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Abstract:  16 

In this work, conductive composite hydrogels with covalently attached polypyrrole (PPy) nanoparticles are 17 

prepared. Hydrogels are based on partially re-acetylated chitosan soluble at physiological pH without any 18 

artificial structural modifications or need for an acidic environment, which simplifies synthesis and 19 

purification. Low-toxic and sustainable dialdehyde cellulose (DAC) was used for crosslinking chitosan and 20 

covalent anchoring of PPy colloidal particles. The condensation reaction between DAC and PPy is reported 21 

for the first time and improves not only the anchoring of PPy particles but also control over the properties 22 

of the final composite. The soluble chitosan and PPy particles are shown to act in synergy, which improves 23 

the biological properties of the materials. Prepared composite hydrogels are non-cytotoxic, non-irritating, 24 

antibacterial, can capture reactive oxygen species often related to excessive inflammation, have conductivity 25 

similar to human tissues, enhance in vitro cell growth (migration assay), and have immunomodulatory 26 

effects related to the stimulation of neutrophils and macrophages. The covalent attachment of PPy also 27 

strengthens the hydrogel network. The aldol condensation as a method for PPy covalent anchoring thus 28 

presents an interesting possibility for the development of advanced biomaterials in the future.  29 
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1. Introduction 32 

Skin is the largest organ of the body and forms the first line of defense against the environment. A skin 33 

wound, defined as any damage or disorder in the healthy structure and function of the skin, (MacNeil, 2007) 34 

may provide serious health risks. Although skin has a great capacity for healing, dermal wound repair is a 35 

complex dynamic process that can be disturbed by various factors. It is composed of several stages. (Moeini 36 

et al., 2020) The first is hemostasis, in which blood clots at the wounded site. The second stage is the 37 

inflammatory phase, during which proteolytic enzymes and pro-inflammatory cytokines are released in the 38 

wound zone, causing the generation of reactive oxygen species (ROS) by inflammatory cells. While ROS 39 

in low concentrations protects the organism from bacteria and has a positive impact on wound healing, in 40 

higher concentrations they become detrimental and could cause lipid peroxidation and severe cell damage, 41 

further increasing oxidative stresses and leading to the development of chronic wounds. (Bryan et al., 2012) 42 

In the same phase of wound healing, the foreign contaminants are also removed from the wound by 43 

neutrophils and macrophages, while the wound is kept moist and clean by wound exudate which further 44 

supports the healing process. Next is a proliferation stage during which the granulation tissue and 45 

extracellular matrix are formed. These are then remodeled in the fourth stage of the healing process, 46 

resulting in the formation of new tissue. (Das & Baker, 2016)  47 

While traditional wound dressings are usually applied to stop bleeding and protect the wound from the 48 

surrounding environment, they do little to promote wound healing, prevent infection, or reduce excessive 49 

inflammation. This has led to the development of “active” wound dressings, which are designed to support 50 

all the phases of wound healing, keep the wound moist, absorb excessive exudate, reduce inflammation, 51 

accelerate wound healing, provide antibacterial action, and prevent infection by shielding the wound from 52 

contamination and pathogens.(Ali Khan et al., 2020) Simultaneously, the wound dressing should be 53 

biocompatible, elastic, and adhesive to easily move with the skin, but also easy to remove. Both synthetic 54 

and natural polymers and their combinations have been used for the preparation of such materials.(Das & 55 

Baker, 2016) Hydrogels in particular are promising wound dressings due to their 3D interconnected 56 

structure, high water content, and mechanical properties similar to soft tissues. They are also excellent in 57 

maintaining a humid wound environment, accepting the exudate, cooling and soothing the wound, and 58 

allowing the oxygen and water vapor to pass through. (W. Feng & Wang, 2023) They can be composed of 59 

biologically active molecules and also accommodate a variety of drugs or particles providing additional 60 

therapeutic effects, and their structure and biological effects can be engineered by using advanced 61 

techniques such as in situ molding or 3D printing. (Norahan et al., 2022) 62 

Chitosan, a linear polysaccharide with N-acetyl-glucosamine and N-glucosamine units linked by β-(1–4) 63 

glycosidic bonds, is one of the most promising candidates for wound treatment materials due to its 64 

biocompatibility, biodegradability, low toxicity, antimicrobial, antioxidant, analgesic, and hemostatic 65 

properties. (Bano et al., 2017) Various wound management systems and dressings based on chitosan, its 66 

derivatives, grafts, blends, and composites in the form of powders, particles, sponges, membranes, or 67 

(hydro)gels have been prepared, see the reviews dedicated to this topic. (Ali Khan et al., 2020; Bano et al., 68 

2017; Matica et al., 2019; Moeini et al., 2020; Patrulea et al., 2015) Regarding the most recent research, 69 

Feng et al. discuss various mechanisms of chitosan-based functional materials for skin wound repair, from 70 

hemostatic to antibacterial properties, and also covers various smart, self-healing, bioactive and composite 71 

chitosan hydrogels. (P. Feng et al., 2021)  Benefits of chitosan functionalization and its combination with 72 

various nano-sized materials into advanced composites designed for wound healing are reviewed by Biswal 73 

et al. (Biswal et al., 2023) The hemostatic properties of chitosan and its various derivatives have been also 74 

been recently reviewed in detail, the mechanism of action discussed, and the effects of deacetylation degree, 75 
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molecular weight, and chemical modification on the hemostatic performance of chitosan hydrogels 76 

summarized. (Fan et al., 2023) All these work indicate that chitosan-based wound helaing materials are 77 

dynamically developing field with considerable potential.  78 

However, the majority of positive effects of chitosan are associated with its cationic nature in an acidic 79 

environment, as abundant –NH2 groups in its structure become protonated when the pH is lower than its pKa 80 

value of ~6.5. (Wang et al., 2006) The positive charge of –NH3
+ groups allows chitosan to dissolve in acidic 81 

aqueous solutions and electrostatically interact with microbial membranes, disrupting them or forming an 82 

impervious layer blocking the flow of nutrients and oxygen into the bacterial cell. (Matica et al., 2019) As 83 

chitosan loses its charge at physiological pH (above pKa), it becomes insoluble and its antimicrobial activity 84 

essentially vanishes, as recently summarized by Matica et al. (Matica et al., 2019) The insolubility and loss 85 

of antimicrobial activity under physiological conditions are major limitations for applications of chitosan-86 

based systems. Water-soluble chitosan derivatives, such as trimethyl chitosan, carboxymethyl chitosan, or 87 

carboxymethyl-trimethyl-chitosan were developed to counter these issues. (Patrulea et al., 2015) Various 88 

strategies and chemical modifications for the preparation of water-soluble chitosan derivatives, their 89 

biological activities, and possible applications have been recently discussed by Yusof et al. (Wan Yusof et 90 

al., 2023) Such modifications, however, generally introduce artificial functional groups to the chitosan 91 

structure.  92 

The synthesis of water-soluble half N-acetylated chitosan (SCN, Soluble Chitosan) provides a possible 93 

solution. (T. Feng et al., 2006; Kubota et al., 2000; Qin et al., 2006) While commercially available chitosans 94 

usually have a degree of deacetylation (DD) above 75%, SCN is prepared by partial re-acetylation of 95 

chitosan to DD ~50%, at which point it became soluble at physiological pH in contrast to chitosan with both 96 

higher and lower DD. This is caused by different inter-strand distances in chitosan and chitin, which are 97 

held together by hydrogen bonds involving amino groups (chitosan) or N-acetate groups (chitin). While 98 

single binding mode prevails in chitosan and solubility-limiting crystallites are formed, randomly distributed 99 

amino and N-acetate groups of SCN result in significantly lower crystallinity which improves its 100 

solubility.(Sogias et al., 2010) Compared to other soluble chitosan derivatives, acetylation of chitosan is a 101 

completely natural modification that only alters its DD without introducing artificial functional groups. 102 

Although known for quite some time, (T. Feng et al., 2006; Kubota et al., 2000; Qin et al., 2006) the SCN 103 

is rather underutilized in the field of wound dressing materials compared to other soluble chitosan 104 

derivatives (Patrulea et al., 2015). One of the possible reasons may be its comparatively lower antimicrobial 105 

properties under acidic conditions compared to highly deacetylated chitosan, despite SCN having the highest 106 

affinity for E. coli from all tested samples. (Qin et al., 2006) This is likely caused by limited adsorption to 107 

bacterial membranes given by alternating amino and N-acetate groups. This is however not relevant for 108 

applications under physiological conditions where chitosan with high DD is insoluble.  109 

