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Abstract

:

This study was targeted towards the synthesis and characterization of new chitosan–gelatin biocomposite films reinforced with graphene oxide and crosslinked with genipin. The composites’ mode of structuration was characterized by Fourier Transform Infrared spectroscopy and X-ray diffraction, while morphology and topography were investigated by scanning electron microscopy, nano-computer tomography and profilometry. Eventually, thermal stability was evaluated through thermogravimetrical analysis, mechanical properties assessment was carried out to detect potential improvements as a result of graphene oxide (GO) addition and in vitro enzyme degradation was performed to discern the most promising formulations for the maturation of the study towards in vivo assays. In accordance with similar works, results indicated the possibility of using GO as an agent for adjusting films’ roughness, chemical stability and polymer structuration. The enzymatic stability of chitosan–gelatin (CHT-GEL) films was also improved by genipin (GEN) crosslinking and GO supplementation, with the best results being obtained for CHT-GEL-GEN and CHT-GEL-GEN-GO3 (crosslinked formulation with 3 wt.% GO). Yet, contrary to previous reports, no great enhancement of CHT-GEN-GEL-GO thermal performances was obtained by the incorporation of GO.
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1. Introduction


Biopolymers represent an essential class of biomaterials in continuous development. Blends fabricated out of a wide range of natural or synthetic constituents serve as versatile convertible materials fit to typify assorted conformations such as bulks, films or membranes, as well as porous scaffolds and fibers [1]. When developing new biomaterials, natural polymers are often preferred to other classes of materials, as a result of their higher biocompatibility and similarities to human body constituents. For instance, some of the most popular natural biopolymers are chitosan [2], collagen [3] and gelatin [4], hyaluronic acid [5], sodium alginate [6,7], nanocellulose [8] and silk fibroin [9].



Chitosan (CHT), a natural derivative of chitin [10], gained its notoriety in the biomedical sphere through its great biocompatibility, biodegradability, low cytotoxicity and antimicrobial performances, maturing into one of the most used natural biopolymers worldwide [11]. Gelatin (GEL) is another preeminent biomaterial, originating from collagen, the most abundant protein in the human body, and is the functional and constituent component of connective tissue, muscles and bones [12]. Being less antigenic than its precursor, the prevalence of gelatin in the biomaterial development area has gradually increased [13]. Lately, numerous studies reported the development of chitosan and gelatin composite systems in the form of sponges, capsules or films, for wound dressing, drug delivery and tissue engineering [14,15,16,17,18,19]. However, chitosan–gelatin blends often lack proper physico-chemical stability and mechanical strength. Common shortages like this can be lessened through cross-linking or reinforcing treatments.



While glutaraldehyde and CaCl2 possess remarkable crosslinking capacities, their use decreased with the occurrence of cytotoxic effects. A more reliable and biological-friendly alternative is the use of genipin (GEN), a natural extract of Gardenia fruits that acts as cross-linker for amino groups in biopolymers without toxic side effects [20,21,22]. The literature-reported data indicate great performances of genipin in both the crosslinking and biological activity of chitosan and gelatin biocomposites [23]. Further, the reinforcement of biopolymers employs reinforcing agents such as silk fibers, ceramic particles and graphene or graphene oxide (GO), which are able to receive, transfer and dissipate mechanical stress more efficiently within the polymer matrix [24,25]. GOs are defined as functionalized sheets of graphene with carboxyl, hydroxyl and epoxide groups on their surface and edges [26]. Numerous studies indicate that GO is a superior fortifier for polymer-based materials, which can impressively enhance mechanical and thermal resistance even at low loadings [27,28]. For chitosan and gelatin porous composites, GO led to higher structural stability for both dry and wet states, by setting electrostatic forces and H bonds between chitosan and GO [2,29,30].



