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ABSTRACT 

Polypyrrole (𝑃𝑃𝑦) composites, despite their conductivity and bioactivity, are prone to degradation 

(e.g., exfoliation or delamination) due to the lack of chemical bonds between 𝑃𝑃𝑦 and the matrix. 

Rather than suppressing this degradation through laborious methods involving toxic organic linkers or 

custom pyrrole derivatives to achieve covalently bonded PPy composites, this study introduces a novel 

polysaccharide-based approach. This method uses dialdehyde polysaccharides (𝐷𝐴𝑃𝑠) to conjugate 

𝑃𝑃𝑦 to chitosan nanofibers (𝐶𝐻𝐼𝑇𝑠) covalently. DAPs stabilize 𝐶𝐻𝐼𝑇𝑠 through Schiff base chemistry 

and then conjugate pyrrole via aldol condensation. During subsequent polymerization, the conjugated 

pyrrole is incorporated into the 𝑃𝑃𝑦 layer formed around the CHITs, covalently linking both polymers. 

The resulting composites exhibit good conductivity and cytocompatibility, making them promising for 

biomedical applications and tissue engineering. Moreover, this method is not limited to chitosan but 

can be extended to other amine-containing substrates. 
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1. Introduction 

Polypyrrole (𝑃𝑃𝑦) is a highly promising conductive polymer with considerable potential in various 

fields, including sensors [1], wearable electronics [2], battery electrodes [3], and water desalination 

[4]. The conductivity, ability to control cell differentiation [5], and good biocompatibility [6] also make 

it attractive for biomedical applications [7]. However, certain limitations have prevented the broad use 

of 𝑃𝑃𝑦 and its composites. 

First, there are environmental concerns. 𝑃𝑃𝑦 is typically synthesized as thin films [8], powders [9], or 

colloidal dispersions [10] via the oxidative polymerization of pyrrole (𝑝𝑦) in highly acidic solutions using 

potentially harmful oxidizing agents such as iron(III) chloride (FeCl3) or ammonium persulfate. Although 



green methods for 𝑃𝑃𝑦 production are emerging, they are not yet ready for broader applications [11]. 

Thus, any improvement to the effectiveness of the current methods would be beneficial. 

Second, neat 𝑃𝑃𝑦 is brittle and difficult to process, which limits its applications. Consequently, various 

𝑃𝑃𝑦 composites have been used. These are commonly prepared by dispersing pre-made 𝑃𝑃𝑦 powder 

in a polymer matrix or by initiating in situ polymerization of 𝑝𝑦 within the matrix. Although 

straightforward, these approaches often yield heterogeneous materials with variable properties [12]. 

In addition, these composites are held together only by weak interactions such as hydrogen bridges or 

van der Waals forces. The absence of covalent bonds limits the adhesion between the 𝑃𝑃𝑦 domains 

and the matrix, increasing the risk of 𝑃𝑃𝑦 particle leaching or composite delamination. 

To improve the properties of the PPy composites, two primary approaches are employed. The first 

method relies on electrostatic interactions between the negatively charged matrix and positively 

charged 𝑃𝑃𝑦 [13], while the second relies on the covalent binding of 𝑝𝑦 derivatives to the matrix, 

followed by in situ polymerization of PPy [14,15]. The former method is more prevalent because many 

matrices contain negatively charged groups or are easily modifiable for this purpose. Although the 

latter approach offers potentially more stable covalent bonds, it is significantly challenging. It often 

requires custom 𝑝𝑦 derivatives, highly toxic linkers, or complex and environmentally harmful 

procedures [15]. These factors increase the synthesis cost and pose a risk of release of hazardous 

residues from the composite. 

The preparation of 𝑃𝑃𝑦 composites becomes even more challenging when a finely structured matrix 

is used. For instance, to prepare conductive nanofibrous composites, a continuous 𝑃𝑃𝑦 layer must be 

generated in situ on the nanofibrous matrix to maximize the conductivity while preserving the shape 

of the underlying (nano)structure. This is particularly difficult with highly hydrophilic biopolymer 

nanofibers, which tend to swell or even dissolve under the harsh conditions required for 𝑃𝑃𝑦 

preparation (e.g., aggressive oxidizing agents, very low pH). The swelling of these matrices renders 

them highly sensitive to the 𝑃𝑃𝑦 layer exfoliation due to the absence of strong interactions with the 

substrate. 

Hence, we developed a novel approach utilizing an aldol condensation reaction [16] to prepare a well-

defined 3D composite based on chitosan nanofibers (𝐶𝐻𝐼𝑇𝑠) with a 𝑃𝑃𝑦 layer covalently bound using 

dialdehyde polysaccharides (𝐷𝐴𝑃𝑠). We also describe the reaction mechanisms and characterize the 

resulting composites in terms of their physicochemical properties and cytotoxicity in direct contact. 

The entire approach (Scheme 1) begins with the periodate oxidation (𝑃𝑂𝑋) of the source 

polysaccharides to 𝐷𝐴𝑃𝑠. In general, 𝑃𝑂𝑋 targets the vicinal hydroxyl groups of 

anhydroglucopyranose units, introducing a pair of reactive aldehyde (— 𝐶𝐻𝑂) groups per unit while 

disrupting the respective 𝐶— 𝐶 bond. This modification is considered sustainable because the 

periodate can be easily recovered [17]. The polysaccharides used in this study include cellulose, 

alginate, sodium hyaluronate, and dextran, which are oxidized to 2,3-dialdehyde cellulose (𝐷𝐴𝐶), 2,3-

dialdehyde alginate (𝐷𝐴𝐴𝐿), 2,3-dialdehyde hyaluronate (𝐷𝐴𝐻), and dialdehyde dextran (𝐷𝐴𝐷𝑋𝐴) 

(see Scheme 2 for structural formulae). Cellulose, the most abundant polysaccharide on Earth, is a key 

component of plant cell walls. 

  



Scheme 1. Part A: Reaction scheme illustrating the periodate oxidation of polysaccharides containing vicinal hydroxyl 

groups, and their conversion into dialdehyde polysaccharides (𝐷𝐴𝑃). Part B: Conjugation of 𝐷𝐴𝑃 with chitosan nanofibers 

(𝐶𝐻𝐼𝑇) via a Schiff base reaction results in the formation of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃. Part C: Conjugation of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 with pyrrole 

(py) via aldol condensation, yielding the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃-py conjugate. Part D: Subsequent growth of polypyrrole (𝑃𝑃𝑦) on 

𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑝𝑦 in the presence of excess py and an oxidizing agent yielding 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 composite. 