The development of wound dressings is clearly a challenging task. Many hurdles need to be overcome, 110 

ranging from the material design on a (macro)molecular level to the battery of biological tests. In this 111 

contribution, we focus on the former by developing composite polypyrrole-containing hydrogels, which are 112 

rationally designed to strengthen the natural characteristics of SCN, mitigate its drawbacks, and provide 113 

further benefits without using toxic crosslinkers, modifications, or substances. In other words, we seek to 114 

improve the current design of conductive composite hydrogels to provide a background for the possible 115 

future development which could lead to advanced wound healing materials. 116 

The novelty of our approach is based on the synergy of the immunostimulatory action of polypyrrole 117 

colloidal particles (PPy), and the new method for their covalent tethering and localization. The introduction 118 

of PPy particles also provides conductivity under physiological conditions. For a recent comprehensive 119 
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review discussing the effects, advantages, and recent development of conductive biomaterials for wound 120 

healing and skin tissue engineering, see the recent work of Yu et al. (Yu et al., 2021) Although PPy does 121 

not provide such a high conductivity as other non-metallic conductors such as graphene oxide, which is 122 

currently investigated as a component of hydrogels for wound healing and wearables (W. Feng & Wang, 123 

2022; Jin et al., 2020), it provides additional antioxidative, antibacterial, and immunostimulatory properties, 124 

(Káčerová et al., 2023) all of which are highly beneficial and complement properties of SCN. However, as 125 

neat unsupported PPy colloids are unsuitable for wound dressings due to the risk of particle leaching into 126 

the wound, the 2,3-dialdehyde cellulose (DAC) is used to not only crosslink the SCN but also covalently 127 

anchor the pre-formed PPy in an elegant approach employing two different chemistries of a single molecule, 128 

see Scheme 1. The DAC is a cellulose derivative prepared by regioselective oxidation of hydroxyl groups 129 

at C2 and C3 of the anhydroglucose unit by NaIO4 (Kim et al., 2000) introducing a pair of reactive –CHO 130 

groups into each oxidized unit. Compared to highly toxic organic dialdehydes, e.g. glutaraldehyde, 131 

(Abdelgawad et al., 2014) the DAC has significantly lower toxicity (Muchová et al., 2022) and is considered 132 

sustainable and green material. (Ding & Wu, 2020) Besides, its macromolecular character allows it to react 133 

with numerous (macro)molecules at once, which greatly improves the crosslinking effectiveness, 134 

particularly at low concentrations. (Muchová et al., 2020, 2022; Münster et al., 2019) While the reaction 135 

between DAC and SCN involves a well-known Schiff base formation, (Důbravová et al., 2024; Kim et al., 136 

2017) the reaction between DAC and PPy is described for the first time.  137 

Last but not least, the employed approach provides excellent control over the amount and form of PPy in 138 

the hydrogels, as the desired amount of pre-synthesized PPy particles with optimized properties (size, 139 

polydispersity) can be homogeneously blended and anchored in hydrogel network. This is a significant 140 

improvement over other methods relying on coating, dip-coating, or poorly controllable in situ PPy 141 

polymerization, often leading to the formation of local PPy deposits and clusters. (Korupalli et al., 2021; Y. 142 

Liang & Goh, 2020; Yu et al., 2021)  143 
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 144 

Scheme 1: Scheme of a) Synthesis of SCN, b) synthesis of DAC, c) preparation of PPy. d) representation 145 

of SCN/DAC_PPy hydrogel with details of bonding between DAC and PPy (top) and DAC and SCN  146 

(bottom).  147 

2. Methods 148 

2.1 Materials 149 

Pyrrole (Sigma-Aldrich Co.), iron (III) chloride (Sigma-Aldrich), poly(vinylpyrrolidone) (PVP; Fluka, K 150 

90, molecular weight Mw = 360,000) were used in the preparation of polypyrrole colloids stabilized by 151 

poly(vinylpyrrolidone) (PPy/PVP). Cellulose SigmaCell type 20 (weight-average molecular weight Mw = 152 

76 kDa, degree of polymerization DP = 468, dispersity Đ = 4.7; Sigma Aldrich Co.), sodium periodate 153 

(NaIO4; Penta, Czech Republic) and ethylene glycol (Penta, Czech Republic) were used in the preparation 154 

of DAC. Low-molecular weight chitosan (molecular weight 50–190 kDa according to supplier; Sigma 155 

Aldrich Co.), glacial acetic acid (CH3COOH; Sigma Aldrich Co.), absolute ethanol (Et-OH; VWR, Czech 156 

Republic), acetic anhydride (Ac2O; Sigma Aldrich Co.), hydrochloric acid (HCl; Penta, Czech Republic) 157 

and sodium hydroxide (NaOH; Penta, Czech Republic) were used in the preparation of SCN. Reagents used 158 

for the biological experiments included calf serum (CS, mycoplasma-free; Biosera, France), fetal bovine 159 

serum (FBS; PAN, Germany), penicillin-streptomycin (Biosera, France), trypsin (Biosera, France), 160 

Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco), phosphate-buffered saline pH 7.2 (PBS, BioSera, 161 
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France), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Duchefa Biochemie B. V., 162 

Netherlands) reagent and dimethyl sulfoxide (DMSO, Sigma Aldrich Co.), Hoechst 33258 (Thermo Fisher 163 

Scientific, USA) ActinGreenTM 488 or Actin Red 555 (Thermo Fisher Scientific, USA), plate count agar 164 

(PCA, HiMedia Laboratories, Mumbai, India), soybean casein digest lecithin polysorbate medium solution 165 

(SCDLP M011, HiMedia Laboratories, India). All chemicals were of analytical grade and were used without 166 

further purification. Ultrapure water (UPW) with a conductivity below 0.1 µS/cm was used throughout the 167 

experiments. 168 

2.2 Synthesis of water-soluble SCN 169 

The half N-acetylated (50%) chitosan was prepared using a modified procedure by Qin et al.(Qin et al., 170 
2006) Briefly, 2.2g low-molecular-weight chitosan was dissolved in 70 mL of 10% acetic acid for 6 h. Then, 171 
50 mL of a mixture of ethanol containing 0.519 mL of Ac2O was added dropwise and stirred for 15 h at 40 172 
°C. In the next step, the reaction solution was increased by 50 mL of UPW, and the pH was set to 8.5 using 173 
5 M NaOH, which initiated the formation of gel particles in the solution. The mixture was subsequently 174 
dialyzed for 72 h. Subsequently, the pH was set to 6.5 which led to the dissolution of gel particles, and the 175 
mixture was dialyzed against UPW and 0.1 M NaCl solution, followed again by brief (2 h) dialysis against 176 
UPW to desalinate the product. The product was centrifuged (10 000 RPM, 10 min), filtered, and 177 
lyophilized.  178 

2.3 Synthesis of DAC macromolecular crosslinker 179 

The 1.65 g of NaIO4 was dissolved in 50 mL of UPW and used for oxidation of 1 g of cellulose (molar ratio 180 

of anhydroglucose unit: NaIO4 was 1:1.25).(Münster et al., 2017, 2018) The reaction mixture was stirred at 181 

30 °C in the absence of light for 72 h when it was terminated by the addition of excess ethylene glycol. The 182 

resulting DAC was purified by repeated centrifugation and mechanical homogenization using WiseTis 183 

homogenizer HD-15 (Witeg, Germany). Next, the purified suspension of the DAC product was transferred 184 

into a clear solution via the solubilization process (80 °C for 2 h using an oil bath under reflux). (Kim et al., 185 

2004) The final step involved DAC solution purification by centrifugation and filtration to remove insoluble 186 

residues, and dialyzation for 48 h using 14 kDa molecular weight cut-off (MWCO) dialysis tubing. The 187 

solubilized and purified product was flash-frozen at -80 °C and lyophilized.  188 

2.4 Synthesis of polypyrrole colloids 189 

Solution with a concentration of 2 wt.% of PVP was prepared by dissolving the exact amount of PVP in 25 190 
mL of UPW. Additionally, 0.335 g of pyrrole (5 mmol) was also dissolved in 25 mL of UPW and added to 191 
the PVP solution. The mixture was sonicated for 30 min to obtain a homogeneous solution, which was 192 
subsequently mixed with 50 mL solution of iron(III) chloride (1.352 g; 5 mmol) in UPW. The mixture was 193 
kept undisturbed at room temperature for 24 h. The produced polypyrrole colloidal dispersions (PPy) were 194 
poured into a dialysis tube (g (Spectra/Por 1, Spectrum Medical Instruments, USA; 7 kDa MWCO) and 195 
dialyzed against a large volume of 0.2 M hydrochloric acid to remove any unreacted monomer, 196 
and oxidant ions. (Káčerová et al., 2023) 197 