By revising the former results and indications, we pondered upon the development of a composite films system based on a GO-reinforced chitosan–gelatin matrix cross-linked with genipin. Composite materials were synthesized by a simple casting method and characterized thereafter by Fourier-Transform Infrared-Spectroscopy (FTIR), X-Ray Diffraction (XRD), thermogravimetric analysis (TGA), scanning electronic miscoscopy (SEM), nano-computer tomography (nCT) and profilometry. Additionally, after the depiction of structural and morphological features, mechanical properties and in vitro degradability were also assessed.




2. Materials and Methods


Materials. Graphene oxide, crab shell-derived medium molecular weight chitosan, gelatin from coldwater fish, Genipin (≥98%, High Performance Liquid Chromatography (HPLC) grade) and Acetic acid (≥99.7%) were purchased from Sigma-Aldrich (St. Louis, MI, USA). All materials were used without additional purification. The water used in this work was double distilled water. Collagenase (lyophilized powder from Clostridium histolyticum, ≥125 CDU/mg solid), Sodium azide (≥99.5%), Calcium chloride (≥97%), Tris-HCl, Ethylenediaminetetraacetic acid (≥99%) were purchased from Sigma-Aldrich and used without additional purification. Phosphate Buffer Saline (powder, pH 7.4) was used to prepare the aqueous (double distilled water) solution for sample hydration prior to the degradation onset.



Manufacture of CHT-GEL-GEN-GO films. CHT-GEL-GEN-GO samples with GO concentrations of 0.5, 1, 2 and 3 wt.% were prepared and cross-linked by 0.5 wt.% GEN solution. Each formulation was obtained in a volume of 50 mL of polymer by mixing 1 wt.% CHT and 5 wt.% GEL solutions. The weight ratio between dry CHT and GEL was 1:1. The proportion of GEN and GO correspond to the total polymer amount. A total of 41.66 mL of 1 wt.% CHT solution was obtained in 1 wt.% acetic acid (aq) at 50 °C. Adequate GO quantities were weighted and dispersed in 8.33 mL distilled water under sonication conditions for a duration of 1 h. Subsequently, 5 wt.% GEL solution was obtained by dissolving the corresponding amount in the GO aq dispersions. CHT and GEL-GO solutions were then mixed under vigorous stirring for 30 min at room temperature. GEN solution (1 wt.% aq) was added in order to crosslink the CHT-GEL-GEN-GO composites, under the same stirring conditions. The composite solutions and controls were casted in Petri dishes and left undisturbed for the solvent evaporation. The control and composite films that were synthesized were denominated as follows: CHT-GEL for chitosan–gelatin, CHT-GEL-GEN for genipin-crosslinked chitosan–gelatin, CHT-GEL-GEN-GO0.5/1/2/3 for genipin-crosslinked chitosan–gelatin with 0.5, 1, 2 and 3 wt.% GO content.



The GO dispersion procedure was carried out using a VCX 750 ultrasonic device from Sonics & Materials, Inc. (Newton, CT, USA) provided with a Ti-6Al-4V probe tip and a 750 W processor operating at 20 kHz. The amplitude of the probe tip vibrations was set at 70% throughout the 1 h GO exfoliation procedure.



Fourier Transform Infrared Spectroscopy. To investigate the CHT-GEL-GEN-GO interactions, FTIR studies were carried on a SHIMADZU 8900 (Kyoto, Japan) equipment. The FTIR spectra were registered in a 600–4000 cm−1 range with a 4 cm−1 resolution, as an average of 32 records per sample.



X-Ray Diffraction. To study the crystalline structure and the GO-reinforced composites and controls, X-ray diffraction measurements were done at room temperature using a Panalytical X’Pert Pro MPD (Malvern, UK) instrument provided with a Cu Kα radiation source.



Thermogravimetrical analysis. The thermal stability of the biopolymer-GO composites was evaluated by means of a Q500 TA Instruments equipment (New Castle, DE, USA), using nitrogen atmosphere from room temperature to 700 °C at a heating rate of 10 °C/min



Scanning Electron Microscopy. The morphological investigations of CHT-GEL-GO composite films and controls were performed by using the QUANTA INSPECT F Scanning Electron Microscope (Waltham, MA, USA).



