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Abstract. As a result of this study, porous chitosan (CS) - based scaffolds loaded with cellulose nanocrystals (CNCs) and graphene (GF) were successfully fabricated using a freeze-drying method.  In particular, the effect of fillers on the structure of the obtained materials was investigated. 
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Introduction
The healthy wound healing process is a dynamic and well-organized physiological process, involving different biological events, controlled by different cell types [1, 2]. Besides, several common comorbidities (including diabetes, vascular and autoimmune diseases) can often interfere with the normal healing phase [3].
 The elderly, patients with diabetes and patients with genetic disorders are especially predisposed to abnormal wound healing, which leads to the formation of chronic wounds. Therefore, there is a need to continuously increase the effectiveness of wound treatment methods [4]. Potentially, some microorganisms from the skin surface can penetrate the adjacent appendages and glands, which in some cases can play a harmful role and cause infection [5-7].
Chitosan has been the focus of a great attention due to its properties, such us nontoxicity, biocompatibility, biodegradability, adsorption properties and low price [8, 9]. CS exhibits excellent biocompatibility and immune modulator properties, which are crucial for promoting wound healing [10, 11]. It has been widely investigated as an antimicrobial agent for preventing and treating infections owing to its intrinsic antimicrobial properties, and also its ability to effectively deliver extrinsic antimicrobial compounds into the infected area [12]. To reinforce and stabilise pure CS-scaffolds, cross-linkers are commonly used [13]. Because chitosan is polycationic, it can interact with polyanions to form polyelectrolyte complexes. These characteristics allow it to be used in various materials, including sponge scaffolds.
[bookmark: bbib18]Genipin (GP) is a safe and non-toxic natural cross-linking agent of plant origin. GPs are commonly used in medicine [14, 15]. Compared with traditional agents, CS modifies the amino genipin, and its mechanical properties were significantly enhanced, and the hydrogel crosslinked with genipin is less cytotoxic [16 ]. Owing to its high biocompatibility, GP has recently been used as a novel cross-linking reagent to replace traditional cross-linking agents. It can react spontaneously with amino groups or proteins or chitosan to form dark-blue pigments. GP has also been found to be 10,000 times less toxic than glutaraldehyde [17].
 Cellulose nanocrystals, in the form of rod-like or whisker-shaped highly crystalline nanostructures whose length is significantly (10-40 times) larger than the cross-section [18], may result from the acid hydrolysis of agricultural cellulose-containing products [19]. CNC are bio-based and renewable nanosized materials that can be derived from plants or bacteria and in general from a variety of highly available and renewable cellulose-rich sources of the most abundant natural polymers [20].
Graphene and its derivatives were been lately employed as a filler within a polymer matrix to confer antimicrobial properties [21]. In fact, GF has proved a broad range of antimicrobial activity toward bacteria, fungi and viruses [22], by damaging the bacterial membrane, interrupting the cell cycle or inducing bacterial cell death through inflammatory cascade activation [23].
The main driving idea of this work was the development of an easy-to-handle scaffold able to yield stage-specific treatment and accelerate wound healing, especially with chronic wounds in the diabetic foot. To this aim, CS-based scaffolds containing CNCs and GF nanoplatelets and ionically crosslinked with GP we successfully prepared by an easy and scalable freeze-drying process. Different concentrations of CNCs and GF nanosheets were adopted. The effect of single and simultaneous loading of CNCs and GF nanosheets within CS spongy-like scaffolds was investigated in terms of morphological, structural, physico-chemical, pro-regenerative and antimicrobial properties.
1. Results and Discussion
1.1. Preparation of CS-based scaffolds functionalised with CNC/GF, crosslinked with GP
CS-based hybrid scaffolds with CNCs, GF, and GP were prepared by the freeze-drying method, as represented in Fig. 1 by way of article [24]. CS powder (1.67% w/v) was dissolved in 1%w/v lactic acid aqueous solution under stirring at 60℃ for 3 hours. Suspension of CNC in water in an amount 10 and 50%wCNC/wCS calculated to CS weight and GF solution (1% wGF/wCS) were added to the CS slurry and stirred at room temperature until reaching a homogeneous dispersion. The slurries were poured into bottles with diameter 6 cm, using a volume of suspension corresponding to 6 mm of height, and underwent a freeze-drying process (equilibration at 4 °C for 30 min, freezing at −20 °C overnight and − 80 °C for 3 h, drying at 0 °C, for 48 h under vacuum in freeze dryer. Afterward, cylindrical scaffolds (d = 6 mm, h = 6 mm) were obtained. 
[image: ]
Fig.1. Schematic of the process of making scaffolds: preparation of solutions and crosslinking reaction (1); freezing of samples (2) and freeze drying processes (3). Created with BioRender.com.
1.2 Characteristics of the morphology of the obtained materials
CS/CNC/GF scaffolds morphology was investigated through JSM 7200F field emission scanning electron microscope (Jeol, USA) at an accelerating voltage of 10 kV and 15 kV. 
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	Fig.2. The morphology of CS scaffold (а) and scaffold with 50% nanocrystals (b) [Mag. 200×, scale bar 1 mm].


This SEM micrographs of scaffolds' cross sections showing the single loading effect of CNC. The addition of cellulose nanocrystals leads to a decrease in pore diameter, which is especially noticeable for composites with a cellulose nanocrystal concentration of 50% (Fig.2, b). Adding graphene in chitosan solution can also have an impact on reducing pores. This effect resulted from non-covalent interactions between the highly electronegative GF and the polycationic CS matrix [23]. In terms of pore size, the influence of GF loaded within neat CS scaffold was evaluated. 
Conclusions
In this study, we developed scaffolds that encompassed multifunctional features to improve wound healing. The scaffolds were composed of CS, CNC, GF with GP crosslinking. In this work, the effect of single and simultaneous loading of CNC and GO as reinforcement and antimicrobial filler, respectively, into the CS matrix was systematically analyzed. It was found that CNC loading alone stabilized the CS-based scaffolds when used at a lower concentration. While GF loading could positively affect the mechanical and antimicrobial properties of the resulting materials.
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