of 0.39, 100 

degree of acetyl of 0.42, and Mv of 1.3 × 106 g/mol [19], citric acid (CA, LabSynth, Brazil) 101 

and sodium hypophosphite (SHP, LabSynth, Brazil), N′-ethylcarbodiimide hydrochloride 102 

(EDC, Sigma-Aldrich, Brazil) and N-hydroxysuccinimide (NHS, Sigma-Aldrich, Brazil) 103 

were used as received. Milli-Q® water was used in all experiments. The peptide VW9 104 

has the amino acid sequence Val-Leu-Ser-Thr-Ser-Phe-Pro-Pro-Trp (MW: 1032.52 Da, 105 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-catabolism
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-catabolism
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theoretical pI 5.58) and purity greater than 95% (SynthBio Engineering, China). Peptides 106 

containing biotin were also produced (SynthBio Engineering, China) to aid in the 107 

characterization of peptides conjugated to XGH after streptavidin labeling and imaging 108 

using fluorescence microscopy. 109 

 110 

Synthesis of xanthan gum hydrogels and peptide grafting via carbodiimide reaction 111 

Solutions of XG were prepared in MilliQ water at 30 g/L in the presence of CA (3 g/L) 112 

and SHP (1.5 g/L) as crosslinker and catalyst, respectively, under magnetic stirring at 24 113 

± 1 °C. The solutions were poured into Petri dishes (diameter of 50 mm), and frozen for 114 

24 hours in a standard freezer at - 24 ºC, followed by 8 hours of freeze-drying under 115 

vacuum (0.2 mbar). After freeze-drying, the samples were removed from the molds and 116 

heated for 7 min at 165 °C to promote the crosslinking [20]. The crosslinking results from 117 

the esterification reaction between citric acid groups and XG hydroxyl groups (Scheme 118 

1a) catalyzed by HPS, with the release of water molecules [19,21]. After cooling down 119 

to (23 ± 1) °C, the unreacted molecules were removed by rinsing the samples with MilliQ 120 

water until the rinsing water achieved conductivity of ~ 5 µS/cm. The samples were coded 121 

as XGH.  122 

The conjugation of VW9 to XGH was mediated by the reaction with carbodiimide 123 

[22]. Briefly, the reaction between XG carboxylic acid groups and EDC molecules, in the 124 

presence of NHS, yields stable O-acylisourea groups that can react with VW9 amino 125 

groups, resulting in amide bonds (Scheme 1b). EDC (0.768 g/L) and NHS (0.287 g/L) 126 

solutions were prepared in MES buffer solution (4.103 mg/L, pH = 6.5) to guarantee a 127 

successful reaction [22]. First, 100 μL of EDC solution was added to the freeze-dried 128 

XGH samples, which were cut as discs of 19 mm diameter, then 100 μL of NHS solution 129 

was added. The XGH samples were completely soaked by EDC and NHS solutions. After 130 
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20 min, 200 μL of VW9 solution (1.0 g/L) was added and then kept 12h at 37°C in a oven. 131 

These samples were coded as XG-g-VW9. For comparison, VW9 was physically 132 

incorporated in the XGH. The procedure was exactly the same, but in the absence of EDC 133 

and NHS. The samples were coded as XG-p-VW9. In sequence, the samples were washed 134 

for 1h in distilled water and dried in oven (37°C) before further characterization and tests.  135 

136 

Scheme 1. (a) Crosslinking of XG chains with citric acid (b) and grafting of VW9 to XG 137 

chains mediated by EDC/NHS reaction.  138 

 139 

2.2 Characterization of XGH, XG-p-VW9 and XG-g-VW9 140 
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The morphology of freeze-dried XGH, XG-p-VW9 and XG-g-VW9 was 141 

evaluated using scanning electron microscopy (SEM, FEI Quanta 200) in environmental 142 

mode; the samples were coated with gold prior to the analyses. Fourier-transform infrared 143 

vibrational spectroscopy in the attenuated total reflectance mode with 4 cm-1 of resolution 144 

and 32 scans (FTIR-ATR, Perkin Elmer Frontier) and elemental analyses (CNH, Perkin 145 