 

The structure of this compound comprises linear chains of anhydroglucose units linked by 𝛽-(1 → 4) 

glycosidic bonds. This arrangement results in a dense network of hydrogen bonds, rendering cellulose 

insoluble in water. However, cellulose can be chemically modified to form soluble derivatives, 

including solubilized 𝐷𝐴𝐶, which is an excellent crosslinker for various hydrogels [18]. Alginate is a 

natural polysaccharide extracted from brown algae. It consists of a linear chain of (1 → 4)-linked 𝛽 −

 𝐷 −mannuronic acid and a-𝐿-guluronic acid residues, forming a unique block structure. This structure 

allows alginate to form hydrogels upon exposure to divalent cations like calcium, making it versatile 

for various applications in food, pharmaceuticals, and biomedicine [19]. Alginate and cellulose are also 

important renewable resources with the potential to replace various fossil-based products [20,21]. 

Hyaluronic acid is a glycosaminoglycan composed of alternating 𝐷-glucuronic acid and 𝑁-acetyl-𝐷-

glucosamine units linked by 𝛽-(1 → 4) and 𝛽-(1 → 3) glycosidic bonds. Various tissues, including skin, 

cartilage, and synovial fluid, contain this polysaccharide, which plays crucial roles in cell migration, 

wound healing, and joint lubrication [22]. Dextrans are bacterial glycans linked by 𝛼-(1 → 6) glycosidic 

bonds with 𝛼-(1 → 3) branching. Produced by bacteria of the Leuconostoc and Streptococcus genera, 

dextrans are widely used in medicine as antithrombotic agents and plasma volume expanders [23]. 

 



Scheme 2. Structures of selected polysaccharides and their periodate oxidized analogs. 

 

𝐷𝐴𝑃𝑠 prepared from various polysaccharides then react with amine-rich 𝐶𝐻𝐼𝑇𝑠 via a Schiff base 

reaction (Scheme 1, part B). The remaining — 𝐶𝐻𝑂 groups of 𝐷𝐴𝑃𝑠 are subsequently exposed to an 

excess of py, which spontaneously conjugates to the 𝐷𝐴𝑃 layer via an aldol condensation reaction 

(Scheme 1, part C). The addition of FeCl3 as an oxidizing agent then triggers the polymerization of 𝑝𝑦 

to 𝑃𝑃𝑦 (Scheme 1, part D), whereas py conjugated to the 𝐷𝐴𝑃 surface acts as the preferred substrate 

for the in situ growth of 𝑃𝑃𝑦. During this process, the py cycles bound to 𝐷𝐴𝑃 are incorporated into 

PPy chains, creating covalent links and eliminating the need for specialized organic linkers. Thus, 𝐷𝐴𝑃𝑠 

act as “multifunctional linkers”, firmly binding the underlying 𝐶𝐻𝐼𝑇𝑠 substrate to the 𝑃𝑃𝑦. 

Furthermore, the crosslinking of chitosan chains by 𝐷𝐴𝑃𝑠 protects the structure of 𝐶𝐻𝐼𝑇𝑠 during the 

highly acidic polymerization of py and prevents their dissolution [24]. Because this research focuses 

primarily on nanofibrous composite preparation, a detailed study of the aldol condensation 

mechanism between 𝐷𝐴𝑃𝑠 and 𝑝𝑦 is beyond the scope of this study and will be covered in a 

subsequent contribution. 

Scheme 3. Flowchart summarizing the experimental workflow, which is divided into sections detailing the three-step 

process for the preparation of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 materials. 

 



2. Materials and methods 

To provide a clearer understanding of each step involved in the preparation and characterization of 

the composite, a flowchart of the experimental procedures is presented in Scheme 3. 

 

2.1. Materials 

Cellulose SigmaCell type 20 (Sigma Aldrich Co.) of weight-average molecular weight (𝑀𝑤) = 76 kDa, 

dispersity (Ð) = 4.7, and degree of polymerization (𝐷𝑃) = 468; sodium alginate Protanal LF200S (FMC 

Biopolymer AS, Norway) with 𝑀𝑤 = 250 kDa, fraction of guluronic acid (𝐹𝐺) = 0.68, and fraction of 

guluronic blocks (𝐹𝐺𝐺) = 0.57; dextran from Leuconostoc spp. (Sigma Aldrich Co.) of 𝑀𝑤 = 71 kDa, 𝐷𝑃 

= 449, and Ð = 1.9; sodium hyaluronate of 𝑀𝑤= 1.5 MDa, 𝐷𝑃 = 3740, and Ð = 4.3 (Contipro Ltd., Czech 

Republic); sodium periodate (NaIO4) (VWR, Czech Republic); sodium chloride (𝑁𝑎𝐶𝑙) (Penta, Czech 

Republic); potassium iodide (𝐾𝐼) (Penta, Czech Republic); potato starch (Sigma Aldrich Co.); 

hydroxylamine hydrochloride (𝐻𝐴𝐻𝐶𝑙) (Sigma Aldrich); and hydrochloric acid (HCl, 35 %) (Penta, Czech 

Republic) were used for the preparation and characterization of 𝐷𝐴𝑃𝑠. Medium molecular weight 

chitosan with 𝑀𝑤 = 290 kDa, Ð = 6.7, and 78 % degree of deacetylation (Sigma Aldrich Co.); acetic acid 

(CH3COOH) (Sigma Aldrich Co.); and polyethylene oxide (𝑃𝐸𝑂) (Sigma Aldrich Co.) with viscosity-

average molecular weight (𝑀𝑣) = 600 kDa were used for the electrospinning of 𝐶𝐻𝐼𝑇𝑠. Pyrrole (𝑝𝑦, 98 

%) (Sigma Aldrich Co.); ethanol (𝐸𝑡 − 𝑂𝐻) (VWR, Czech Republic); and diluted 𝐻𝐶𝑙 were used in the 

preparation of 𝐷𝐴𝑃 − 𝑝𝑦 conjugates. Anhydrous iron(III) chloride (FeCl3) (Penta, Czech Republic) was 

used for subsequent 𝑝𝑦 oxidation. The cytotoxicity assessment was performed using a cultivation 

medium consisting of Dulbecco’s Modified Eagle’s Medium (Biosera, France); sodium hydrogen 

carbonate (Penta, Czech Republic), 10 % bovine calf serum (CS, mycoplasma-free) (Biosera, France); 

and 1 % of penicillin/strep-tomycin (Biosera, France). All used chemicals were of analytical purity (p.a.) 

and used as received without further purification. Ultra-pure water (UPW, resistivity 18.6 MΩ •cm) 

was used throughout the experiment. 