Nano-Computer Tomography. For the nano-computer tomography analysis, Bruker (Kontich, Belgium) nanoCT 2211 high-resolution equipment was used. The scanning was carried out without a filter, with a source voltage of 45 kV, current intensity of 200 μA and exposure per frame of 300 ms, respectively. The samples were rotated by 180°, with a rotation step of 0.1°. For each individual slice, the image was the result of averaging five frame captures. Throughout the sample set aquisition, the image pixel size corresponded to 3.5 µm. Tomograms were reconstructed from the raw data in Bruker NRecon 1.7.1.6 software, were visualized in Bruker’s CTvox, while the profile graphics were transcripted from Bruker’s DataViewer.



Profilometry. Profilometry assessments were done by confocal analysis using an optical imaging profiler PLµ 2300 (Terrassa, Spain) with an objective of 50× and data were processed using SensoMap 2.0 software.



Mechanical properties. Mechanical behavior of the CHT-GEL and CHT-GO-GEN-GO composite films was studied by testing under tensile stress with a speed of 2 mm/min, by using a universal mechanical tester (Instron, Model 3382, Norwood, MA, USA). A number of 3–4 specimens per sample were tested and each one was 6 cm long and 1 cm wide. The presented results are average values of the measurements.



Enzyme degradation study. The reported enzymatic degradation was based on a previously described method [31]. Briefly, the in vitro enzyme-mediated degradation was carried out by incubating composite specimens of equal size in a 0.5 mL Tris-HCl (0.1 M, pH 7.4) buffer solution supplemented with 0.005% (w/v) NaN3 and 5 mM CaCl2 for 1 h, followed by the addition of 0.5 mL collagenase solution (200 µg/mL). The test was carried out at 37 °C in quadruplicate for each composite formulation and controls, and then averaged. Sample degradation was stopped by collagenase inactivation after 10/20/40/60/120/240 min by the addition of 0.1 mL of 0.25 M ice-cold EDTA solution and accelerated cooling on ice bath. Upon collagenase cutoff, samples were rinsed three times with ice-cold Tris-HCl and three times with ice-cold double distilled water. Gel fraction (GF) was determined after sample-drying in air at 37 °C by employing the following equation


GF (%) = (Wd,t/W0) × 100%,








where Wd,t is the weight of the dried sample, at time t of degradation, and W0 is the initial weight of the sample.




3. Results


3.1. Fourier Transform Infrared Spectroscopy


Figure 1 illustrates the recorded FTIR spectra of GO, CHT-GEL, CHT-GEL-GEN and CHT-GEL-GEN-GO with 0.5, 1, 2 and 3 wt.% GO. A typical GO spectrum is defined by the absorption bands situated around 1050–1060, 1200–1225, 1600–1620 and 1735 cm−1 and generated by the vibrational modes of C–O, C–OH, C=C and C=O groups, while –OH functionalities in their both free and connected states are identified, with the band spreading sideways around 3500 cm−1 [32,33,34]. In our case, the above-mentioned absorption bands are placed at 1051, 1212, 1620, 1740, and from 3000 to 3600 cm−1 (Figure 1G). Further on, the CHT-GEL FT-IR spectrum comprises the main absorption bands of both CHT and GEL compounds (Figure 1A). At 1025 and 1150 cm−1, respectively, C–O and C–O–C specific marks of CHT are present. Amide I, II and III can be identified at 1654, 1546 and 1249 cm−1, while N–H stretching vibrations in amide A and B are overlapped with the O–H-specific band.