Elmer - 2400 series ii) were performed to identify and quantify the chemical composition 146 

of XGH, XG-p-VW9 and XG-g-VW9. Circular dichroism (CD) spectra of XG, VW9 147 

solutions and their mixture, and of XGH and XG-g-VW9 hydrogels were measured in the 148 

range of 190 nm to 300 nm with 0.5 nm of resolution and 5 nm of step size (CD, Jasco 149 

815). For the CD measurements, hydrogel samples were attached to the external cuvette 150 

wall and swollen with PBS solution (pH = 7.4). The swelling degree (SD) of XGH, XG-151 

p-VW9 and XG-g-VW9 was gravimetrically determined from water sorption experiments 152 

at (24 ± 1) oC. For that, freeze-dried samples were weighed (precision 0.1 mg) to 153 

determine mdry. Then, the samples were soaked in MilliQ water (pH 5.5) for 1 h, with the 154 

subsequent careful removal of surface water with tissue paper. The swollen hydrogels 155 

were then weighed to determine mswollen. The SD was determined for triplicates by: 156 

𝑆𝐷 =
𝑚𝑠𝑤𝑜𝑙𝑙𝑒𝑛− 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
  (1) 157 

The chemically and physically binding of VW9 to XGH was assessed by fluorescence 158 

microscopy, using the specific biotin-streptavidin binding. A biotin modified VW9 159 

variant (VW9biotin) was either chemically grafted to XGH via EDC reaction or physically 160 

incorporated into XGH. The samples were fixed in paraformaldehyde 4% for 15 min at 161 

RT, then washed in PBS and blocked for 30 min at RT in BSA 0.5% [23]. Streptavidin-162 

FITC (Sigma, USA) was used at 125 µg/mL and incubated for 1 h at RT. After washing, 163 

samples were disposed of in IBIDI µ-dish 35mm imaging chambers and were observed 164 

on a confocal microscope (Zeiss LSM710) with a 10x/0.3 Plan NeoFluar or a 20x/0.8 165 
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Plan Apochromat objective. Images were analyzed using Fiji software [24] by segmenting 166 

the samples from the background using an intensity threshold and analyzing the mean 167 

intensity. 168 

BCA assay kit (Merck, USA) was used to determine the release profile of the 169 

peptide from the hydrogels. Each hydrogel was immersed in PBS buffer (500 µL) and 170 

incubated at 37 °C for 48 h. Samples (20 µL) were taken and then replaced with new PBS 171 

buffer at time points up to 48 h.  A microplate reader was used to determine the 172 

absorbance at 490 nm. The experimental data were fitted with Korsmeyer-Peppas model 173 

(Eq. 2) [25] and Higuchi model [26] (Eq. 3)  174 

(
𝑀𝑡

𝑀𝑒𝑞
) = 𝑘𝐾𝑃𝑡𝑛            (2) 175 

𝑀𝑡 = 𝑘𝐻√𝑡  (3) 176 

where Mt is the released amount at time “t”, Meq is the released amount at equilibrium, 177 

kKP is a constant related to the release rate and “n” is the diffusional coefficient. In the 178 

Higuchi model kH is a constant related to the diffusion coefficient of the released 179 

molecule. 180 

2.3 Biocompatibility of XGH, XG-p-VW9 and XG-g-VW9 with macrophages and 181 

fibroblasts 182 

U937, a pro-monocytic human myeloid leukemia cell line (ATCC, CRL-1593.2), 183 

and fibroblasts (ATCC, CCL-186) were obtained from American Type Culture 184 

Collection. The cells were cultured in RPMI 1640 and DMEM medium respectively, 185 

supplemented with 2 mM L-glutamine, 10% fetal bovine serum (FBS), and 100 unit/mL 186 

penicillin/streptomycin (Lonza Bioscience), according to ATCC guidelines. The U937 187 

(passage number 12-16) and fibroblast cells (passage number 16-20) density were 188 

maintained at 100,000 viable cells/mL, respectively. Cells were incubated at 37 °C in a 189 

humidified atmosphere (5% CO2). Cells were harvested once the cell confluency reached 190 
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approximately 80-90%. U937 was differentiated to macrophage-like cells (M0) after 191 

being treated with PMA (300 nM) for 24 h and then resting for another 24 h. To consider 192 

the compatibility of the prepared hydrogels with cells, they were soaked in culture media 193 

for about 3-4 h at 4°C before cell culture. Macrophages and fibroblasts detached by 194 

trypsin and seeded on the surface of each hydrogel disk (100 K/1 mL /well). After 24 h, 195 