 

2.2. Preparation of 𝐷𝐴𝑃𝑠 and 𝐶𝐻𝐼𝑇𝑠 

2.2.1. Synthesis of 𝐷𝐴𝑃𝑠 

Different DAPs were prepared using POX of source polysaccharides. For this purpose, alginate, dextran, 

and sodium hyaluronate (1 g) were dissolved, and cellulose (1 g) was dispersed in 50 mL of UPW for 24 

h at ambient temperature. Subsequently, a solution containing 1.2 × the molar excess of NaIO4 relative 

to the molar amount of oxidized units was added to ensure almost quantitative oxidation. The NaIO4 

masses required were as follows: 1.65 g for cellulose, 0.67 g for sodium hya-luronate, 1.35 g for sodium 

alginate, and 3.35 g for dextran, based on previous studies [25-27]. The described POX methodology 

was chosen for its reliability and reproducibility. To achieve an almost quantitative degree of oxidation 

(𝐷𝑂 ≈ 100 %), the oxidation reactions were carried out at 30 °C in the dark for 72 h for cellulose and 

24 h for the other polysaccharides. After oxidation, the prepared 𝐷𝐴𝐶 suspension was purified using 

five cycles of centrifugation at 10000 RPM for 15 min (Multifuge X3R, Thermo Fisher Scientific, USA) 

and mechanical homogenization at 10000 RPM for 10 min (WiseTis HG-15D homogenizer, Witeg, 

Germany). The 𝐷𝐴𝐶 was then solubilized at 80 °C in an oil bath for 2 h using a three-necked flask 

equipped with a magnetic stirrer, an external thermometer probe, and reflux. Following solubilization, 

the DAC sample was centrifuged and filtered using a 0.45 |im syringe filter. The solubilized 𝐷𝐴𝐶, along 

with the other prepared soluble DAPs (DAH, DAAL, and DADXA), was dialyzed using 14 kDa molecular 



weight cut-off (MWCO) dialysis tubing. Dialysis was performed against UPW (72 h), followed by 0.5 M 

NaCl (48 h), and then again against UPW (24 h) to remove salt. The purified DAP solutions were filtered 

(0.45 im) and lyophilized. The yields were 56 % for DAC, 74 % for DAAL, 99 % for DADXA, and 71 % for 

DAH. 

 

2.2.2. Preparation of 𝐶𝐻𝐼𝑇𝑠 

𝐶𝐻𝐼𝑇𝑠 were prepared from a 20 mg/mL solution of chitosan in 70 % acetic acid containing 𝑃𝐸𝑂 as a 

fiber-forming additive (weight ratio of chitosan: 𝑃𝐸𝑂 = 5:1). The mixture, with a dynamic viscosity of 

1.65 Pa•s and conductivity of 869 𝜇S/cm, was filtered using a 1 𝜇m glass syringe filter, degassed, and 

electrospun using a SpinLine 40 device (SPUR a.s., Czech Republic). The following parameters were 

used: flow rate = 0.15 mL/min, accelerating voltage = 60 kV, humidity = 25 %, working distance = 21 

cm, cycle duration = 60 min, and polypropylene as the substrate. 

 

2.3. Screening and synthesis of CHIT-DAP-PPy composites 

2.3.1. Initial 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 screening 

The influence of different amounts of py on the properties of the resulting 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 

composite properties was initially investigated. 𝐶𝐻𝐼𝑇𝑠 specimens measuring 1 × 1 cm (𝑚 = 1.9 mg) 

were cut, and the molar amount of — 𝑁𝐻2 groups (𝑛_𝑁𝐻2) per specimen was calculated (𝑛_𝑁𝐻2= 4.58 

mmol/g in 78 % deacetylated chitosan). These 𝐶𝐻𝐼𝑇𝑠 specimens were placed in 5 mL of a pH 6.5 

solution containing 0.718 mg of dissolved 𝐷𝐴𝐶. This value corresponds to the molar amount of 

—  𝐶𝐻𝑂 groups required to fully react with the — 𝑁𝐻2 groups on the 𝐶𝐻𝐼𝑇𝑠 via a Schiff base reaction. 

The 𝐶𝐻𝐼𝑇𝑠 specimens were left to react with 𝐷𝐴𝐶 for 4 h to form imine bonds. Next, the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 

samples were removed from the 𝐷𝐴𝐶 solution, gently washed to remove unbound 𝐷𝐴𝐶, and placed 

in solutions containing varying amounts (0 to 1000 mol%) of py relative to the 𝑛_𝐶𝐻𝑂, i.e., the molar 

amount of — 𝐶𝐻𝑂 groups in 𝐷𝐴𝐶 solution used for conjugation with chitosan. These mixtures were 

gently shaken at ambient temperature in the dark for 16.5 h to allow aldol condensation between 

𝐷𝐴𝐶’𝑠 — 𝐶𝐻𝑂 groups and 𝑝𝑦 (see Scheme 1, part C). Subsequently, 1 mL of a solution containing 4 × 

the molar amount of the oxidizing agent FeCl3 relative to the used py was added dropwise to the 

𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑝𝑦 mixture to initiate the oxidation of py to 𝑃𝑃𝑦. This oxidation reaction was 

monitored for 4 h and then terminated by removing the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 samples, which were 

washed in UPW, 0.2 M HCl, UPW, Et-OH, and UPW using an ultrasonic bath. After washing, the thin 

composite sheets were lyophilized and analyzed by SEM. In addition to the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 

samples, one blank sample (𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_-blank) was prepared without 𝐷𝐴𝐶. Table 1 summarizes the 

compositions of the reaction mixtures used in this experiment. 