A CHT fingerprint is established within the 900–1155 cm−1 region and denotes the stretching vibrations of the glycolide backbone, i.e., C–O–C asymmetric stretching at ~1166 and C–O bonds at 1030 cm−1. The bands from 1400 to 1470 indicate the vibrational modes of C–N and N–H that are probably overlapped with the signal of the GEN ring stretching mode structure vibration generated at 1410 cm−1 [35,36], while C=O stretching of amide and acetamide bands are positioned at 1647 and 1656 cm−1 [37]. The presence of amide B, as well as I, II and III amides of GEL, can be assigned to the absorbance peaks located near 2940 1655, 1546 and 1234 cm−1 [38]. Similarly, the –O–H broad band around 3450 cm−1 is identified on both CHT and GEL spectra, overlapping the N–H signals in the latter one, whereas C–H symmetric and asymmetric vibration modes are expressed at around 2910 and 2940 cm−1 [39]. The GO composites spectra reveal little structural change; nonetheless, the ratio of amide II and amide II equilibrates when GO is added and does not fluctuate with the amount (Figure 1C–F).




3.2. X-ray Diffraction


The main target of XRD studies was to establish the influence of GO on CHT-GEL composites’ general mode of structuration. According to the spectra displayed in Figure 2G, the specific GO-intense peak is generated at 2θ ~10.63° and is associated to an interlayer spacing of 0.14 nm. The values obtained for the graphene derivative used in this study are thus clarified to be specific to GO and in accordance to the literature reports [40,41]. The XRD pattern of the unloaded composite (Figure 2A,B) consists of three diffraction peaks located at 8.25°, 11.40° and 17.95° and a broad band at around 23°. The intensity maximums at 8.25° and 17.95° are attributed to the organized and unorganized domains of GEL. Their correspondent d-spacing values of 0.11 and 0.23 nm are in direct relation to the diameter of the triple helical structures and the distance between amino-acid components, respectively [42,43]. The peak identified at 11.40°, as well as the broad band at 23°, are attributed to the semi-crystaline structure of chitosan [44,45].




3.3. Thermogravimetry (TGA)


During TGA assessments, controls and CHT-GEL-GEN-GO specimens were heated from room temperature to 600 °C and the recorded thermograms are illustrated in Figure 3, with correlated numerical data listed in Table 1. Similar to reported TGA studies of both CHT and GEL, our samples’ thermal behavior can be described by three distinctive degradation steps [46]. Accordingly, water molecules in both their free and associated states are eliminated during the first phase, while the major polymer degradation takes place during the second phase, when protein and polysaccharide domains are degraded [46]. Eventually, the third step denotes the carbonization of residual compounds.




3.4. Scanning Electron Microscopy


Morphologies of biopolymer–GO composite films were investigated by SEM. In Figure 4, the surfaces of composite films are illustrated. Throughout the image set, the classical features of polymer blend films are present: flat surfaces with no porosity. However, a developmental surface morphology associated with the increase in GO load can be stressed. The superficial appearance of pure polymer blends is gradually changed from smooth to rough upon the increasing GO amount. The surface features of the polymer blend composite films are similar overall. Segregated clusters of insoluble chitosan residues appeared for all formulations. This lack of homogeneity amongst the films’ framework could be the result of low amounts of chitosan powder with different degrees of deacetylation.




3.5. Profilometry


Bearing in mind that the topography and rugosity of a biomaterial play a major role in further biological performances, both control and GO-containing composite films were evaluated by optical profilometry imaging and measurements. All the scanned samples presented smooth surfaces, with rugosity (Ra) values in the nanometric range (Table 2). Prior to the analysis of GO influence on samples Ra, it is interesting to observe the effect of genipin, which, in this case, increased Ra from 86 nm for neat CHT-GEL samples to 184 nm for CHT-GEL-GEN. Subsequently, Ra is markedly decreased to 39 and 52 nm by 0.5 and 1 wt.% GO incorporation. Thereafter, the Ra is increased again to values higher than CHT-GEL, yet lower than CHT-GEL-GEN.




3.6. Nano-Computer Tomography


NanoCT aquisition amassed on the residual specimens of CHT-GEL and composite films after the mechanical assay was performed. Therefore, it was possible to highlight the fracture profiles conforming to the film type, as well as the in-depth survey of the peripheral protrusions identified in micrographies and the profilometry test.