48 h and 7 days of incubation at 37 °C, the viability of cells was evaluated. CellTiter 96 196 

Aqueous one solution cell proliferation assay kit (Promega, USA) was used for this 197 

purpose, according to kit instruction. Additionally, the biocompatibility of the hydrogels 198 

was tested for Vero cells (ATCC, CCL-81), which were cultivated in flask cells T75 under 199 

DMEM high glucose medium and 10% of FBS. The in vitro cytotoxicity assays were 200 

performed using the solution extract, according to ISO 10993-5:2009 protocol [27], 201 

which involves the contact between cells seeded into the well plates with extract solution 202 

derived from the hydrogels. Metabolic activity was evaluated by the 3-(4,5-dimethyl-2-203 

thiazolyl)−2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The cell viability of each 204 

sample was tested in quadruplicate (n = 4), dividing the absorbance reading 205 

corresponding to the sample by the absorbance reading of the control (only supplemented 206 

DMEM high medium). 207 

The distribution of macrophages and fibroblasts on XGH, XG-p-VW9, XG-g-208 

VW9 were investigated by fluorescent microscopy. Cells (200,000 cells/well) were 209 

seeded on the hydrogels. After 48 h, samples were retrieved from culture wells and gently 210 

washed with PBS and fixed in paraformaldehyde 4% for 15 min at RT, then washed in 211 

PBS and permeabilized by Triton X-100 0.2% for 5 min at RT. After blocking in 0.5 % 212 

BSA for 30 min at RT, phalloidin-iFluor 488 (Abcam, ab176753, used at 1:1000 of stock 213 

solution) in blocking solution was added for 90 min at RT. Samples were washed and 214 

then scanned using a confocal microscope (Zeiss LSM710) with a 10x/0.3 Plan NeoFluar 215 
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or a 20x/0.8 Plan Apochromat objective. The morphology of macrophage and fibroblast 216 

on XGH, XG-p-VW9, XG-g-VW9 was evaluated using SEM images. Samples were fixed 217 

in glutaraldehyde 2.5% in cacodylate buffer for at least 1 h, then post-fixed in osmium 218 

2% in cacodylate buffer, washed and dehydrated in increasing concentrations of methanol 219 

(30%-50%-70%-95%-100% for 15 minutes each). Pure methanol was replaced by HMDS 220 

(hexamethyldisilazane) 100 % which was left for drying under a chemical hood for a few 221 

days. Once samples were dried, they have been metallized with 20 nm of platinum before 222 

scanning using a FEI ESEM Quanta 200 using high vacuum and a 30kV tension. 223 

 224 

2.4 Anti-inflammatory activity of XGH, XG-p-VW9 and XG-g-VW9 225 

Immunomodulatory activity of XGH, XG-p-VW9, XG-g-VW9 and free VW9, as 226 

control,  was assessed by seeding macrophages at 200,000 cells in 1mL per well in 24-227 

well plates containing films and free peptide (0.5 mg/mL) for 22 h, followed by 228 

stimulation of cells with lipopolysaccharide (LPS) (E. coli O55: B5, Sigma)  (500 ng/mL) 229 

for 6 h. Supernatants were collected to determine interleukin-6 (IL-6) and tumor necrosis 230 

factor-alpha (TNF-) with specific ELISA kits according to the manufacturer`s 231 

instruction (DuoSet ELISA Development System, Biotechne). Optical density was read 232 

immediately using a microplate reader at 450 nm and cytokine concentrations were 233 

evaluated using a standard curve.  234 

 235 

3. Results and Discussion 236 

3.1 Characterization of XGH, XG-p-VW9 and XG-g-VW9 237 

Figures 1a, 1b and 1c show typical SEM images of freeze-dried XGH, XG-p-238 

VW9 and XG-g-VW9, respectively. All samples presented a similar porous structure, 239 

indicating that the physical incorporation of VW9 or the grafting of VW9 to the XG 240 
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chains did not alter the porous structure. Figures 1d, 1e and 1f show the fluorescence 241 

microscopy along with the relative fluorescence intensity for XGH (negative control), 242 