2.5 Preparation of thin hydrogels 198 

The SCN/DAC hydrogels containing 2 and 5 mol.% of DAC relative to SCN (SCN/DAC_2% and 199 

SCN/DAC _5%) were prepared by dissolving 200 mg of SCN in 15 mL of UPW, to which a given amount 200 

of DAC dissolved in 15 mL of UPW was added. The mixture was briefly but vigorously stirred and 201 

subsequently poured into a plastic container with a Teflon bottom of 6.3 cm diameter. The container was 202 

covered by a vapor-permeable membrane (6500 g/24 h) to slow down the drying process (prevents the 203 

formation of dry-out crust and deformation) and dried at 37 °C in the kiln until constant weight. Dry films 204 
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were subsequently washed for 48 h in UPW, cut, and stored in UPW until use. PPy-containing hydrogels 205 

were prepared by adding 5 or 10 wt.% of PPy (relative to SCN) to the SCN solution, i.e. the amount of 206 

colloid containing 10 or 20 mg of PPy was added to the solution containing 200 mg of SCN (total volume 207 

15 ml), and the mixture was stirred for 24 h. The rest of the procedure was identical to the preparation of 208 

pure SCN/DAC hydrogels. These hydrogels are in the following noted as SCN/DAC_PPy5% and 209 

SCN/DAC_PPy10%.  210 

2.6 Physico-chemical characterization of prepared materials 211 

UV/VIS, FT-IR, and Raman spectral analysis. Double-beam UV/VIS spectrometer Lambda 1050 212 
(PerkinElmer, USA) was utilized in a span of wavelengths 180–800 nm for the analysis of the periodate 213 
consumption during the oxidation of cellulose to DAC, employing measurements of aliquot samples 214 
collected in a timeframe ranging from 15 min to 96 h after the periodate oxidation initiation. Qualitative 215 
FT-IR analysis was performed using the infrared spectrometer Nicolet 6700 FT-IR (Thermo Fisher 216 
Scientific, USA) equipped with the diamond crystal in the ATR mode in a span of wavenumbers 4000–700 217 
cm-1 (res.: 4, scans: 64). For results of both spectral analyses see Support Information (SI). Raman spectra 218 
of DAC, PPy, and PPy+DAC (1:10) in solutions were collected using Nicolet DXR Raman microscope 219 
(Thermo Scientific) with excitation laser 455 nm. 1000 spectral scans with exposures of 2 s/scan were set 220 
for each spectrum measurement. Obtained data were corrected with a standard correction procedure 221 
implemented in the Omnic software (Thermo Fisher Scientific, USA) to minimize the effect of fluorescence. 222 

NMR measurements. The 1H and 1H-13C HSQC correlation spectra were obtained for 10 mg/mL SCN 223 

samples using a recorded using a JEOL 400 MHz NMR spectrometer (JEOL, Japan). The measurements 224 

were performed at T = 298 K in D2O. The 1H–13C heteronuclear single quantum correlation (HSQC, JH–C = 225 

145 Hz) experiments were used based on previous experiences. (Münster et al., 2017, 2021) 226 

TEM analysis. Transmission electron microscopy (TEM) analysis of the PPy sample was carried out using 227 

a JEM-2100 transmission microscope (JEOL, Japan) operated at an acceleration voltage of 160 keV. The 228 

samples were drop-cast from diluted aqueous suspension onto a 300 mesh copper grid coated with Formvar 229 

membrane and gently dried. 230 

DLS analysis. Zeta potential (ζ) and hydrodynamic radius of the PPy sample were determined by dynamic 231 

light scattering (DLS) on a Zetasizer Nano ZS90 instrument (Malvern Instruments, UK) at 25 °C using 232 

DTS1070 cells and the Smoluchowski model. The concentration of PPy in the samples was set to  233 

1.87 mg/mL. 234 

Hydrogel network parameters. The network parameters were estimated based on the weight changes during 235 

swelling experiments on prepared d = 15 mm disc-shaped SCN/DAC and SCN/DAC_PPy hydrogels. The 236 

hydrogel discs were thoroughly washed in UPW with regular changing of UPW. Subsequently, the swollen 237 

discs were gently dried to remove excess water, weighed, and lyophilized. The network parameters were 238 

determined using the equilibrium swelling theory proposed by Flory and Rehner (1943).(Flory & Rehner, 239 

1943) Following equations were used to calculate network parameters. 240 

Percentage of swelling, where ME is the mass of the hydrogel swollen to the equilibrium state, and M0 is the 241 

mass of the washed and dried hydrogel.  242 

 243 

 244 

Percentage of swelling (%) = 
𝑀𝐸 – 𝑀0   

𝑀0 
 × 100 (1) 
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Equilibrium water content (EWC) describes the maximum amount of water absorbed by the hydrogel. Ms is 245 

the mass of the sample swelled under equilibrium conditions, and M0 is the mass of the washed and dried 246 

hydrogel.  247 

The gel fraction, where M0 is the weight of the dried hydrogel after extraction of the soluble fraction in the 248 

hydrogel and Mint is the weight of the dry and non-washed hydrogel.  249 

 250 

 251 

Analysis of viscoelastic properties. Disc-shaped SCN/DAC and SCN/DAC_PPy hydrogel samples (d = 15 252 

mm) were measured in an equilibrium swollen state using a rotational rheometer Anton Paar MCR 502 253 

(Anton Paar, Austria) equipped with a D-PP15 shaft using a roughened aluminum plate with 15 mm 254 

diameter and ground plate with glued sandpaper both used to prevent slipping of samples during 255 

measurement. The measurement was performed in oscillation mode in frequency sweep from 1 to 10 Hz by 256 

applying a constant strain of 1%. 257 

SEM analysis. SCN/DAC and SCN/DAC_PPy washed and lyophilized cryogels were analyzed by scanning 258 

electron microscope Nova NanoSEM 450 (FEI, Czech Republic) operated at 5 kV accelerating voltage. All 259 

specimens intended for SEM analysis were sputtered by gold‑palladium nanoparticles to prevent the charge 260 

accumulation effect. 261 

2.7 Conductivity 262 

The conductivity of the samples was determined by the two-probe van der Pauw method using a digital 263 

electrometer Keithly 6517B. The measurements were accomplished at room temperature.    264 

2.8 Evaluation of cytocompatibility 265 

The cytocompatibility of scaffolds was evaluated by the determination of cytotoxicity and proliferation 266 

activity.  While the first is related to safety evaluation, the second shows the ability of cells to grow in direct 267 

contact with the material.  268 

Cytotoxicity: The cytotoxicity evaluation was performed following ISO 10993 standards using a mouse 269 

embryonic fibroblast cell line NIH/3T3 (ECACC 93061524, England). DMEM with the added content of 270 

10% of the bovine calf serum and penicillin/streptomycin with a final concentration of 100 U/mL was used 271 

for the cultivation of NIH/3T3 cells. First, cells were pre-cultivated in the concentration of 1×105 cells per 272 

mL of media at 37 °C under the 5% CO2 atmosphere in the humidified air using the HERAcell 150i incubator 273 

(Thermo Scientific, USA) for 24 h. Subsequently, the culture medium was replaced with the fresh one, and 274 

the tested samples SCN/DAC_2%, SCN/DAC_PPy5%, and SCN/DAC_PPy10% were transferred to the 275 

direct contact with pre-cultivated cells. Cells cultivated in a pure medium without the samples were used as 276 

a reference. Then, after one day of cell cultivation in the presence of hydrogels, the effect of the samples on 277 

the viability and growth of cells was assessed. The assessment of cytotoxic effects was accomplished by 278 

using the MTT assay. All assays were performed in quadruplets. Absorption was measured at 570 nm using 279 

the Infinite M200 Pro NanoQuant (Tecan, Switzerland). The cytotoxic effect was evaluated according to 280 

the ISO 10993, part 5. Viability higher than 0.7 was assumed as the absence of cytotoxicity, and viability 281 

lower than 0.7 was evaluated as cytotoxic.  282 

EWC (%) = 
𝑀𝑠 – 𝑀0  

𝑀𝑠
 × 100 (2) 

Gel fraction (%) = 
𝑀0 

𝑀𝑖𝑛𝑡
 × 100 (3) 
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Cell proliferation in direct contact with material: The mouse embryonic fibroblast cell line NIH/3T3 283 

(ECACC 93061524, England) was also used for the proliferation tests. The cells were seeded on the samples 284 

in the concentration of 1×105 cells per mL of media and incubated at 37 °C in 5% CO2 in humidified air. 285 