3.7. Mechanical Properties


In order to assess the impact of GO incorporation on composites’ mechanical performance, 3–4 equal-sized specimens (6 cm length, 1 cm width) of each formulation underwent tensile tests at a speed of 2 mm/min. Typical stress–strain curves were obtained as the basis for tensile strength and Young’s modulus calculation. Tensile strength was directly extracted as the maximum supported tensile stress, while Young’s modulus was calculated as the slope of the linear ascending region in the early stages of the characteristic curves. Their corresponding averaged numerical data, with standard deviation, are plotted in Figure 5.




3.8. Enzyme Degradation


In order to assess the in vitro stability of biopolymer-GO scaffolds, a chemical degradation test was carried out in collagenase-enriched human-simulated medium. Composite films with GO contents of 0.5–2 wt.% feature a quasilinear behavior even at extended degradation times. After 240 min, the measured weight loss is almost 40%, comparable to the materials most susceptible to the enzyme effect, that is, the CHT-GEL control. Upon increasing the GO content to 3 wt.%, a significant improvement of roughly 10% was observed. With respect to time, in less than one hour, CHT-GEL-GEN-GO3 exhibits strong resistance against enzymatic activity.





4. Discussion


Structurally, in FTIR spectra, for the crosslinked control (Figure 1B), the 1400–1470 vibration bands of CH=N are more pronounced as a result of CHI-GEL crosslinking with GEN [47]. Compared with CHT-GEL spectra, in the genipin crosslinked blend, a decrease in the amide II and amide I peaks’ ratio appears, as well as a slight shift, to 1654 and 1552 cm−1. This is associated with the susceptibility of the primary amine to react to GEN through nucleophilic attack by the amino group of CHI-GEL and the dihydropyran ring opening. A shift of 1654 cm−1 describes post-crosslinking heterocyclic amine generation. In composite formulation, the peak ratio (C–N and C–O stretching vibration) is balanced, indicating that the crosslinker reaction could be slightly impeded by the GO presence. CHI-GEL crosslinking carries through the Schiff base reaction. GO could alter the structuration of CHI within the crosslinked network by the reaction amide groups in chitosan with a carboxyl of GO [48].



FTIR spectra revealed that the progressive addition of GO amounts within the CHT-GEL matrix does not seem to cause other alterations within the samples’ spectra, hence no significant increase, decrease or shifts in the typical absorption bands were identified. The lack of GO signals within the composites’ spectra could be due to FTIR limitations in detecting both the well-dispersed GO sheets and those in low amounts. Nevertheless, XRD characterization pointed out the fact that once GO sheets are incorporated within composites (Figure 2C–F), a slight sharpening of the maximum at 23°, as well as an increase in intensity for the peak at 11.4°, can be observed, suggesting that GO holds the ability to promote CHT-GEL crystalline features. The absence of a GO-specific intensity maximum from the composites’ spectra may support the idea of adequate GO nanosheets’ dispersion throughout the material’s volume.



The beneficial effect of graphene derivatives’ incorporation into the establishment of more ordered polymeric structures, with improved a response towards thermal stimuli and longer-lasting properties, has been long-established [49]. Conversely, the thermal stabilities of our samples tended to decrease with the progressive addition of GO for the early degradation stages, while the situation is reversed from the middle of the process.



As a result, CHT-GEL-GEN-GO samples degrade at lower temperatures than the control samples when temperatures lower than ~300 °C are applied, with values of Td3% decreasing from 110 to 62 °C for the maximum GO incorporation. However, for temperatures greater than 300 °C, less weight loss occurs at the same temperatures in the case of GO-containing composites. Interestingly, GEN crosslinking increases the thermal stability of the blend up to approximately 250 °C (Figure 3), while crosslinking CHT-GEL supplemented with GO does not have the same remarkable performance. On the basis on these results, and while the beneficial versus detrimental effects of GO on polymeric materials are not fully elucidated, supplementary studies should be carried out. However, it is known that GO is an excellent heat conductor that provides a constant and mild energy dissipation throughout the matrix it embeds [50]. All the specimens with a GO load have a slightly lower weight loss at the end of the treatment, while CHT-GEL-GEN-GO05 was the most stable formulation. One of the reasons for this is that low concentrations of GO can adequately disperse within organic matrices and provide a high physico-chemical properties enhancement, as equally scattered GO sheets can restrain polymer catenae mobility.