XG-p-VW9biotin and XG-g-VW9biotin, respectively. There was a relative increase of 243 

fluorescence for XG-g-VW9biotin (Fig. 1f) samples due to the specific binding to 244 

streptavidin-FITC, indicating the successful grafting of the peptide to the hydrogel.  245 

 246 

  Figure 1. SEM images of (a) XGH, (b) XG-p-VW9 and (c) XG-g-VW9 freeze-dried 247 

samples (scale bar = 500 µm). Fluorescence microscopy images along with the relative 248 
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intensities (λem = 525 nm) of (d) XGH, (e) XG-p-VW9 and (f) XG-g-VW9. (g) Release 249 

of VW9 from XG-p-VW9 and XG-g-VW9 samples measured by BCA protein assay.  250 

The fluorescence microscopy indicated that the physically incorporated peptide 251 

are leached from the hydrogels upon washing. To better understand the stability of VW9 252 

in XG-p-VW9 and XG-g-VW9 samples, the release of VW9 was monitored as a function 253 

of time with the aid of BCA assay kit, XGH was used as the control sample. Figure 1g 254 

shows that the cumulative release of VW9 from XG-p-VW9 increased up to 6 h, 255 

remaining approximately constant, and it was much more pronounced (~fivefold) than 256 

the amount of VW9 released from XG-g-VW9. The fitting parameters (Table 1) indicated 257 

that Higuchi model described better the release of VW9 from the hydrogels. Thus the 258 

release is controlled only by the diffusion of VW9 molecules without any significant 259 

effect on the matrix. The VW9 released from XG-g-VW9 presented a lower rate constant 260 

than that observed from XG-p-VW9. After the grafting reaction, a small amount of non-261 

reacted VW9 might have remained bound to the grafted VW9 due to van der Waals 262 

interactions and cooperativity. For XG-p-VW9 and XG-g-VW9 samples, the calculated 263 

Meq (Korsmeyer-Peppas) values were 0.56 mg/mL and 0.14 mg/mL, respectively. The 264 

fitting curves to the Korsmeyer-Peppas and Higuchi models are provided as 265 

Supplementary Material SM1. 266 

Table 1. Fitting parameters were obtained for the release of VW9 from XG-p-VW9 and 267 

XG-g-VW9 hydrogels. kKP (min-n) and n stand for constant rate and diffusional coefficient 268 

(dimensionless) of Korsmeyer-Peppas model (Eq. 2). kH (mg/L.min-0.5) stands for Higuchi 269 

constant rate (Eq. 3). 270 

 271 

 272 

 273 
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Hydrogel 

Korsmeyer-Peppas Higuchi 

kKP       

(min-n) 

 

n 

 

R2 

kH                            

(mg.mL-1.min-0.5) 

 

R2 

XG-p-VW9 0.0371 0.4212 0.8636 0.01378 0.8447 

XG-g-VW9 0.1304 0.2602 0.7356 0.0030 0.9448 

 274 

Table 2 shows the elemental analyses (C, H, N) for XGH, XG-p-VW9 and XG-275 

g-VW9 samples after washing to remove the excess reactants and freeze-drying. XGH 276 

samples presented no nitrogen content, as expected. The XG-p-VW9 samples presented 277 

no content of N either, indicating that VW9 molecules were leached from the hydrogels 278 

during the washing process. The XG-g-VW9 samples presented 1.0% of N, but this 279 

content might stem from EDC molecules and VW9. To subtract the contribution of EDC 280 

to the N content, samples were prepared exactly like the XG-g-VW9, but without adding 281 

VW9. These samples, coded as XG-EDC, presented 0.70% N. Therefore, the grafting of 282 

VW9 contributed with 0.30% N to the total content of N in the XG-g-VW9 samples 283 

(1.00%). Since the N content in VW9 is 13.57%, 0.30% corresponds to 2.2% of VW9 284 

grafted to XGH, i.e., each gram of XG-g-VW9 contains 0.022 g of VW9.  285 

 286 

Table 2: Elemental analyses (CHN) and swelling degree (SD, gwater/g) determined for 287 

XGH, XG-p-VW9 and XG-g-VW9. 288 

 C (%) H (%) N (%) SD (gwater/g) 