After 72 h of proliferation, the cells were fixed and stained with Hoechst 33258 (blue color) was used for 286 

cell nuclei visualization and ActinGreenTM 488 or Actin Red 555 visualized actin filaments. As a reference 287 

cells cultured in a pure medium attached to the tissue plate were used. The morphology of the cells was 288 

observed using an Olympus Fluoview FV3000 confocal microscope (Olympus, Japan).  289 

2.9 Skin irritation test 290 

An in vitro skin irritation test was accomplished. The samples were applied onto a 3D reconstructed human 291 

epidermal (RhE) tissue model EpiDermTM (EPI-200, MatTek, Ashland, USA and MatTek In Vitro Science 292 

Laboratories, Bratislava, Slovakia). After 1h of the exposure to the tested substances, RhE was washed with 293 

PBS and incubated in a fresh medium for 42 h. In the next step, skin irritation was evaluated using MTT 294 

assay. The test was performed according to Epiderm skin irritation test (OECD TG 439). Viability higher 295 

than 50% was assumed as the absence of irritation.  296 

2.10 In vitro wound healing promotion 297 

For the evaluation of the wound healing activity, the migration assay was performed.(C.-C. Liang et al., 298 

2007) Concretely, the mouse embryonic fibroblast cell line NIH/3T3 was seeded on the tissue culture dishes 299 

at the density of 2×105 per mL of media and incubated at 37 °C in 5% CO2 in humidified air until they 300 

reached a confluent monolayer. Subsequently, the monolayer was scratched using a sterile 200 μL pipette 301 

tip. The cellular debris was washed away with PBS, and pictures of scratches were taken. Furthermore, fresh 302 

medium was added as well as the tested samples.  Petri dishes with the cells and samples were incubated at 303 

37 °C in 5% CO2 in humidified air. The images of the cells were taken at the same position after 10 and 24 304 

h using the phase-contrast Olympus IX81 microscope (Olympus, Japan). The software T-Scratch (CSElab, 305 

Switzerland) was used for the analysis and the results are presented as a percentage of open wound areas 306 

remaining after 10 and 24 h. 307 

2.11 Antioxidant activity in a luminol-HRP-H2O2 cell-free system.  308 

The principle of the method was described previously(Vasicek et al., 2014). As a source of 309 
chemiluminescence (CL) signal, the H2O2 and horseradish peroxidase (HRP) was used. SCN/DAC_2%, 310 
SCN/DAC_PPy5%, or SCN/DAC_PPy10% hydrogels, HRP (final concentration 2 U/mL), and luminol 311 
(final concentration 10 μM) were mixed in a 96-well luminescence plate final volume was 200 μL. The 312 
reaction was started by adding H2O2 to a final concentration of 100 μmol/L. CL signal was measured for 313 
120 min at 37 °C by an LM-01 microplate luminometer (Immunotech, CzechRepublic). Data were converted 314 
to a percentage of the control and presented as mean (n = 4) ± SEM. 315 

2.12 Immunomodulatory activity. 316 

The ROS production of isolated neutrophils. Blood samples were collected from the cubital vein of healthy 317 
individuals. The volunteers were aged 18–50, both female and male, and they did not take any drugs and 318 
were free of any signs of cold or other diseases for at least 3 weeks before blood sampling. Immune cells of 319 
healthy donors will be isolated from buffy coats obtained from the Department of Transfusion & Tissue 320 
Medicine of the Brno University Hospital, based on an ongoing contract approved by the ethical committee 321 
FH Brno. Sodium citrate (0.38% final concentration) was used as an anticoagulant. The whole blood was 322 
mixed with 3% dextran and left at room temperature for approx. 30 min. The resulting buffy coat was 323 
overlaid on Histopaque 1.077 and centrifuged at 390 g for 30 min without acceleration and brake. After 324 
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centrifugation, the remaining erythrocytes were lysed by water hypotonic lysis for 30 sec. The neutrophils 325 
were washed in cold PBS, centrifuged at 190 g for 10 min, and finally resuspended in cold PBS. The viability 326 
of neutrophils was verified by a CASY cytometer (Roche, Switzerland) and only neutrophils with viability 327 
over 95% were used for experiments. Kinetics of ROS formation by isolated neutrophils was determined by 328 
luminol-enhanced CL for 120 min at 37 °C, using 96-well white flat-bottom culture plates on a luminometer 329 
(Immunotech, the Czech Republic and Infinite M200, Tecan, Switzerland). The analysis was performed 330 
according to Georgiev et al.(Georgiev et al., 2017) Firstly, 25 μL of neutrophil suspension (2.5×105 331 
cells/well) in Hank’s buffered salt solution (HBSS) was mixed with 25 μL of 10 mM luminol (in 0.2 M 332 
borate buffer), and the hydrogels containing 0 (SCN/DAC_2%), 5% (SCN/DAC_PPy5%) and 10% of PPy 333 
(SCN/DAC_Ppy10%), respectively. The total reaction volume was adjusted to 250 μL with HBSS and the 334 
samples were measured immediately. The response obtained was named spontaneous (non-stimulated with 335 
other activators) CL. Secondly, 25 μL of neutrophil suspension (2.5×105 cells/well) mixed with 25 μL of 10 336 
mM luminol and SCN/DAC_2%, SCN/DAC_PPy5%, or SCN/DAC_PPy10%, were activated with 25 μL 337 
of 62.5 μg/mL opsonized zymosan particles (OZP-activated CL, Sigma-Aldrich). HBSS was also used to 338 
adjust the total reaction volume to 250 μL. The data were based on integral values of CL over 120 min. and 339 
converted to a percentage of the respective control (without or with OZP) and presented as mean (n = 4) ± 340 
standard error of the mean (SEM).  341 

Viability of RAW cells. Cell viability of murine peritoneal macrophage RAW264.7 (European Collection of 342 
Authenticated Cell Culture, UK) cells was based on the determination of the amount of metabolically active 343 
cells according to the analysis of the total amount of MTT or related tetrazolium salts in whole-cell lysates, 344 
which reflects the number of metabolically active viable cells in culture, as described in Moosova et 345 
al.(Moosova et al., 2019) Cells were cultured in DMEM supplemented with 10% of heat-inactivated low 346 
endotoxin FBS and 1% combination penicillin-streptomycin. To determine the effect of the tested 347 
hydrogels, macrophages were incubated with the hydrogels alone and in combination with the 348 
lipopolysaccharide (LPS) macrophage activator. For the first setup without an LPS activator, murine 349 
macrophage cell line RAW 264.7 was cultured in 24-well flat-bottom plates at 2.5×105 cells/well, covered 350 
by the SCN/DAC_2%, SCN/DAC_PPy5%, or SCN/DAC_PPy10% hydrogels and incubated for 24 h. The 351 
total volume in each well was 500 μL. For the second setup with LPS activation, 15 ng/mL LPS (E. 352 
coli/026:B6, Sigma-Aldrich Co.) was added to the macrophages and the tested hydrogels and incubated for 353 
24 h at 37°C in an atmosphere of 5% CO2 and 95% air. At the end of the incubation period, MTT assay was 354 
performed.  The resulting absorbance was read at 570 nm on a SPECTRA Sunrise microplate reader (Tecan, 355 
Mannedorf, Switzerland). Data were converted of the respective control (without or with LPS) and presented 356 
as mean (n=4) ± SEM. 357 

2.13 Nitric oxide (NO) and interleukin 6 (IL-6) production from murine macrophages.  358 

Changes in NO production were measured indirectly as the accumulation of nitrites (the end product of NO 359 
metabolism) in the medium by using Griess reagent (Sigma-Aldrich Co.), according to the method described 360 
previously.(Vasicek et al., 2020) To determine the effect of the tested hydrogels, macrophages were 361 
incubated with the hydrogels alone and in combination with the lipopolysaccharide (LPS) macrophage 362 
activator. For the first setup without an LPS activator, murine macrophage cell line RAW 264.7 was cultured 363 
in 24-well flat-bottom plates at 2.5×105 cells/well, covered by the tested hydrogels and incubated for 24 h. 364 
The total volume in each well was 500 μL. For the second setup with LPS activation, 15 ng/mL LPS (E. 365 
coli/026:B6, Sigma-Aldrich Co.) was added to the macrophages and the tested hydrogels and incubated for 366 
24 h. At the end of both incubations, the supernatants were collected by centrifugation at 16,000 g at 4 °C 367 
for 5 minutes and 80 μL of each sample was mixed with an equal volume of the Griess reagent in a 96-well 368 
plate. The reaction mixtures were incubated at room temperature for 30 min in the dark and the absorbance 369 
was read at 540 nm. A standard curve of 0–52 μM NaNO2 was prepared and used for calculations. Data 370 
were converted of the respective control (without or with LPS) and presented as mean (n = 4) ± SEM. 371 
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The concentration of pro-inflammatory cytokine IL-6 produced by RAW264.7 cells into the cultivation 372 
medium was determined after 24 h of exposure to tested hydrogels and LPS by commercially available 373 
immunoassays (Mouse IL-6 DuoSet, R&D Systems). The assays were performed according to the 374 
manufacturer's instructions as described previously.(Vasicek et al., 2020) Data were converted of the 375 
respective control (without or with LPS) and presented as mean (n = 4) ± SEM. 376 