SEM images of CHI-GEL films reinforced with GO revealed variations in topographical features on the specimen outer and, overall, a commonly smooth surface, specific to polymer non-porous sheets. By visual examination, the polymer blends’ roughness seems comparable. However, between the CHT-GEL-GEN (B) and CHT-GEL (A), a minor difference appeared, which could be the consequence of crosslinking. When CHT-GEL gels form, polymer chains are strained and their reorientation is restricted. For that reason, crosslinking induces an additional superficial tension which improves the outer evenness. By comparison, the GO-loaded samples exhibit an interesting tendency related to the surface roughness. The SEM images (C–F) depict a visible gain in the films’ surface roughness, varying in agreement with the incrementing carbonaceous material amount. In the case of 2 and 3 wt.% GO-enriched films, the features of superficial roughness mimic typical graphene flake morphology. The films’ outer side texture consists of fold-like structures of different sizes which are dispersed graphene sheets covered by the polymer matrix.



All six formulations feature slightly irregular spherical protrusions onto their surface which span from the film bulk. Generally, they are divergently distributed or form loose clusters with no compact agglomerations. It is the opinion of the authors that these textures are micron-range unsolubilized chitosan particles, randomly confined inside the homogeneous composite matrix, and not morphological features associated with the drying step. As evidence, in the reconstructed nanoCT images (Figure 6), these irregularities are displayed in very bright shades of gray and white, an indication of highly compact or dense areas.



All images are edited with respect to color and contrast and, in particular A, B, D–F are altered in order to focus on the CHT grain distribution among the constituent matrix of the film. Image C was altered for the purpose of highlighting the film-splitting pattern during the tensile test.



Fracture profiles seem to span from very sharp to smooth, according to the sample kind. Thw CHT-GEL specimen features sharp and clean breaks along the film defects, while the break line of the crosslinked control sample is less sharp and with radial small fissures. The GO-containing films continue the trend of smoother breakpoints with the GO content increment. For the 0.5 and 1 wt.% GO specimens, the fracture profile follows the distribution of the unsoluble CHT clusters, though at higher concentrations the splitting is clean and with no apparent positioning in the vicinity of heterogeneous areas.



The GO-specific wrinkled topography was consistent throughout the film surface, to a lower extent in the case of CHT-GEL-GEN-GO05 and CHT-GEL-GEN-GO1. The roughness enhancement with the GO:biopolymer ratio increase is a strong indication that GO has a direct impact on the amassing of superficial protrusions. These observations are in accordance with the profilometry data (Table 2) that suggested a directly proportional relation between the GO content and surface roughness and protrusion magnitude. By regulating CHT-GEL-GEN material topography, GO-loading could improve the biological properties of the polymer blend, as cellular adhesion is augmented on roughened facets.



Materials’ topography was evaluated through the analysis of height distribution skewness (Ssk) and results are given in Table 2. By all accounts, a positive value of Ssk indicates the existence of superficial protuberances such as peaks, while a negative value denotes a surface characterized by smooth and profound valleys. Positive values were obtained for all our samples and are consistent with the reconstructed topographies illustrated in Figure 6A,B for CHT-GEL-GEN and CHT-GEL-GEN-GO0.5 wt.%, respectively. The high variance in Ssk-reported values may be due to the sensitivity of the method towards noise. Such profilometry outcomes support the idea that materials’ surface topography and roughness can be adjusted by the variation in GO amounts, and thus aided in the development of certain types of materials.



As a consequence of being subjected to mechanical testing, composites exhibited an improvement in both the Young’s modulus and the tensile strength associated to the GO filling. A clear linear increase can be observed for CHT-GEL, CHT-GEL-GEN, CHT-GEL-GEN-GO05. Upon a higher GO addition, Young’s modulus fluctuates slightly.