XG 34.9 5.9 0 19.0 ± 2.2 

XG-p-VW9 34.7 5.9 0 21.1 ± 1.4 

XG-g-VW9 34.1 6.1 1.0 25.4 ± 0.7 

XG-EDC/NHS 34.8 6.0 0.7  - 

 289 
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The swelling degree (SD) values determined for XGH, XG-p-VW9 and XG-g-290 

VW9 amounted to 19.0 ± 2.2 gwater/g, 21.1 ± 1.4 gwater/g and 25.4 ± 0.7 gwater/g, 291 

respectively (Table 2); they are similar to SD value previously reported for xanthan 292 

hydrogels [21] and indicated that grafting VW9 to the hydrogels slightly increased their 293 

hydrophilicity. 294 

Figure 2a shows the FTIR spectra obtained for XG (powder), VW9 (powder), 295 

XGH, XG-p-VW9 and XG-g-VW9. The spectra of XG powder, XGH, XG-p-VW9 and 296 

G-g-VW9 show the characteristic bands of polysaccharides in the 3500–3200 cm-1 region 297 

(O-H vibrational stretching); at 2930 cm-1 and 2850 cm-1 (symmetrical and asymmetrical 298 

C-H stretching); and in the 1240– 850 cm1 region (C–O and C–C stretching vibrations of 299 

the saccharide ring) [28]. Particularly important are the intensities ratio between carbonyl 300 

stretch (C=O) bands at 1600 cm-1 and 1719 cm-1, which correspond to the acidic and ester 301 

forms, respectively, I1600/I1719. For XG powder, XGH and XGH-p-VW9 I1600/I1719  values 302 

amounted to 3.4, 1.82 and 2.12 (Figure 2b), respectively, indicating the increase of ester 303 

linkages after crosslinking [21,22]. In the case of XG-g-VW9, the ratio I1600/I1719 of 3.50 304 

might be attributed to the increase of I1600 due to the grafting of VW9. Pure VW9 305 

presented the typical peptide bands in the 3500–3300 cm-1 region (N-H vibrational 306 

stretching), amide I at 1630 cm-1 and amide II at 1530 cm-1 [28]. Possibly, after grafting 307 

VW9 to XGH, the amide I band shifted to 1600 cm-1, leading to the increase of I1600/I1719 308 

ratio. 309 
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Figure 2. FTIR-ATR spectra of XG poweder and hydrogels. (a) spectral range from 600 311 

cm-1 to 4000 cm-1. (b) spectral range from 1400 cm-1 to 1900 cm-1, and the intensities 312 

I1600/I1719 ratio. 313 

Figure 3a shows the CD spectra of XG (6.6 g/L), VW9 (0.5 g/L) and their mixture 314 

(XG at 3.3 g/L and VW9 at 0.25 g/L) in aqueous solutions (pH 5.5). The CD spectra 315 

obtained for XG and XG/VW9 mixture presented similar features. The characteristic 316 
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features of VW9 spectrum did not appear in the spectra obtained for the mixture probably 317 

due to the low concentration. The positive signal at ~ 210 nm attributed to n → π* 318 

transition of the carboxylate groups of XG (D-glucuronic acid and pyruvate groups) 319 

[16,29] and the negative signal at ~ 224 nm due to XG acetate groups [16] indicated the 320 

helix conformation of XG chains in the presence and absence of VW9. Pure VW9 321 

presented a strong negative signal at ~ 207 nm, typical of disordered structure, and a weak 322 

positive signal at ~ 225 nm, indicating the presence of some helical structure [30]. Figure 323 

3b shows the CD spectra for swollen XGH, XG-p-VW9 and XG-g-VW9 hydrogels. The 324 