 

2.3.2. Synthesis of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 composites 

Based on the initial 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 experiment, three additional 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 materials 

were prepared using the same reaction conditions employed for 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200. These 

included 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐷𝑋𝐴 − 𝑃𝑃𝑦200, and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐻 − 𝑃𝑃𝑦200. For 

conductivity analysis, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 were synthesized in bulk 

using an upscaled procedure with 100 mg of 𝐶𝐻𝐼𝑇𝑠. After purification (removal of residual unbound 

𝑃𝑃𝑦), these materials were mechanically homogenized, soaked in 0.2 M HCl for five days to protonate 



the nonconducting 𝑃𝑃𝑦 bases into conducting PPy salts and pressed into pellets with a diameter of 15 

mm for conductivity measurements. 

 

2.4. Characterization of 𝐷𝐴𝑃𝑠, 𝐶𝐻𝐼𝑇𝑠, and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 

2.4.1. Infrared spectroscopy (𝐹𝑇 − 𝐼𝑅) 

Qualitative spectral analyses of the prepared 𝐷𝐴𝑃𝑠 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 were performed using 

an 𝐹𝑇 − 𝐼𝑅 spectrometer Nicolet 6700 (Thermo Fisher Scientific, USA) equipped with a diamond 

crystal in ATR mode, covering wavenumbers ranging from 4000 to 600 cm-1. 

 

2.4.2. Determination of degree of oxidation (𝐷𝑂) 

The prepared 𝐷𝐴𝑃𝑠 were characterized in terms of their 𝐷𝑂 using an oxime reaction followed by 

alkalimetric titration. Briefly, each 𝐷𝐴𝑃 was dissolved in 30 mL of UPW (0.33 wt%), and the pH was 

adjusted to 4.0 with diluted HCl. Next, 20 mL of HAHCl solution (2.15 wt%, pH adjusted to 4.0) was 

added, and the mixture was gently stirred for 24 h. The consumption of 0.1 N NaOH was used to 

determine the aldehyde-to-oxime conversion and subsequent 𝐷𝑂 calculation [28]. The statistical 

analysis of the significance of differences in the obtained DO results was performed using one-way 

ANOVA with a post hoc Tukey’s Multiple Comparison test (𝑝 < 0.001). 

 

Table 1 The reaction conditions of the initial 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 experiment with varying amount of py and FeCl3. 

 

 

 

  

 

 

 

 

 

 

2.4.3. Iodometry and 𝑈𝑉 − 𝑉𝑖𝑠 analysis 

To evaluate potential contamination with residual iodine originating from POX, iodometry and 

subsequent 𝑈𝑉 − 𝑉𝑖𝑠 analysis of the prepared DAPs were performed. In a typical experiment, 2.5 mL 

of 10 mg/mL 𝐷𝐴𝑃 solution was mixed with 0.5 mL of 5 % KI solution, 0.5 mL of 1 M HCl solution, and 

0.5 mL of 2 % potato starch solution. After macroscopic evaluation, the mixture was transferred to a 

quartz cuvette and analyzed using a double-beam 𝑈𝑉 − 𝑉𝑖𝑠 spectrometer Lambda 1050 (PerkinElmer, 

USA) across wavelengths ranging from 250 to 800 nm. 



2.4.4. 𝑋-ray fluorescence spectroscopy (𝑋𝑅𝐹) 

To further confirm the high purity of the 𝐷𝐴𝑃𝑠 and the absence of iodine, 𝑋𝑅𝐹 analysis was conducted 

using an energy-dispersive 𝑋-ray fluorescence spectrometer ARL Quant’X EDXRF Analyzer (Thermo 

Fisher Scientific, USA). Calibration standards were prepared by dissolving a defined amount of KI in 

UPW. 

 

2.4.5. Nuclear magnetic resonance (𝑁𝑀𝑅) 

The 1H NMR spectra of the source chitosan and 𝐷𝐴𝑃𝑠 were recorded at a 10 mg/mL concentration 

using a JEOL 400 MHz NMR spectrometer (JEOL, Japan). Measurements were conducted at 298 K in a 

D2O/DCl (0.1 M) mixture. The degree of acetylation of chitosan was determined based on Kasaai et al. 

[29], by comparing 1/3 of the signal intensity of CH3(N-ac) to 1/6 of the sum of H2-H6 intensities. 

 

2.4.6. 𝑋-ray photoelectron spectroscopy (𝑋𝑃𝑆) 

𝑋𝑃𝑆 analyses were carried out to investigate the binding interactions between 𝐶𝐻𝐼𝑇𝑠, 𝐷𝐴𝐶, and 𝑃𝑃𝑦. 

An Axis Ultra DLD spectrometer (Kratos Analytical, UK) equipped with a monochromatic Al Ka (ℎ𝑣 = 

1486.7 eV) 𝑋-ray source operated at 75 W (5 mA, 15 kV) was used. The spectra were obtained using 

an analysis area of approximately 300 × 700 |im. The Kratos charge neutralizer system was used for 

all analyses. High-resolution spectra were recorded at a step size of 0.1 eV and a pass energy of 20 eV. 

The instrument base pressure during the measurements was consistently 2 × 10_8 Pa. The spectra 

were analyzed using CasaXPS software (version 2.3.15) and charge-corrected to the main line of the 

carbon C 1s spectral component (𝐶— 𝐶, 𝐶— 𝐻) set to 285.0 eV. A standard Shirley background was 

applied to the sample spectra. 

 

2.4.7. Scanning electron microscopy (𝑆𝐸𝑀) 

Images of the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 samples were obtained using a Nova Nano𝑆𝐸𝑀 450 microscope 

(FEI, Czech Republic) operated at an accelerating voltage of 5 kV. The samples were sputtered with 

gold-palladium nanoparticles to suppress the charge accumulation effect. 

 

2.4.8. Transmission electron microscopy (𝑇𝐸𝑀) 

A JEM-2100 transmission electron microscope (JEOL, Japan) operated at an acceleration voltage of 160 

keV was used for sample imaging. Diluted 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 dispersions were sonicated using an 

ultrasonic homogenizer Sonopuls HD 2070 with an MS 73 micro tip (Bandelin, Germany), drop-cast 

onto a 300-mesh copper grid coated with a For-mvar membrane, and gently dried. 