The most favorable composition proves to be that of 0.5 wt.% GO, for which the tensile modulus and tensile strength significantly increase from 19.62 to 21.99 MPa and from 54 to 70.3 MPa, respectively. The decline in tensile modulus values after elevating GO concentration to 1, 2 and 3 wt.% is presumably due to a lesser GO sheet dispersion within the polymer matrix. As a result, load transfer at the biopolymer blend/GO interface is impeded. Nonetheless, an increase in both the tensile strength and Young’s modulus, able to surpass the pristine biopolymer effectiveness, was also observed for these composites.



Furthermore, as in the case of thermal features, a slight influence could be attributed to the more ordered structure of composite materials’ biopolymer/GO, as indicated by XRD investigation.



In vitro biodegradability was performed as a preliminary assessment of the in vivo behavioral shifts associated to the GO enrichment of the polymer blend. The results are illustrated in Figure 7. For CHT-GEL-GEN-GO formulations and controls, the weigh-loss percentage was plotted against enzymatic reaction length for each material. Firstly, it is difficult to identify a direct correspondence between the sample composition and the weight loss. For short collagenase exposure intervals, the biopolymer–GO compositions exhibit superior chemical stability compared to the CHT-GEL control, but poorer than genipin crosslinked specimens. Overall, the most stable formulation seems to be the crosslinked control, followed by the composite films in a GO-content decreasing succession.



GO was reported to improve the biostability of polymeric structures in vivo and simulated internal media. Nonetheless, the discrepancy between the composite films’ degradation profiles could be the result of occasional GO restacking within the biopolymer matrices. Upon GO addition, the crosslinking of CHT and GEL is altered due two factors: for one, the planar structure of GO partially veils the interface between polymer chains, resulting in a weak crosslinking density. In addition, genipin can tether functional groups from the carbon nanomaterials’ surface with other graphenic layers or polymers, generating complex structures with a random map of covalent bonds distribution. Even so, by increasing the graphene fill, enzyme stability tends to improve, due to the fact that extra layers of graphene act as a barrier that better obstructs collagenase–gelatin contiguity.



Hence, the deficient enzymatic stability of CHT-GEL films could be improved by genipin crosslinking and the addition of precise GO content. CHT-GEL-GEN and CHT-GEL-GEN-GO3 are the candidates with the most promising prospects for in vivo permanence.




5. Conclusions


Chitosan and gelatin are two of the most important and advantageous biopolymers used in the sphere of biomaterial engineering, with benefits such as biocompatibility, biodegradability, low antigenicity, low cost and processability into various outlines. However, like most biopolymers, their structures often require stabilization and toughening via cross-linking or reinforcement with various agents, especially when in the form of films or 3D porous systems. Nowadays, the majority of scientific reports place genipin on the top of the low-toxic cross-linkers hierarchy, while graphene oxide is considered to be one of the most performant reinforcing agents.



Herein, the synthesis protocol of a biopolymer blend-graphene oxide composite biomaterial is prospected, which the authors anticipate to emerge as a most influential formulation in bone tissue engineering. The novelty of the study resides in purposing two natural polymers with complementary traits in a complex network by means of crosslinking with a nontoxic compound and reinforcement with graphene oxide.



The compositional analysis of the assembly revealed a suitable GO dispersion within the polymer blend, as the carbonaceous nanosheets specific signals lack both FTIR and XRD, and the spectral features of CHT-GEL persisted as the GO load increased. Thermogravimetrically, the composite films experienced accelerated degradation at first, but overall, the weight loss at the end of the process was inverse to the GO proportion.



The image characterization results were paired to fully illustrate the film morphology. The samples present classical rather smooth surfaces, with irregular segregated protuberances extending inside the film volume. On a smaller scale, wrinkle-like topography alterations were distinguished by SEM imaging. In accordance with the reinforcing concentration, a similar impact of GO onto the superficial roughness, a requisite for cell attachment, was found by the profilometry survey.



The polymer blend reinforcement constructively impacted the films Young’s modulus and the tensile strength. Improvements were significant in comparison with the controls and upon GO ratio increment. Recorded values followed a descending linear profile due to deficient nanosheets homogenization.