XGH sample presented a positive signal at ~ 217 nm, indicating that the helical 325 

conformation of XG chains was kept, even after crosslinking with citric acid. The CD 326 

spectra obtained for VW9 physically incorporated into the hydrogels resembled the 327 

spectra of their physical mixture in solution (Fig. 3a); the positive signal at ~ 205 nm 328 

indicated that the helical conformation of XG chains and a broad negative signal in the 329 

range from 220 nm to 240 nm due to disordered coils. After chemical grafting VW9 to 330 

the XG chains (XG-g-VW9), the positive signal at ~ 217 nm decreased considerably, but 331 

an intense positive signal at ~ 227 nm appeared, indicating the presence of helical 332 

structures of XG chains. This shift to higher wavelength might be due to absorption 333 

flattening, which occurs when the absorbing species are not uniformly distributed in the 334 

sample [31]. Also, the interaction of XG chains with the grafted species which prevents 335 

the increase of joint points (entanglement), conform observed in rheology studies 336 

involving XG chains and proteins [32].  337 

Noteworthy, the spectra obtained for XG-g-VW9 showed a weak positive band at 338 

195 nm and a weak negative band at 201 nm, indicating β-sheet signature [33],  which 339 

were not observed in the solution of free VW9 (Fig. 3a). The negative signals at ~ 215 340 

nm and ~ 222 nm are typical of disordered structure.  341 
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Figure 3. CD spectra were obtained for (a) XG at 6.6 g/L, VW9 at 0.5 g/L and the mixture 342 

of XG at 3.3 g/L and VW9 at 0.25 g/L, in aqueous solutions (pH 5.5). (b) XGH and XG-343 

g-VW9 were swollen in PBS solution (pH = 7.4).  344 

3.2 Biocompatibility and anti-inflammatory properties of XGH, XG-p-VW9 and XG-g-345 

VW9  346 

 Preliminarily, the biocompatibility of VW9 towards fibroblast and macrophage 347 

cells was investigated. Figure 4 shows that the addition of VW9 increased the cell 348 

viability compared to the control. For fibroblasts (Fig. 4a) VW9 at 0.5 mM presented the 349 

highest value of luminescence (~2000 RLU) and at 0.25 mM and 1 mM (~1800 RLU) the 350 

values were equivalent. For macrophages (Fig. 4b), the highest viability occurred at 0.25 351 

mM of VW9 (8x106 RLU), whereas for 0.5 mM and 1 mM the values were equivalent 352 

(~5.8x106 RLU). Such values are at least twofold higher than the control value.  353 
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 354 

Figure 4: Biocompatibility of free VW9 (VW) incubated with macrophage (a) and 355 

fibroblast (b) cells for 24 h. Different letters present the significant differences between 356 

data (P<0.05). The small dots are data points. The biocompatibility of XG hydrogels with 357 

(c) macrophage and (d) fibroblast cells. Results are presented as mean ± SD. * P<0.05, 358 

**P<0.01, *** P<0.005, and ****P<0.001 represent the significant differences between 359 

data. 360 

 361 

 The viability of macrophage and fibroblast cells cultured on XGH, XG-p-VW9 362 

and XG-g-VW9 after 24 h, 48 h and 7 days is presented in Figures 4c and 4d, 363 

respectively. At all phases of the experiment, the cell viability on XGH was higher than 364 

on XG-p-VW9 and XG-g-VW9, although the preliminary tests with pure VW9 showed 365 

excellent viability (Figures 4a and 4b). After 7 days, the cell viability was reduced, and 366 

there was no significant difference in fibroblast`s viability between samples. The 367 

inconsistency with the preliminary tests might be due to the fact that the cells were 368 

cultured directly on the hydrogels.  The cells might have migrated to the interior of the 369 

hydrogels, hindering their detection. To test this hypothesis, Vero cells were cultured with 370 

the extract solutions stemming from XGH and XG-g-VW9. The viability of Vero cells 371 
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cultured with the extracts of XGH and XG-g-VW9 was similar or 2.4 times the viability 372 

in the control experiment (Supplementary Material SM2). These findings corroborate 373 

with those for pure VW9 (Figures 4a and 4b) and support the hypothesis that the 374 

diffusion of cells to the interior of the hydrogels might have caused the low number of 375 

detected cells. 376 

F-actin  staining experiment by Phalloidin-iFluor 488 showed an even distribution of 377 

macrophages and fibroblasts on XGH, with a higher number of cells compared to XG-p-378 

VW9 and XG-g-VW9 (Figure 5). The population of fibroblasts was higher than 379 

macrophage`s population in all samples.  380 

 381 

 382 

Fig. 5. Confocal fluorescence microscopy image of fibroblasts and macrophages on 383 