 

2.4.9. Conductivity 

The neat 𝐶𝐻𝐼𝑇𝑠 and selected 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 samples (𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 and 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200) were analyzed for their conductivity (c). These samples were prepared in bulk and 

pressed into pellets with diameters of 15 mm and ~2 mm thickness. Conductivity measurements were 



performed using a programable electrometer Keithley 6517B (Textronix, USA) using the following 

equation (Eq. 1): 

 

 

Here 𝑡 is the thickness of the sample, 𝑆 is the surface area of the sample, and 𝑈 and 𝐼 are the voltage 

and current, respectively. 

 

2.4.10. Cytotoxicity 

Cytotoxicity assessment followed the ISO 10993 protocol. The cultivation conditions were maintained 

at 37 °C under a 5 % CO2 atmosphere in humidified air using a HERAcell 150i incubator (Thermo 

Scientific, USA). Mouse embryonic fibroblasts (NIH/3T3 cells) were precultivated in 24-well plates (TPP, 

Switzerland) at a seeding density of 1 × 105 cells/mL of medium. Sterilized samples were subsequently 

added to cells for 24 h, and each sample was tested in quadruplicate. Cell viability after exposure was 

determined by the MTT assay using a Tetrazolium MTT cell proliferation assay kit (Duchefa Biochemie 

B. V., Netherlands). The absorbance was measured at 570 nm using an Infinite M200 Pro NanoQuant 

(Tecan, Switzerland), with a reference wavelength of 690 nm. Results are expressed as percentages of 

cell viability in NIH/3T3 cultures relative to the reference cells. A cell viability below 0.7 was considered 

the threshold for cytotoxicity according to ISO 10993-5. The statistical significance of the cytotoxicity 

results was determined by one-way ANOVA with a post hoc Tukey’s Multiple comparison test (𝑝 < 

0.001). 

 

3. Results and discussion 

3.1. Synthesis and characterization of 𝐷𝐴𝑃 

𝑃𝑂𝑋 is possible only for polysaccharides that contain at least one pair of vicinal — OH groups within 

their structural units. As described in the Introduction, this selective oxidation reaction results in the 

formation of two highly reactive — 𝐶𝐻𝑂 groups, accompanied by the cleavage of the corresponding 

carbon-carbon bond. Although every unit of cellulose and sodium alginate can, in principle, be 

oxidized, (see Scheme 2, parts a and b) [26,30], 𝑁-acetyl-𝐷-glucosamine units of sodium hyaluronate 

are resistant to 𝑃𝑂𝑋 (Scheme 2, part c) [31]. It is also worth noting that when several pairs of vicinal 

— OH groups are present within a structural unit, multiple oxidation can occur. This situation occurs 

in dextran’s a-(1 → 6)-linked units, where three neighboring — 𝑂𝐻 groups are found at C2, C3, and C4. 

According to previous NMR analyses [25,32], the dextran used also contains approximately 15 % of 𝛼-

(1 → 3)-branched units, which are resistant to 𝑃𝑂𝑋. Consequently, the “complete” oxidation of dextran 

results in the elimination of C3 in the form of formic acid for a-(1 → 6)-linked units, while 𝛼-(1 → 3)-

branched dextran units remain unaltered, as shown in Scheme 2, part d. The oxime reaction revealed 

the 𝐷𝑂 of the prepared 𝐷𝐴𝑃𝑠 as follows: 𝐷𝐴𝐶 96.1 ± 0.5 %, 99.0 ± 0.3 %, 𝐷𝐴𝐴𝐿 96.0 ± 0.4 %, and 

DADXA 84.5 ± 0.4 %. One-way ANOVA with a post hoc Tukey’s Multiple Comparison test with a post 

hoc Tukey’s Multiple Comparison test (𝑝 < 0.001) showed statistically significant differences in 𝐷𝑂 

between 𝐷𝐴𝐶 and 𝐷𝐴𝐻, 𝐷𝐴𝐶 and DADXA, 𝐷𝐴𝐻 and 𝐷𝐴𝐴𝐿, 𝐷𝐴𝐻 and 𝐷𝐴𝐷𝑋𝐴, and 𝐷𝐴𝐴𝐿 and 𝐷𝐴𝐷𝑋𝐴 

(see Table S1 in Supplementary Information, SI). These differences can be attributed to the previously 

mentioned variations in supramolecular features (linear versus branched architecture), charge (anionic 

or neutral nature), and structural unit composition (heteropolysaccharide versus 



homopolysaccharide). Conversely, the lack of a statistically significant difference between 𝐷𝐴𝐶 and 

𝐷𝐴𝐴𝐿 is likely due to their shared linear backbone structure. 

Fig. 1 shows the 𝐹𝑇 − 𝐼𝑅 analysis of the unmodified source polysaccharides and their oxidized analogs 

(for full 𝐼𝑅 spectra, see Fig. S1 in SI). Typical motifs appearing in the 𝐼𝑅 spectra of all prepared 𝐷𝐴𝑃𝑠 

include (i) a 𝐶 = 𝑂 vibrational band around 1730 cm-1, which can be assigned to the — 𝐶𝐻𝑂 groups of 

the 𝐷𝐴𝑃, and (ii) an increase in the intensity of the 𝐶— 𝑂— 𝐶 vibrational band at 885 cm-1 in the 𝐷𝐴𝐶 

𝐼𝑅 spectrum, signifying the formation of intermolecular hemiacetal structures between C6’ and C2/C3 

of 𝐷𝐴𝐶 units [26]. The strong absorption around 1600 cm-1 (𝐶— 𝑂 stretching of carboxylate anion) in 

the 𝐼𝑅 spectra of 𝐷𝐴𝐻 and 𝐷𝐴𝐴𝐿 samples is attributed to the carboxyl groups present in the source 

polysaccharides. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 1. 𝐹𝑇 − 𝐼𝑅 analysis of the source polysaccharides and their periodate oxidized analogs. Full 𝐼𝑅 spectra are shown in Fig. 

S1 in SI. 

 



Fig. 2. FT-IR analysis of the prepared 𝐷𝐴𝑃𝑠 and their conjugation with chitosan (left part) and 𝑋𝑃𝑆 survey spectrum and 

high-resolution C 1s and N 1s scans obtained on the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 sample. For full 𝐼𝑅 spectra, see Fig. S5 in SI. 