2.14 Antibacterial activity  377 

Antibacterial activity was assessed using gram-positive bacteria Staphylococcus aureus CCM 4516 and 378 
gram-negative bacteria Escherichia coli CCM 4517 obtained from the Czech Collection of Microorganisms 379 
(CCM, Brno, Czech Republic), and grown on the plate count agar PCA. Antibacterial activity was tested 380 
according to ISO 22196 with modifications. Sterile hydrogels with dimensions of 25 × 25 mm2 were 381 
inoculated with 0.1 mL of a required bacterial suspension, specifically Streptococcus aureus (5.0 × 105 382 
cfu/mL) and Escherichia coli (4.6 × 105 cfu/mL). Next, the inoculated samples were covered with 383 
polypropylene film (20 × 20 mm2). The samples were incubated at 35 °C for 24 h and relative humidity of 384 
95%.  In the next step, polypropylene films were removed and the samples were rinsed with 2.5 mL of 385 
SCDLP and a dilution series from 0 to 10-7 was prepared from the prepared microbial suspension and 386 
phosphate buffered physiological saline. One mL of each dilution was mixed together with the samples in 387 
the separate Petri dishes. All the plates were incubated at 35 °C for 24-48 h. After the incubation, bacterial 388 
colonies were counted and recorded. The value of antimicrobial activity was calculated according to the 389 
formula of Equation (4). 390 

 391 

 392 

Where R is antimicrobial activity; Ut is the average value of the logarithm of viable bacteria in units of 393 
cells/cm2 of untreated test samples after 24 h of incubation; and At is the average value of the logarithm of 394 
viable bacteria units of cells/cm2 of test specimens after 24 h of incubation. All the tests were run in 395 
duplicates and neat hydrogel SCN/DAC was used as a reference.  396 

2.15 Statistical analysis.  397 

Data are presented as mean ± SEM. All assays were performed in quadruplicates. The number of 398 

independent experiments (n) is stated in the figure legend. The data from some of the measurements were 399 

normalized to the reference in each experiment to account for the variability of individual cell passages. 400 

Statistical analysis was performed using GraphPad Prism version 6.01 for Windows. Statistical differences 401 

were tested by one-way ANOVA, which was followed by Dunnett’s multiple comparison test or by a one-402 

sample t-test to compare values expressed as percentages. In the case of one sample t-test application, the 403 

Bonferroni correction of the p-value for multiple comparisons was performed. P < 0.05 was taken to indicate 404 

significant differences between data mean values. 405 

3. Results and discussion 406 

3.1 Characterization of SCN, DAC, and PPy  407 

Water soluble half N-acetylated chitosan (SCN) was prepared according to the modified procedure of Qin 408 

et al., (Qin et al., 2006) while the DAC and PPy colloids were prepared following our earlier works. 409 

(Káčerová et al., 2023; Muchová et al., 2022; Münster et al., 2017) FT-IR spectrum of source chitosan, 410 

SCN, source cellulose, and DAC are given in Figure S1 in SI. Partial (re)acetylation of chitosan resulted in 411 

increased intensity of amide-group vibration bands, particularly the Amide I (1640 cm-1) and Amide II (1530 412 

𝑅 = 𝑈𝑡 − 𝐴𝑡  (4) 
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cm-1), which agrees with an increased amount of N-acetylglucosamine groups. The oxidation of cellulose 413 

to DAC is confirmed by the appearance of bands around 1730 cm-1 (C=O) and 877 cm-1 (hemiacetal C–O–414 

C) vibrations. 415 

The 1H NMR spectrum of SCN is in Figure 1a and the 1H-13C HSQC spectrum is given in Figure S2. The 416 
signal assignment is based on Kubota et al. (Kubota et al., 2000) and the degree of deacetylation (DD = 417 
57%) was established according to Kasaai (Kasaai, 2010) as a comparison of 1/3 of the signal intensity of 418 
CH3(N-ac) and the 1/6 of the sum of H2–H6 intensities. Despite somewhat higher residual DD, the SCN is 419 
highly soluble in water at neutral pH and in PBS of pH 7.4. 420 

 421 

Figure 1: a) 1H NMR spectrum of SCN, b) TEM of PPy colloid, c) Raman spectra of DAC, PPy, and their 422 

10 : 1 mixture in UPW (PPy+DAC), d) FT-IR spectra of DAC, PPy and dried-out PPy+DAC mixture. 423 

Polypyrrole colloid stabilized by poly(vinyl pyrrolidone), hitherto known as PPy, was synthesized and 424 

characterized by TEM analysis which revealed the presence of spherical 37 ± 4 nm large particles, Figure 425 

1b. The hydrodynamic diameter of the particles in UPW was 170±3 nm according to DLS, with Đ = 0.269. 426 

Colloid had a final concentration of 21.9 mg particles/mL and was stable for several months when stored at 427 

4 °C (179±2 nm) as well as under biological conditions (PBS, pH 7.4, 37°C). 428 

3.2. PPy – DAC reaction 429 

While the Schiff base formation between aldehydes and –NH2 groups is widely used for hydrogel 430 

crosslinking, the covalent anchoring of PPy by DAC has not been described before and is thus investigated 431 

more closely. The proof of spontaneous DAC-PPy reaction was obtained from a comparison of Raman and 432 

IR spectra of DAC, PPy, and their aqueous mixtures which reacted for 24 h (Raman) and were subsequently 433 

dried out (FT-IR), see Figure 1c,d. The 10:1 DAC: PPy w/w ratio has been chosen to maximize the intensity 434 
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of DAC vibrations in the DAC+PPy spectra. Even at such a high reactant ratio, the mixing of DAC and PPy 435 

resulted in the disappearance of the band of free DAC carbonyl groups, located at 1637 cm-1 in Raman and 436 

1732 cm-1 in FT-IR spectra of DAC. This is particularly well visible in Raman spectra due to the rather low 437 

intensity of DAC carbonyl vibration in FT-IR spectra. Also, note that other bands of DAC located between 438 

800 and 1200 cm-1 are still clearly visible in both Raman and FT-IR DAC+PPy spectra. The selective 439 

disappearance of bands related to aldehyde groups are a clear indication of the reaction between –CHO of 440 

DAC and the PPy.  441 

Given the tendency of pyrrole to react with electrophiles at the α position due to the highest stability of 442 

intermediates, the reaction between the –CHO group of DAC and free α carbons at the end of PPy chains is 443 

presumed. According to the literature, a condensation reaction between aldehydes and the Cα of pyrrole is 444 

used in organic chemistry for the preparation of pyrrole oligomers and derivatives.(Iii & S. Lindsey, 2001) 445 

It runs spontaneously at normal temperature in water with quantitative yield.(Gu et al., 2015) Moreover, 446 

aldehyde-pyrrole condensation is used to insert various aromatic groups into the PPy chains during their 447 

polymerization, thus modifying their properties.(W. Zhao et al., 2017) It is therefore assumed that a similar 448 

condensation reaction takes place also in the case of DAC and PPy. A more extensive study of this reaction 449 

is currently underway.  450 

3.3. Characterization of SCN/DAC hydrogels  451 

Initially, the SCN/DAC hydrogels with different amounts of DAC (2 and 5 mol.%) were investigated to 452 

determine the optimal amount of crosslinker. The study of network parameters revealed successful hydrogel 453 

formation in both cases. The SCN/DAC_2% sample swelled 31±6 times its dry weight and has an 454 

equilibrium water content (EWC) of 96±2%. The more crosslinked sample with 5% DAC swelled 455 

significantly less (7.5±0.7 times its dry weight) and had an EWC of 88±1%. The gel fraction of the hydrogel 456 

samples was 80 ± 1% and 84±3%, for 2 and 5% of DAC, respectively. The rheological investigation, namely 457 

the dominance of G’ over G’’ reflected also in tanθ < 1, further confirmed the formation of a crosslinked 458 

hydrogel network (Figure S3 in SI). The values of storage modulus G’, loss modulus G’’, complex modulus 459 

G*, and damping factor tanθ scaled with increasing DAC concentration. The 2% DAC hydrogel sample 460 

was found to be significantly less elastic than the 5% one. Both hydrogels were also easy to handle without 461 

tearing, despite their relatively low thickness (~1 mm in the swelled state).  462 