XGH, XG-p-VW-9, and XG-g-VW-9 films. Phalloidin-iFluor 488 reagent binds to actin 384 

filaments (F-actin) and the iFluor dye is detected with Fluorescent microscope at 385 

Ex/Em=493/517 nm.  386 

 387 
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Macrophage and fibroblasts seeded on the XGH, XG-p-VW9 and XG-g-VW9 388 

presented spherical morphology and dimensions of ~ 10 μm, as shown in Figures 6 and 389 

7, respectively. These features corroborate with literature data. Phorbol 12-myristate 13-390 

acetate (PMA)-differentiated human macrophage-monocyte-like U937 cells presented 391 

spherical shapes with similar size [34,35]. Fibroblasts seeded on tissue culture 392 

polystyrene [36], chitosan modified poly(caprolactone) [37] and xanthan/polypyrrole 393 

[38] scaffolds also presented spherical shape and dimensions of ~ 10 μm.   394 

 395 

 396 

Figure 6. Scanning electron microscopy (SEM) images of macrophages on XGH, XG-p-397 

VW9 and XG-g-VW9.  398 
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 399 

Figure 7. Scanning electron microscopy (SEM) images of fibroblasts on XGH, XG-p-400 

VW9 and XG-g-VW9.  401 

 402 

The anti-inflammatory activity of VW-9 in free form was determined by comparing the 403 

levels of TNF-α and IL-6 in cells stimulated with LPS for 6 and 19 h and in cells 404 

pretreated with peptide (0.5 mg/mL) and stimulated with LPS. To investigate the anti-405 

inflammatory effect of VW-9 physically (XG-p-VW-9) and chemically (XG-g-VW-9) 406 

attached to the hydrogels, The levels of TNF-α and IL-6 were compared in XGH sample 407 

as control and  in XG-p-VW-9 and XG-g-VW-9, following LPS stimulation. Figure 8 408 

shows that (i) The cytokine levels in XG-p-VW-9 and XG-g-VW-9 samples were lower 409 

than those in XGH, indicating the anti-inflammatory activity of VW-9 peptide-modified 410 

hydrogels, (ii)-A greater drop in TNF-α levels occurred in cells exposed to XG-p-VW9 411 

and XG-g-VW-9 samples than in cells exposed to free VW-9  (Figure 8a), (iii)-A greater 412 

drop in IL-6 levels occurred in cells exposed to XG-p-VW9 and XG-g-VW-9 samples 413 

than in cells exposed to free VW-9 (Figure 8b), and (IV)- there was no significant 414 

difference in anti-inflammatory activity of XG-p-VW9 and XG-g-VW-9 samples. All 415 

together, our findings demonstrated that VW-9 exhibits anti-inflammatory activity in free 416 

form, as well as in physical and chemical graft forms. It could be because the anti-417 

inflammatory activity of VW-9 is related to the interaction between peptide and receptors 418 

on the cell surface rather than the peptide's entry into the cell. More research is needed to 419 
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confirm this theory. The diffusive process of VW-9 from XG-p-VW-9 and XG-g-VW-9   420 

with constants of ~ 0.01378 and 0.0030 mg.mL-1.min-0.5, respectively (Table 1), may 421 

explain why  XG-p-VW-9 and XG-g-VW-9 reduce the inflammatory response more 422 

efficiently than free form of VW-9 .  In physical grafting, the diffusion-controlled release 423 

kinetics is generally fast but conjugation  via stronger interactions such as covalent bonds 424 

leads to a more sustained release [39]. The anti-inflammatory efficacy of grafted peptide, 425 

on the other hand, is regulated by the type of interface, the amino acids engaged in 426 

interaction, and the orientation of the peptide after grafting in covalent grafting of peptide 427 

in hydrogel [40]. Based on that the C-terminal amino acid is the tryptophan (W), the 428 

activation of transcription factor NF-κB could be main main mechanism which activates 429 

the anti-iflammatory function. This process was studied by Majumder et al. with egg 430 

protein ovotransferrin derived peptides containing W as C-Terminal [32].  431 

 432 

 433 

Figure 8. TNF-α (A) and IL-6 (B) levels in LPS-stimulated cells in free peptide and 434 

hydrogels. * P<0.05, **P<0.01, *** P<0.005, and ****P<0.001 present the significant 435 

differences between data. 436 

 437 

 438 
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Table 3 shows the maximal reduction of TNF- α and IL-6 levels secreted by LPS-439 

stimulated cells in the presence of some polysaccharide-based anti-inflammatory systems 440 

reported in the recent literature, in comparison to the secretion of TNF- α and IL-6 by the 441 

cells in the absence of the anti-inflammatory agent. The data clearly show that the systems 442 