 

Subsequently, iodometric titration and XRF analysis were performed to investigate the presence of 

residual iodate in 𝐷𝐴𝑃𝑠 after 𝑃𝑂𝑋. The residues of oxidizing agents are undesirable because they can 

react with 𝑝𝑦. The iodometric titration did not show any traces of iodine compounds, as evidenced by 

the absence of the triiodide/starch complex absorption band at around 600 nm in 𝑈𝑉 − 𝑉𝑖𝑠 spectra 

of the acidified 𝐷𝐴𝑃 solutions (Fig. S2a). Furthermore, no traces of iodine were detected by 𝑋𝑅𝐹 

analysis (Fig. S2b). The 1H 𝑁𝑀𝑅 spectra of the 𝐷𝐴𝑃𝑠 are presented in Fig. S3. 

 

3.2. 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 synthesis and characterization 

Prepared 𝐷𝐴𝑃𝑠 were used to react with — NH2 groups of the 𝐶𝐻𝐼𝑇𝑠, crosslinking their surface and 

forming a thin reactive layer. The degree of deacetylation of the used chitosan was 60 %, as determined 

by 𝑁𝑀𝑅 analysis (see Fig. S4). 𝐹𝑇 − 𝐼𝑅 analysis confirmed the binding of 𝐷𝐴𝑃𝑠 to the 𝐶𝐻𝐼𝑇𝑠 surface 

(see left part of Fig. 2; for full IR spectra of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃𝑠, refer to Fig. S5). All 𝐼𝑅 spectra of the 

prepared 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃𝑠 materials show a decrease in the intensity of the 1565 cm-1 band compared 

to the neat 𝐶𝐻𝐼𝑇𝑠 spectrum (i.e., 𝑁— 𝐻 bending vibration originating from amine groups of 𝐶𝐻𝐼𝑇𝑠), 

evidencing the binding of 𝐷𝐴𝑃𝑠’ —  𝐶𝐻𝑂 groups to the — NH2 groups of 𝐶𝐻𝐼𝑇𝑠 via Schiff base 

reaction, as proposed in the top and middle rows of Scheme 1. 

To further analyze the binding between 𝐷𝐴𝑃𝑠 and 𝐶𝐻𝐼𝑇𝑠, 𝑋𝑃𝑆 analysis was conducted on the 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶 sample. Fig. 2 (right part) displays the 𝑋𝑃𝑆 survey spectrum and high-resolution C 1s and N 1s 

scans of the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶. The C 1s signal is composed of several peaks attributed to 𝐶— 𝐶 and 𝐶— 𝐻 



bonds (285.04 eV, 𝐷𝐴𝐶, and 𝐶𝐻𝐼𝑇𝑠), 𝐶— 𝑁 (286.23 eV, CHITs), C—O and C-OH (286.74 eV, 𝐷𝐴𝐶, and 

𝐶𝐻𝐼𝑇𝑠), 𝐶— 𝑂 (288.13 eV, aldehydes of 𝐷𝐴𝐶 and 𝐶𝐻𝐼𝑇𝑠 acetal groups), and 𝑂 − 𝐶 = 𝑂 (289.23 eV, 

probably from residual acetate from 𝐶𝐻𝐼𝑇𝑠 preparation). The key evidence of the Schiff base reaction 

between 𝐶𝐻𝐼𝑇𝑠 and 𝐷𝐴𝐶 is exemplified in the bottom XPS spectrum, showing a high-resolution N 1s 

scan with the presence of an iminium ion signal (402.04 eV). Iminium-ion bonds are formed by the 

protonation of the imine group below their pKa. As no reducing agent was used to convert the iminium 

bonds between the 𝐷𝐴𝐶 and 𝐶𝐻𝐼𝑇𝑠 (i.e., no reductive amination was performed), the iminium bonds 

remained in the conjugate. The prepared 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 samples were then used to prepare the 𝑃𝑃𝑦 

composites. 

 

3.3. 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 − 𝑃𝑃𝑦 composite synthesis and characterization 

Initially, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 samples were shaken overnight in the presence of various amounts of py (Table 

1), allowing aldol condensation to occur. For more details on aldol condensation between 𝐷𝐴𝑃 and 

𝑃𝑃𝑦, see our previous work [16]. The polymerization of py was subsequently initiated by the addition 

of FeCl3. The resulting materials were thoroughly analyzed using the methods described in section 2.4. 

Fig. 3 shows SEM micrographs of the prepared samples (left) illustrating the surface morphology 

changes and the dimensions of the nanofibers and composites. Inset photographs of the reaction 

vessels depict the progress of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 formation after 15 min and 4 h of py oxidation. 

Although no changes in the nanofibrous structure of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 were observed for the 𝑃𝑃𝑦0 sample 

(i.e., without added 𝑝𝑦), the differences in surface morphology and nanofiber diameter, along with 

the color change of the samples, became evident as the concentration of py increased. These changes 

indicate the formation of a thin 𝑃𝑃𝑦 layer in the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦50 sample. The growth of the 

𝑃𝑃𝑦 layer on the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 surface is readily observable by 𝑆𝐸𝑀 for samples prepared with ≥200 

mol% of py relative to 𝑛_𝐶𝐻𝑂 of 𝐷𝐴𝐶. This was accompanied by a more than two-fold increase in the 

nanofiber diameter, as summarized in the 𝑆𝐸𝑀 analysis in Fig. 3. Notably, in the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 −

𝑃𝑃𝑦200 sample, 𝑃𝑃𝑦 preferentially grows on the surface of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶, while the surrounding 

solution remains largely clear (see inset photographs in Fig. 3). This is likely due to py bound to the 

𝐷𝐴𝐶 providing an optimal substrate for PPy deposition. In contrast, samples prepared with 𝑝𝑦 

concentrations of 500 and 1000 mol% exhibit excessive 𝑃𝑃𝑦 flakes formation throughout the reaction 

mixture (see inset photographs marked by green arrows in Fig. 3). This was likely due to the saturation 

of the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 surface and the high 𝑝𝑦 concentration. Unsurprisingly, 𝑃𝑃𝑦 grains on 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶 surfaces also became larger (from ~60 to 150 nm) as the 𝑝𝑦 concentration increased from 500 

to 1000 mol%. 