The cytotoxicity of SCN/DAC hydrogels in direct contact with the mouse embryonic fibroblast cell line 463 

NIH/3T3 was evaluated according to ISO 10993-5 (Figure S4). Neither sample showed significant 464 

cytotoxicity toward the selected cell line. The growth of the cells on the hydrogel surface and in their 465 

presence was studied by confocal microscopy (Figure S4). While only isolated cell clusters were found on 466 

the surface of the 2% SCN/DAC hydrogel, the 5% SCN/DAC hydrogel supported cellular growth better. 467 

The growth in the presence of both hydrogels was unimpeded in both cases and fibroblasts retained their 468 

physiological morphology. 469 

Despite the good results of both hydrogels, only the SCN/DAC_2% hydrogel was selected for incorporation 470 

of PPy colloids based on: i) its lower elasticity compared to SCN/DAC_5% allowing better adhesion to the 471 

uneven surface of the skin or wound, ii) higher swelling capacity for better exudate absorption, iii) lower 472 

cell attachment and growth on its surface, which prevents the dressing being ingrown into the wound.  473 

3.4 Characterization of SCN/DAC hydrogels with PPy 474 

The PPy-containing composite hydrogels based on SCN/DAC_2% are in the following referred to as 475 

SCN/DAC_PPy5% (containing 5 wt.% of PPy relative to SCN) and SCN/DAC_PPy10% (containing 10 476 
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wt.% of PPy relative to SCN). Evaluation of network parameters revealed that SCN/DAC_PPy5% swelled 477 

approximately the same as SCN/DAC_2% (31±9 times), had EWC of 97±1%, and gel fraction of 59±2 %, 478 

while SCN/DAC_PPy10% swelled significantly more (77±9 times), had highest EWC of 99±0.2% and gel 479 

fraction of 62±2%. The storage modulus G’, loss modulus G’’, complex modulus G*, and damping factor 480 

tanθ of PPy hydrogels are given in Figure 2 and compared with SCN/DAC_2%. The photographs of 481 

prepared hydrogel samples are given in Figure 3a.  482 

The storage, loss, and complex moduli of both PPy-containing hydrogels are higher than in the case of 483 

SCN/DAC_2% despite the same amount of crosslinker. This could be explained by the incorporation of 484 

stiffer PPy particles into the network. Note, however, that rheological parameters do not scale with the 485 

increasing amount of PPy as one may expect in such a case. The sample containing 10 wt.% of PPy has, for 486 

instance, a significantly lower storage modulus than the SCN/DAC_PPy5%, which indicates decreased 487 

crosslinking density in the hydrogel as a sparser network could store less deformation energy. These findings 488 

correspond with increased swelling of SCN/DAC_PPy10% and could be justified by an increased PPy: 489 

DAC ratio - the greater availability of pyrrole groups for aldehyde condensation means that a higher portion 490 

of DAC could bind on the PPy particles and is thus less available for crosslinking of SCN chains. The 491 

preference for DAC-PPy reaction over the Schiff base formation is likely given by the dynamic nature of 492 

the latter. As Schiff bonds constantly break and reform during the hydrogel’s drying, part of the freed 493 

aldehyde groups of DAC may interact with nearby PPy and form classic permanent covalent linkages, thus 494 

shifting the equilibrium between the reactions towards the condensation. In case of an abundance of PPy 495 

particles, most of the DAC would thus be bonded to their surface embedded in SCN. Such a locally dense 496 

network would explain observed rheological and swelling behavior as well as the rather easy tearing of 497 

SCN/DAC_PPy10% samples during manipulation. SCN/DAC_PPy10% sample was much less resilient 498 

than the SCN/DAC_2% sample, which has about two times lower storage modulus. These results provide 499 

another proof of the reaction between DAC and PPy.  500 

  501 
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Figure 2: Storage, loss, and complex moduli and damping factor of SCN/DAC_2% and PPy-containing 502 

hydrogels prepared using 5 and 10 wt.% of PPy (SCN/DAC_PPy5% and SCN/DAC_PPy10%).   503 

The specific conductivity (Κ) of the samples was evaluated next (Figure 3b). Due to the combined 504 

ionic/electronic conductivity mechanism of PPy colloids, no specific conductivity was observed for dry 505 

films, i.e. in the absence of an ion-conducting environment. On the other hand, Κ of hydrogels swelled in 506 

UPW scaled from 2.0 mS/cm for SCN/DAC_2% to 5.1 mS/cm for SCN/DAC_PPy10%, i.e with an 507 

increasing amount of PPy. The conductivity of the hydrogels is thus comparable to the conductivity of 508 

human tissues, e.g. human muscle (4.1 mS/cm), human dermis (2.2 mS/cm), and epidermis (0.26 mS/cm). 509 

(Duck, 1990; Peters et al., 2001) Hydrogels with such a level of conductivity should be capable of 510 

transferring the bioelectrical signals and promoting the wound healing process. (X. Zhao et al., 2017) 511 

Hydrogels also showed good adherence to the human skin and were able to follow its movements without 512 

breaking, as is shown for SCN/DAC_PPy5% in Figure 3c.  513 

The SEM micrographs of the dried films show various amounts of conductive PPy particles (bright dots in 514 

Figure 3d and e; the amount depends on the initial dose of PPy colloid) well dispersed in the samples. No 515 

aggregation or clustering of particles has been observed; the dispersion of PPy particles in the hydrogel 516 

matrix is rather homogeneous. These findings demonstrate the advantages of the adopted methodology, in 517 

which given amounts of pre-made PPy colloids of desired qualities are blended into the hydrogel matrix and 518 

covalently anchored only after the addition of DAC, i.e. during the hydrogel crosslinking.   519 
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 520 

Figure 3: a) photographs of SCN/DAC_2%, SCN/DAC_PPy5%, and SCN/DAC_PPy10% (left to right); 521 

b) specific conductivity of the samples (mS/cm-1), c) examples of SCN/DAC_PPy5% adhesion to the skin; 522 

SEM images of the d) surface and e) cross sections of dried samples showing the uniform distribution of 523 

PPy particles (bright spots) in the hydrogel network.  524 

3.5 Biological evaluation 525 

As discussed in the introduction, wound healing consists of four overlapping phases – homeostasis, 526 

inflammation, proliferation, and remodeling. (Guo & DiPietro, 2010) After homeostasis, signaling 527 

molecules (e.g. cytokines) are released to control the inflammatory response and activate phagocytosis. IL-528 

6 plays an important role in inflammation as it modulates immune responses. In this stage, macrophages 529 

also have a key role as they promote the anti-inflammation effect, and phagocytize bacteria and cell debris. 530 

Nitric oxide (NO) plays a key role in the regulation of three major parts of the wound-healing process: 531 

vascular homeostasis, inflammation, and antimicrobial action. NO impacts vascular homeostasis, which is 532 

disrupted in the event of an injury. Upon tissue injury, a healthy healing process depends upon platelet 533 

aggregation and blood clot formation to stop further blood loss. NO also prevents platelet adhesion to the 534 
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vessel walls. (Malone-Povolny et al., 2019) A few days after the wounding, fibroblasts begin the re-535 

epithelization phase, and the healing is subsequently completed by the remodeling of new tissue. The 536 

selected in vitro biological tests reflect individual stages of wound healing to show the potential of prepared 537 

hydrogels for possible future preparation of wound dressings. The tests start with a fundamental assessment 538 

of cytotoxicity and fibroblast proliferation in the presence of hydrogel. This is followed by the evaluation 539 

of the ability of cells to migrate and close a wound using a scratch assay as an in vitro model. (C.-C. Liang 540 

et al., 2007) Furthermore, the skin irritation test is assessed using the reconstructed human tissue model 541 

EpiDermTM. Next, ROS scavaging ability and the impact of hydrogels on neutrophil and macrophage 542 

activity are evaluated, as well as the assessment of the hydrogel's antibacterial activity. 543 

Cytocompatibility: absence of cytotoxicity and limited cell ingrowth  544 

The evaluation of cytotoxicity in the presence of SCN/DAC_PPy5% and SCN/DAC_PPy10% was 545 

performed according to ISO 10993-5 using an NIH/3T3 cell line.  546 

 547 

Figure 4: Biological evaluation of SCN/DAC_2%, SCN/DAC_PPy5%, and SCN/DAC_PPy10% using 548 

NIH/3T3 cell line; a) the cytotoxicity of SCN/DAC_PPy5%, and SCN/DAC_PPy10% in direct contact; 549 

dashed line represents the cytotoxicity threshold according to ISO 10993-5; for comparison with 550 