For future extensive in vivo investigations, CHT-GEL and composite films could be tuned in terms of collagenase stability by genipin crosslinking and GO loading. CHT-GEL-GEN was the most promising material, while, due to moderate GO dispersion, only CHT-GEL-GEN-GO3 could be comparable with the control with respect to in vivo assurance.



Composite films’ synthesis can be optimized in terms of improving the GO dispersion within the polymer matrix, without damaging the blend components. At this moment, CHT-GEL-GEN-GO05 and CHT-GEL-GEN-GO3 stand out from a mechanical resistance point of view and for in vitro stability, respectively. Still, GO proved it could be an influential reinforcing agent that purposefully tailors biopolymer properties.
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Figure 1. FTIR spectra of CHT-GEL (A), CHT-GEL-GEN (B), CHT-GEL-GEN-GO05 (C), CHT-GEL-GEN-GO1 (D), CHT-GEL-GEN-GO2 (E), CHT-GEL-GEN-GO3 (F), graphene oxide powder (G). 
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Figure 2. XRD spectra of CHT-GEL (A), CHT-GEL-GEN (B), CHT-GEL-GEN-GO05 (C), CHT-GEL-GEN-GO1 (D), CHT-GEL-GEN-GO2 (E), CHT-GEL-GEN-GO3 (F), graphene oxide powder (G). 






Figure 2. XRD spectra of CHT-GEL (A), CHT-GEL-GEN (B), CHT-GEL-GEN-GO05 (C), CHT-GEL-GEN-GO1 (D), CHT-GEL-GEN-GO2 (E), CHT-GEL-GEN-GO3 (F), graphene oxide powder (G).



[image: Coatings 10 00189 g002]







[image: Coatings 10 00189 g003 550] 





Figure 3. TGA curves obtained for the biopolymer–GO composite films and control. 
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Figure 4. SEM images of CHT-GEL (A1,A2), CHT-GEL-GEN (B1,B2), CHT-GEL-GEN-GO05 (C1,C2), CHT-GEL-GEN-GO1 (D1,D2), CHT-GEL-GEN-GO2 (E1,E2), CHT-GEL-GEN-GO3 (F1,F2) films at two different magnifications (1—10,000×, 2—20,000×). 
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Figure 5. Tensile modulus and tensile strength of CHT-GEL and CHT-GEL-GEN-GO composite films. 
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Figure 6. NanoCT images of CHT-GEL (A), CHT-GEL-GEN (B), CHT-GEL-GEN-GO05 (C), CHT-GEL-GEN–GO1 (D), CHT-GEL-GEN-GO2 (E), CHT-GEL-GEN-GO3 (F). 
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Figure 7. Time-dependent enzyme degradation weight loss of the composite films and controls. 
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Table 1. TGA numerical data of Td3% and final weight loss.
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	Sample
	GO Content [wt.%]
	Td3% [°C]
	Weight Loss [%]





	CHT-GEL
	0
	110.54
	70.09



	CHT-GEL-GEN
	0
	72.11
	68.93



	CHT-GEL-GEN-GO
	0.5
	70.81
	66.11



	CHT-GEL-GEN-GO
	1
	80.25
	67.28



	CHT-GEL-GEN-GO
	2
	70.94
	66.78



	CHT-GEL-GEN-GO
	3
	62.09
	67.47
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Table 2. Height distribution skewness (Ssk) of composite and control film.
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	Sample
	GO Content [wt.%]
	Surface Rugosity [µm]
	Ssk





	CHT-GEL
	0
	0.086
	0.349



	CHT-GEL-GEN
	0
	0.184
	2.706



	CHT-GEL-GEN-GO
	0.5
	0.039
	16.050



	CHT-GEL-GEN-GO
	1
	0.052
	0.603



	CHT-GEL-GEN-GO
	2
	0.126
	0.688



	CHT-GEL-GEN-GO
	3
	0.178
	2.175
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