XG-p-VW-9 and XG-g-VW-9 have excellent performance, particularly, regarding the 443 

suppression of IL-6 secretion.  444 

 445 

 446 

Table 3: Maximal reduction of TNF-α and IL-6 cytokines values secreted by cells after 447 

incubation with carrier systems in comparison to the secretion of TNF-α and IL-6 448 

cytokines in the absence of the anti-inflammatory agent. 449 

System Cell lineage TNF-α 

(maximal 

reduction) 

IL-6 (maximal 

reduction) 

Reference 

Chitosan- 

Ginsenoside 

compound on Au 

nanoparticles 

 

Macrophages 

(RAW 264.7) 

 

~ 70% 

 

~ 50% 

 

[41] 

Chitosan hydrogels 

as carriers for 

acetylsalicylic acid 

(ASA) combined 

with cefuroxime 

(CFX), tetracycline 

(TCN) or 

amoxicillin (AMX) 

 

 

 

 

Monocytes 

 (THP-1) 

 

 

ASA/CFX 64% 

 

ASA/TCN 67% 

 

ASA/AMX 87% 

 

 

ASA/CFX 

80% 

 

ASA/TCN 

80% 

 

ASA/AMX 100% 

 

 

 

 

 

[42] 

Puerarin-loaded 

chitosan hydrogels 

Macrophages 

(RAW 264.7) 

 

60% 

 

20% 

 

[43] 

Chitosan of 

different molecular 

weights 

 

Macrophages 

(RAW 264.7) 

156 kDa ~19% 

 

7.1 kDa ~0% 

 

156 kDa ~50% 

 

7.1 kDa ~ 0% 

 

[44] 

silymarin and 

curcumin loaded 

chitosan 

 

Lung tissue 

 

- 

 

20% 

[45] 

3D graphene-based 

and Gentiana 

straminea               

polysaccharide 

 

Macrophages 

(RAW 264.7) 

 

 

~ 27% 

 

 

~ 40% 

 

[46] 
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Artemisinin,           

ellagic acid, 

epigallocatechin 

gallate, morusin 

incorporated to 

yeast glucan           

particles 

 

Monocytes 

(THP-1-

XBlue™-MD2-

CD14) 

 

 

 

~ 50% 

 

 

 

- 

 

 

 

[47] 

Levofloxacin 

loaded  

Chitosan/zeolite A  

Human epithelia 

(NL20) 

 

- 

 

89.3% 

 

[48] 

XG-p-VW-9 

 

XG-g-VW-9 

Monocytes 

(U937) 

~ 10% 

 

~ 15% 

~ 70% 

 

~ 90% 

 

This work 

 

 450 

 451 

 452 

4. Conclusions 453 

Although the wound healing process is complicated and dynamic and a single 454 

approach may not be ideal, the finding of the study indicates the potential of yeast-derived 455 

peptides for further evaluation toward wound healing. In this study, we designed a 456 

peptide-polysaccharide hydrogel system with potential anti-inflammatory properties 457 

using chemical conjugation and physical incorporation based on the yeast-derived peptide 458 

(VW-9) and xanthan. The analyzed data indicated the successful chemical grafting of the 459 

peptide while the peptide leached out of the hydrogel in case of physical incorporation. 460 

The peptide-modified hydrogels were shown to have anti-inflammatory activity and were 461 

not toxic to the tested cells and we may conclude that the diffusion of the peptide from 462 

the hydrogel systems and the peptide chemically bound to the hydrogels were more 463 

efficient in reducing the tested inflammatory markers compared to the free peptide. 464 

Nevertheless, further studies are required to reveal the exact mechanism of the observed 465 

anti-inflammatory and the involved pathways. In future studies, we will evaluate the cell 466 

encapsulation in the hydrogel systems to have a better understanding of the cell-matrix 467 

interactions.  468 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ellagic-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glucan
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