SCN/DAC_2% and SCN_DAC_5% hydrogels see Figure S4a in SI,  b) cell growth on the culture plastic in 551 

the contact with the samples; for comparison with SCN/DAC_2% and SCN_DAC_5% see Figure S4c in 552 

SI, c) open area of the wound remaining [%] after the incubation in the presence of SCN/DAC_2%, 553 

SCN/DAC_PPy5%, and SCN/DAC_PPy10% samples for 10h (lower is better), d) representative figures of 554 

the wound after 0 h (top) and 10h (bottom row). To determine statistical differences between samples 555 

ANOVA with post hoc Tukey’s Multiple Comparison test (* p < 0.05; ** p < 0.01) was performed. 556 
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Neither sample showed significant cytotoxicity (Figure 4a) and determined cell viabilities are comparable 557 

with neat SCN/DAC hydrogels (Figure S4 in SI). It means that the presence of PPy does not change the 558 

cytotoxicity of the neat hydrogel. This is in agreement with previously described PPy properties. (Káčerová 559 

et al., 2023) While the absence of cytotoxicity is a main requirement for any biomedical application, the 560 

ability of cells to adhere and proliferate on the surface of the material shows the more intimate impact of 561 

the material on cell behavior. It can be concluded, that the morphology of fibroblasts on the surface of PPy-562 

containing hydrogels was also physiological (Figure 4b). The adhesion of cells to the surface of the 563 

hydrogels was limited, particularly for SCN/DAC_PPy5%, which however can be beneficial for possible 564 

future application as removable wound healing patches because their ingrowth is limited. The cytotoxicity 565 

results of PPy-containing samples are thus similar to those of neat SCN/DAC hydrogels and the addition of 566 

PPy particles had no additional cytotoxic or anti-proliferative effect on the employed cell line.  567 

Skin irritation test: samples show non-irritation characteristics 568 

Induction of skin irritation of topically applied material is a crucial consideration in the safety evaluation. 569 

Thus, the skin irritation test conducted on the 3D reconstructed human epidermal (RhE) tissue model 570 

EpiDermTM was studied. Neat SCN/DAC hydrogel and the SCN/DAC_PPy5% sample were selected for 571 

testing as reference material and the most promising composite, respectively. Both materials were evaluated 572 

as non-irritating, as the cell viability in the RhE of SCN/DAC was 101 ± 4 % and SCN/DAC_PPy5% 573 

reached 97 ± 4% (Figure 5).  574 

 575 

Figure 5: Skin irritation (tissue viability) of SCN/DAC_2% and SCN/DAC_PPy5% hydrogels containing 576 

0% and 5% of PPy. The dashed line highlights the limit of viability according to Globally Harmonised 577 

System (GHS, R38, Category 2 or Irritant I), viability < 50% corresponds to irritation. Data were converted 578 

to a percentage of the negative control NC (DPBS) and expressed as the mean ± SEM (n = 3). One sample 579 

t-test was used to analyze the significance of the obtained data separately comparing the effect of each 580 

compound with the NC. To determine statistical differences between samples, an ANOVA test with post 581 

hoc Tukey’s Multiple Comparison (*** p < 0.001) was performed. 582 

The scratch assay proves the improvement of wound healing properties in vitro 583 
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Next, the effect of neat SCN/DAC_2% and both PPy-containing hydrogels on wound healing in vitro was 584 

evaluated using a well-established scratch assay based on the evaluation of NIH/3T3 cells migration, (C.-585 

C. Liang et al., 2007) see Figure 4c,d. The percentage of open wound area remaining after 10 h of incubation 586 

was 84±9% for reference, 65±2% for SCN/DAC_2%, 58±6% for SCN/DAC_PPy10%, and only 37±2% for 587 

SCN/DAC_PPy5%. Besides, the scratch in the presence of hydrogels also became fully closed within 24 h, 588 

while 15% of the open area was still open in the reference. The presence of all tested hydrogel samples thus 589 

significantly accelerated the wound healing in vitro and enhanced the wound closure rates. Interestingly, the 590 

highest wound healing acceleration, i.e. the lowest percentage of open wound area remaining, was found 591 

for SCN/DAC_PPy5%, while the wound healing provided by the PPy10% sample was comparable to neat 592 

SCN/DAC hydrogel. Although the reason for this behavior is unclear, it seems that the wound healing rate 593 

does not scale with the amount of PPy as no benefit of a higher PPy amount was observed. On the other 594 

hand, PPy in lower amounts (5 wt.%) significantly enhanced the wound-healing effect of SCN in vitro, thus 595 

showing an interesting synergy. 596 

Hydrogels show good antioxidant activity  597 

The antioxidant activity plays an important role in the control of immune response – a key phase of the 598 

wound healing process. Therefore, we focused on the detection of the antioxidant activity of the tested 599 

hydrogels using a luminol-horseradish peroxidase-H2O2 cell-free system. Generally, the antioxidative 600 

activity of the given compound is related to its ability to donate electrons or reduce/capture free radicals. 601 

The antioxidative activity of chitosan is linked to its amine groups. Chitosans with high DD and low Mw 602 

thus show the highest antioxidative activity. (Muthu et al., 2021) Although the antioxidative activity of SCN 603 

hydrogels has not been tested before, the SCN itself is also known to possess significant antioxidative 604 

activity towards various radicals (T. Feng et al., 2006). PPy is a redox-active electron-rich polymer, which 605 

could serve both as a donor of electrons and H+. (Nazarzadeh Zare et al., 2014) It is thus a very potent ROS 606 

scavenger, particularly in biological systems, where it showed higher antioxidative activity than polyaniline. 607 

(Gizdavic-Nikolaidis et al., 2004)  608 

Both neat and PPy-containing hydrogels showed significant antioxidant activity (Figure 6). The SCN/DAC 609 

hydrogels without bound PPy reduced the signal to 63% of control, which confirms earlier findings 610 

regarding the antioxidative capabilities of SCN. (T. Feng et al., 2006) The 5% and 10% PPy-containing 611 

hydrogels, however, reduced the signal nearly twice as more, to 32% and 30% of the control, respectively. 612 

Note, that an increased amount of PPy did not lead to a further increase in antioxidant activity; the results 613 

of both PPy-containing hydrogels were comparable. Once again, the synergic effect of PPy particles and 614 

SCN has been observed.  615 
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 616 

Figure 6: The antioxidant activity of SCN/DAC_2%, SCN/DAC_PPy5%, and SCN/DAC_PPy10% 617 

hydrogels with 0, 5, and 10% of PPy. Data were converted to a percentage of the control (without hydrogels) 618 

and expressed as the mean ± SEM (n = 4). One sample t-test was used to analyze the significance of the 619 

obtained data separately comparing the effect of each compound with the control. Bonferroni correction of 620 

the p-value for multiple comparisons was performed (** p < 0.01). 621 

Hydrogels significantly affect the amount of ROS produced by neutrophils  622 

Once the antioxidant activity of tested hydrogels was confirmed, the effect of their presence on the 623 

detectable amount of ROS produced spontaneously by neutrophils or after their activation by OZP was 624 

tested. The oxidative burst of neutrophils is primarily characterized by the production of the superoxide 625 

anion radical, the first ROS produced by neutrophils upon their contact with a variety of stimuli (e.g., 626 

opsonins, cytokines, fragments of bacterial membranes, and others) which may appear in the wounded area.  627 

In the case of spontaneous ROS production, the SCN/DAC_2% hydrogels slightly activate neutrophils. The 628 

greater antioxidant effect of PPy-containing compounds however manifests as ROS signal decreases 629 

depending on the amount of PPy. Although the SCN/DAC_PPy5% hydrogel reduced activation only to the 630 

level of control, the PPy10% hydrogel significantly reduced the ROS signal to 64 % of control (Figure 7a). 631 

In the case of OZP-activated ROS production, the neat SCN/DAC_2% hydrogel itself was already able to 632 

significantly reduce the ROS signal to 82% of control. The PPy5% hydrogel significantly reduced the ROS 633 

signal to 48% of the control and the PPy10 % hydrogel to 40% of the control. The antioxidant effect of PPy-634 

containing hydrogels showed similar trends to those observed in spontaneous production, i.e. increasing 635 

with an increasing amount of PPy (Figure 7).  636 

Regarding the role of ROS in cellular homeostasis, there is evidence to suggest that basal levels of ROS 637 

maintain normal cellular functioning and homeostasis, while significantly low levels of ROS induce cell 638 

cycle arrest. On the other hand, elevated levels induce a number of transcription factors that control the 639 

cellular defense response, and excessive ROS production activates pro-apoptotic proteins and the 640 

subsequent induction of cell death and, in extreme cases, cell necrosis. (Dunnill et al., 2017; Trachootham 641 

et al., 2008) As seen from the results, the used hydrogels, namely SCN/DAC_2% and SCN/DAC_PPy5%, 642 

could help to maintain the balance of ROS production at the site of application. For the non-activated 643 
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neutrophils, they either slightly increase or do not reduce the ROS production, thus helping to slightly 644 

stimulate neutrophils or keep a healthy amount of ROS. On the other hand, when ROS production is 645 

increased (neutrophils activated by OZP), they significantly reduce ROS production, which couold prevent 646 

negative effects on other cells and surrounding tissues (Figure 7). 647 

 648 

Figure 7: The effect of SCN/DAC_2% (noted as 0% PPy), SCN/DAC_PPy5% (5 % PPy), and 649 