To better illustrate the advantages of our approach, the entire procedure was repeated with neat 

𝐶𝐻𝐼𝑇𝑠 (𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_blank sample). The reaction conditions were identical to those for the 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶 − 𝑃𝑃𝑦200 sample, except that 𝐷𝐴𝐶 was excluded (see Table 1). The experimental results were 

remarkably different. The 𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_blank sample showed immediate swelling, followed by partial 

dissolution after 4 h (see bottom left part of Fig. 3). This behavior is a direct consequence of chitosan’s 

solubility in acidic media, as the pH of the reaction mixture was ~2. Instead of a nanofibrous 

composite, the 𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_blank sample consisted of a sheet-like material densely covered with 

𝑃𝑃𝑦, as evidenced by 𝑆𝐸𝑀 analysis. Thus, the preparation of 𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦 composites is not feasible 

without 𝐷𝐴𝐶. 

  



Fig. 3. 𝑆𝐸𝑀 analysis of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 conjugates and 𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_blank (bottom left row) exposed to different amounts of 

py in the presence of FeCl3, accompanied by inset photographs depicting the state of conjugation after 0.25 and 4 h (left 

part); 𝐹𝑇 − 𝐼𝑅 analysis of the prepared 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 materials, 𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_blank, and neat PPy, featuring 

magnified regions of interest with marked wavenumbers. 

 

The right side of Fig. 3 shows the 𝐼𝑅 spectra of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦 samples, the 𝐶𝐻𝐼𝑇 − 𝑃𝑃𝑦_blank 

sample, and the neat 𝑃𝑃𝑦 prepared without support. When comparing the 𝐼𝑅 spectra of the 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶 − 𝑃𝑃𝑦0 sample (prepared without adding 𝑝𝑦) to those of the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦10 and 

𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦50 samples, the appearance of vibration of the 𝑝𝑦 cycle at 1525 cm-1 is evident. 

This indicates the presence of py oligomers or a thin layer of 𝑃𝑃𝑦, unobservable by 𝑆𝐸𝑀. There is also 

a noticeable increase in the intensity of the absorption band at ~790 cm-1 (𝐶— 𝐻 out-of-plane 

deformational vibration of 𝑃𝑃𝑦). Further increase in the py concentration (≥200 mol%) resulted in 

considerable changes in the 𝐼𝑅 spectra, which resembled that of neat 𝑃𝑃𝑦. The strong increase in the 

𝐶— 𝐶 stretching vibration intensity of 𝑃𝑃𝑦 in the region from 1530 to 1555 cm-1 is particularly visible 

(see magnified detail in Fig. 3). 

Based on the obtained data, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 was selected as the most promising sample and 

further analyzed by 𝑋𝑃𝑆 (see Fig. 4). The 𝑋𝑃𝑆 survey spectrum, along with the high-resolution C 1s 

and 𝑁 1s scans of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200, are presented. The presence of 𝑃𝑃𝑦 was reflected in the 

XPS survey spectrum (top row) by a comparatively stronger 𝑁 1s signal than in the 𝑋𝑃𝑆 survey 

spectrum of the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 conjugate (Fig. 2). Chlorine residues are likely due to washing with 

hydrochloric acid. The high-resolution C 1s scan (middle row of Fig. 4) shows peaks associated with 

𝐷𝐴𝐶 and 𝐶𝐻𝐼𝑇𝑠 bonding, as described in the first paragraph of section 3.2. Additionally, a newly 

formed signal at 284.13 eV (C 1s C=C) and a significant increase in the intensity of the signal at 286.09 

eV (C 1s 𝐶— 𝑁) indicate the presence of 𝑃𝑃𝑦. The high-resolution 𝑁 1s scan (bottom row) reveals 



three signals: 400.04 eV (𝑁 1s 𝑁— 𝐶) from the amino groups of 𝐶𝐻𝐼𝑇𝑠’, 401.79 eV (𝑁 1s iminium ion) 

from covalent interactions between 𝐶𝐻𝐼𝑇𝑠 and 𝐷𝐴𝐶, and 398.16 eV (𝑁 1s 𝑅 =  𝑁— 𝐶) from aromatic 

𝑃𝑃𝑦 cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 𝑋𝑃𝑆 survey spectrum (top) and high-resolution C 1s (middle) and 𝑁 1s (bottom) scans obtained of the 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶 − 𝑃𝑃𝑦200 sample. 

 

Subsequently, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐻, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿, and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐷𝑋𝐴 were used to prepare conjugates 

analogously to 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 (see Fig. 5). 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐻 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 exhibited 

significantly different behavior during the 𝑃𝑃𝑦 growth phase (oxidation step) compared to 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐷𝑋𝐴. Instead of 𝑃𝑃𝑦 growing exclusively on the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 conjugate surface, 

𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐻 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 substrates triggered the formation of colloidal PPy particles in the 

reaction medium, as indicated by the dark color of reaction mixtures after 4 h (see the inset 

photographs in Fig. 5). This behavior can be explained by ionic binding of negatively charged 𝐷𝐴𝐻 or 

𝐷𝐴𝐴𝐿 macromolecules to chitosan. While 𝐷𝐴𝐶 or 𝐷𝐴𝐷𝑋𝐴 molecules not forming Schiff bases with 



chitosan were washed away, the electrostatic interaction of 𝐷𝐴𝐻/𝐷𝐴𝐴𝐿 with chitosan prevented their 

complete removal. When the pH of the solution decreased due to FeCl3 addition, carboxyl groups of 

𝐷𝐴𝐻 and 𝐷𝐴𝐴𝐿 became protonated, causing electrostatic attraction to vanish. Unbound 𝐷𝐴𝐻 and 

𝐷𝐴𝐴𝐿 molecules were then released into the solution, acting as stabilizers for 𝑃𝑃𝑦 colloid formation. 

The ability to prepare stable colloidal 𝑃𝑃𝑦 particle solutions utilizing selectively oxidized charged 

polysaccharides is an interesting opportunity for future exploitation. Nevertheless, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐻 −

𝑃𝑃𝑦200 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 composites retained their nanofibrous structure. 𝐷𝐴𝐻 and 

𝐷𝐴𝐴𝐿 thus successfully bound to the nanofibers and form a protective 𝐷𝐴𝑃 layer around 𝐶𝐻𝐼𝑇𝑠 

similarly as 𝐷𝐴𝐶 and 𝐷𝐴𝐷𝑋𝐴, enabling conjugation with 𝑝𝑦 and subsequent PPy growth on their 

surface (see 𝑆𝐸𝑀 and 𝑇𝐸𝑀 micrographs in Fig. 5). 𝐼𝑅 spectra of the prepared composites confirmed 

the presence of 𝑃𝑃𝑦, manifested by absorption bands at around 1550 and 790 cm-1. 

Next, conductivity was measured for neat 𝐶𝐻𝐼𝑇𝑠, bulk samples of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 and 

𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 prepared for this purpose, as described in Section 2.4. While the specific 

conductivity of neat 𝐶𝐻𝐼𝑇𝑠 was barely measurable (0.23 nS/cm), the specific conductivities of the 𝑃𝑃𝑦 

samples were 23 and 13 𝜇S/cm, respectively — five orders of magnitude higher. The lower conductivity 

of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 likely results from reduced 𝑃𝑃𝑦 deposition on the composite, as a portion 

of the 𝑃𝑃𝑦 formed a colloid, as noted above. Although the conductivities of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 

and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 may be insufficient for applications in sensors or capacitors, they are 

adequate for biological applications, where materials with similar conductivities are used as scaffolds 

supporting cell growth and proliferation [33]. 

Because one of the potential uses of the prepared conductive composites is in the biomedical field, 

where they could serve as cellular scaffolds or wound dressings, initial cytotoxicity testing was 

performed using the NIH/3T3 cell line, as described in Section 2.4. Results of the cytotoxicity tests are 

summarized in Fig. 6 and expressed as a reduction in relative cell viability compared to the reference 

cultivated on tissue culture plastic. Although cell viability in direct contact with 𝐶𝐻𝐼𝑇𝑠 was unaffected, 

𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 had a major effect on cell viability. This is not surprising, as 𝐷𝐴𝐶 is considered cytotoxic 

at concentration exceeding 0.5 mg/mL [25]. Interestingly, the 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 samples did not 

significantly impact cell viability. This remarkable result can be attributed to the negative electrostatic 

charge of the 𝐷𝐴𝐴𝐿 layer, which repels cells from the highly reactive — 𝐶𝐻𝑂 groups, whose presence 

is detrimental to cell viability. Notably, neither 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 nor 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200 

significantly impacted cell viability. The PPy layer greatly improved the biocompatibility of 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐶. Thus, both composites can be considered non-cytotoxic. 

A one-way ANOVA with a post hoc Tukey’s Multiple Comparison test (𝑝 < 0.001) was used to 

determine the statistical significance of differences in cell viability between the samples. As indicated 

in Fig. 6, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 exhibited a significant decrease in cell viability compared with the reference 

and all other samples (𝑝 < 0.001). No significant differences in cell viability were observed between 

the reference, 𝐶𝐻𝐼𝑇, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿, 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200, and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200. 

However, further evaluation, such as testing with different cell lines like HaCaT - an aneuploid immortal 

keratinocyte cell line from adult human skin, will be necessary before these materials can be used in 

specific applications, such as wound healing. 



Fig. 5. 𝑆𝐸𝑀, 𝑇𝐸𝑀, and 𝐹𝑇 − 𝐼𝑅 analyses of the prepared 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 conjugates with covalently attached 𝑃𝑃𝑦. 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Cell viability in direct contact with neat 𝐶𝐻𝐼𝑇𝑠, 𝐶𝐻𝐼𝑇𝑠 conjugated with 𝐷𝐴𝐶 and 𝐷𝐴𝐴𝐿, and 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝐴𝐿 − 𝑃𝑃𝑦200 and 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝐶 − 𝑃𝑃𝑦200. Data were expressed as mean ± standard error of the mean (𝑛 = 4 per 

group). Statistically significant differences were determined by ANOVA with a post hoc Tukey’s Multiple Comparison test; 

𝑝 < 0.001. A three-asterisk mark indicates a statistically significant difference compared to the reference. 

 

4. Conclusions 

Chitosan nanofibers (𝐶𝐻𝐼𝑇𝑠) with covalently bound polypyrrole (𝑃𝑃𝑦) have been successfully 

synthesized using various dialdehyde polysaccharides (𝐷𝐴𝑃𝑠). The roles of DAPs in the preparation of 

these composites are as follows: (i) 𝐷𝐴𝑃𝑠 undergo a Schiff base reaction with 𝐶𝐻𝐼𝑇𝑠, stabilizing and 

protecting the nanofibers from harsh conditions during PPy synthesis; (ii) 𝐷𝐴𝑃𝑠 facilitate the 

conjugation of pyrrole (py) via an aldol condensation reaction to the surface of 𝐶𝐻𝐼𝑇 − 𝐷𝐴𝑃 



composites, thereby creating hotspots for subsequent 𝑃𝑃𝑦 growth. The Schiff base conjugation 

reaction between 𝐷𝐴𝑃𝑠 and 𝐶𝐻𝐼𝑇𝑠 and the aldol condensation with 𝑝𝑦 were confirmed by 𝐹𝑇 − 𝐼𝑅 

analysis and further supported by 𝑋𝑃𝑆 analysis. Due to the conjugation of 𝑝𝑦 to the 𝐶𝐻𝐼𝑇 −

𝐷𝐴𝑃 composites surface, 𝑃𝑃𝑦 was shown to preferentially grow on their surface up to an 𝑛_𝐶𝐻𝑂: 

2𝑛py molar ratio. This approach minimizes waste and improves the efficiency of 𝑃𝑃𝑦 composite 

production. While all 𝐷𝐴𝑃𝑠 stabilize 𝐶𝐻𝐼𝑇𝑠 at low pH and facilitate conjugation with 𝑝𝑦, the charged 

𝐷𝐴𝑃𝑠 (i.e., 𝐷𝐴𝐻 and 𝐷𝐴𝐴𝐿) also initiate the formation of 𝑃𝑃𝑦 colloids. The best results were obtained 

for composites prepared using 𝐷𝐴𝐶 and 𝐷𝐴𝐷𝑋𝐴. The prepared materials demonstrated good 

cytocompatibility, and although their conductivity may not be sufficient for industrial applications, 

they show promise as scaffolds or wound healing materials in biomedical applications. 

The proposed method enables the facile preparation of conductive nanofibrous composites with 

covalently bound 𝑃𝑃𝑦 without the need for organic solvents, complex procedures, organic linkers, or 

toxic reactants. It relies almost exclusively on biopolymers from renewable sources, thereby reducing 

environmental impact. This procedure may be also applicable to other amine-containing polymer 

substrates, further expanding the possibilities for the preparation of new 𝑃𝑃𝑦 composites. 
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