SCN/DAC_PPy10% (10 % PPy) on spontaneous ROS production (panel a) and on OZP-activated ROS 650 

production (panel b) by neutrophils. Data were converted to a percentage of the relevant control and 651 

expressed as the mean ± SEM (n = 4). One sample t-test was used to analyze the significance of the obtained 652 

data separately comparing the effect of each compound with relevant control, i.e. ROS production of non-653 

activated and OZP-activated neutrophils. Bonferroni correction of the p-value for multiple comparisons was 654 

performed (* p < 0.05, ** p < 0.01). 655 

The macrophages are activated by hydrogels 656 

Macrophages are key regulators of the wound healing process, during which they play various roles to 657 

ensure proper healing. It is well known that the phenotype of macrophages evolves with different phases of 658 

wound healing. (Krzyszczyk et al., 2018) In the initial phase of wound healing, pro-inflammatory 659 

macrophages, traditionally called “M1” macrophages, infiltrate the wound to clear it of bacteria, foreign 660 

debris, and dead cells. (Krzyszczyk et al., 2018) According to the MTT assay, the tested hydrogels had no 661 

cytotoxic effects on macrophages. On the other hand, they were able to significantly increase proliferation 662 

as seen in the mitochondrial activity (Figure 8a and 8b). Based on the results from NO and IL-6 production, 663 

it can be concluded that the tested PPy-containing hydrogels activate macrophages and thus can positively 664 

modulate the macrophage response (Figure 8c – 8f). In addition, they were able to elevate the cellular 665 

response above LPS activation, as seen in NO and IL-6 production (Figure 8d and 8f). Such increased 666 

production of mediators (particularly NO production) is needed in the acute wound healing processes. NO 667 

has been shown to modulate chemoattractant cytokines that initiate post-wound inflammation, including IL-668 

8, and TGF-β1, and plays a key role in the angiogenesis process, affecting proliferation, differentiation, and 669 

apoptosis in many cell types involved in wound healing. (Luo & Chen, 2005) 670 
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 671 

Figure 8: The effect of SCN/DAC_2% (noted as 0% PPy), SCN/DAC_PPy5% (5 % PPy), and 672 

SCN/DAC_PPy10% (10 % PPy) hydrogels on mitochondrial activity (panels a and b), NO (panels c and d), 673 

and IL-6 production (panels e and f) of RAW264.7 macrophages. Results are obtained after 24 hours without 674 

(panels a, c, and e) and after 15 ng/ml LPS activation (panels b, d, and f). Data were converted to a 675 

percentage of the relevant control and expressed as the mean ± SEM (n = 4). One sample t-test was used to 676 

analyze the significance of the obtained data separately comparing the effect of each compound with 677 

reference. Bonferroni correction of the p-value for multiple comparisons was performed (*p < 0.05; **p < 678 

0.01). 679 

The presence of PPy induces significant antibacterial activity 680 

An ideal wound dressing should be antimicrobial as bacterial infections could increase the exudate 681 

formation, delay wound healing, and induce excessive and potentially chronic inflammation. (X. Zhao et 682 

al., 2017) Antibacterial wound dressings can promote wound healing by reducing the number of pathogens 683 

entering the wound, which reduces the inflammatory response. Hence, the antibacterial activity of 684 

SCN/DAC_PPy hydrogels was evaluated against E. coli (Gram-negative) and S. aureus (Gram-positive) 685 

bacteria according to standard ISO 22196 and antibacterial activity R was established (Table 1) relative to 686 

neat SCN/DAC. According to ISO 22196, an antibacterial agent can be considered effective if the R-value 687 

is >1. 688 

Table 1: Antibacterial activity of SCN/DAC_PPy hydrogels against E. coli and S. aureus 689 

 S. aureus E. coli 

SCN/DAC_2%  Ut
*= 0.061 Ut

*= 0.439 
Antimicrobial activity R 

SCN/DAC_PPy5% 2.138 0.783 
SCN/DAC_PPy10% 2.072 0.989 

*Ut is the average of the common logarithm of the number of viable bacteria recovered from the reference sample after 24 h. 690 
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Compared to the reference SCN/DAC hydrogel, whose antibacterial activity was low (Qin et al., 2006), the 691 

addition of PPy particles greatly improves the antibacterial activity of hydrogels, in particular against S. 692 

aureus, where significant antimicrobial activity was observed (R ~2.1). The antibacterial activity of PPy-693 

containing hydrogels against E. coli is weaker, between 0.8 (PPy 5%) and 1.0 (PPy 10%), but the PPy 10% 694 

sample can be considered effective also against E. coli.  695 

4. Conclusions 696 

Non-cytotoxic, antibacterial, non-irritating, antioxidant, and conductive hydrogels that significantly 697 

accelerate the wound healing process in vitro and modulate the immune response of macrophages and 698 

neutrophils in vitro were prepared. They are based on partially re-acetylated chitosan (DD = 57%) which is 699 

soluble at physiological pH without any artificial modifications of the chitosan. Dialdehyde cellulose, a 700 

sustainable and low-toxic cellulose derivative serves both for crosslinking and for anchoring of pre-made 701 

polypyrrole colloidal particles, which were prepared by using low-toxicity inorganic reducing agents and 702 

which possess very low cytotoxicity themselves. The use of toxic organic compounds and crosslinkers was 703 

thus entirely avoided during the synthesis, as well as the need for an acidic environment normally required 704 

for dissolving the chitosan. The resulting SCN/DAC_PPy hydrogels are prepared by simple blending and 705 

cast-drying of the constituents. They do not require extensive washing and neutralization, which further 706 

simplifies the whole process. The condensation reaction between DAC and PPy, described here for the first 707 

time, allows not only better anchoring of PPy particles but also strengthens the hydrogel network. This 708 

provides more freedom for tuning and improving the physical properties of hydrogels, without an 709 

unnecessary increase in the amount of crosslinker. However, one should carefully select the optimal PPy: 710 

DAC ratio (here 2% of DAC and 5% of PPy relative to SCN were found optimal), otherwise a locally-dense 711 

PPy-centered network is formed, which may degrade the overall mechanical properties of hydrogels. The 712 

PPy particles are also finely dispersed in the hydrogel without the formation of aggregates, deposits, or 713 

sediments, which is a considerable advantage over the methods employing poorly controllable in-situ PPy 714 

polymerization or dip-coating for the preparation of conductive composite dressings and scaffolds. Prepared 715 

hydrogels also show very good skin adhesion and no irritation in full-thickness skin models. 716 

The best overall results were obtained for the hydrogels with 2 mol.% of DAC and 5 wt.% of PPy, which 717 

showed the best mechanical properties, greatest acceleration of wound healing in vitro, highest antibacterial 718 

activity against S. aureus, specific conductivity comparable to human tissues, significant free radical 719 

scavenging capacity, modulation of ROS production by neutrophils and stimulation of NO and IL-6 720 

production of macrophages.  721 

To summarize, compared to neat SCN/DAC hydrogels, the synergic effect of SCN and PPy greatly improves 722 

the properties of prepared composite hydrogels in multiple areas favorable to the wound healing process, 723 

from scavenging the ROS to innate antimicrobial action. The prepared SCN/DAC_PPy5% hydrogel thus 724 

possesses numerous characteristics of the next generation of active wound dressings, however, we 725 

emphasize that further biological testing, particularly in vivo evaluations, is required before such application 726 

can be considered. Nevertheless, the obtained results are comparable to other reported conductive 727 

biomaterials designed for wound healing. (Yu et al., 2021) For instance, observed conductivity, 728 

antioxidative properties, and antibacterial activity are similar to those reported for conductive hydrogels 729 

based on soluble chitosan derivatives (X. Zhao et al., 2017), but without the need for artificial modifications 730 

of chitosan amine groups or the use of synthetic linkers. The SCN thus may provide a viable alternative to 731 

these soluble chitosan species when combined with PPy. The condensation reaction between DAC and PPy 732 

could also find broad applications in the field of preparation of conductive scaffolds and hydrogels in the 733 

future. 734 
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