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Abstract 

A new green biocompatible route for the deposition and/or simultaneous assembly, by pH 

increment, of collagen/chitin composites is proposed. Both assembled and not-assembled samples 

with different collagen/chitin ratios were synthesized, maintaining the β-chitin polymorph. The first 

set showed a micro-fibrous organization with compositional sub-micron homogeneity. The second 

set presented a nano-homogenous composition based on collagen nano-aggregates and chitin 

nano-fibrils. The sets were tested as scaffold for fibroblasts growth (NIH-3T3) to study how 

composition and assembly affect the cell growth. The evidences from the not-assembled scaffolds 

suggest that the collagen positive influence on cell growth mostly wears out in 48 h, while the 

addition of chitin appears to enhance this effect for over 72 h. The assembled samples, instead, 

showed a general higher viability at 24 h but a less positive effect on viability along the time. This 

was imputed to less available collagen or polysaccharide domains that mediate cell adhesion. The 

development of this new route for these composites synthesis avoids the use of harmful solvents 

and allows the simultaneous assembly of these two macromolecules. Moreover, this work highlights 

critical aspects of the influence that composition and assembly have on fibroblasts growth, a 

knowledge exploitable in scaffold design and preparation. 

 

Keywords: chitin, collagen, composite, fibroblast, assembly, green chemistry. 
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Introduction 

Collagen is one of the most diffused proteins in the animal kingdom, usually found in connective 

and mineralized tissues.[1–8] In humans, collagen, especially collagen type I, is mostly associated to 

cartilages and bones, due to its positive influence on mineral deposition and high mechanical 

resistance.[1,5,6,8–10] Considering its deep implication in tissues, this protein has been widely 

applied in material science, exploiting its remarkable biocompatibility, for regenerative 

medicine.[11–13] 

Chitin, on the other hand, is a polysaccharide based on N-acetyl-glucosamine characterized by a 

high mechanical resistance.[14–18] This biopolymer is the most diffused biopolymer among the 

existing species and is commonly found in mechanical resistant and supportive structures.[19,20] In 

mollusks, arthropods, and Porifera is also frequently associated to a mineral phase.[20–22] In these, 

chitin, mostly in the β-chitin polymorph, has been observed having a strong influence on both 

biocalcification and biosilification.[9,23,24] Moreover, the biocompatibility of this polymer 

promoted its use as material for medical application, from drug delivery to wound healing and 

regenerative medicine.[25–29] The combination of these properties makes chitin a perfect 

candidate for bone and cartilage regeneration. In fact, labelling studies on rabbits by Ge et al. (2004) 

showed how a chitinous matrix not only promoted the osteoblasts proliferation, but also recruited 

the ingrowth of surrounding tissues.[27] Another interesting effect of chitin is the formation of 

granulation tissue with angiogenesis.[30] It has also been reported that chitin and its metabolites 

induce fibroblasts to release interleukin-8, which is involved in migration and proliferation of 

fibroblasts and vascular endothelial cells.[25,31,32] 

Compared to other biomacromolecules, chitin is not very good as scaffold for cell growth and 

proliferation. For this reason, different blends with other materials have been studied.[32–37] 

Among them, the most important are with collagen.[32,33] In this composite chitin provides an 
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increased mechanical resistance while collagen enhance the formation of a uniform tissue. In fact, 

despite good results were obtained using a collagen-based material, Li et al. (2006) reported how 

the implant on a goat showed a perfect recovery only when reinforced with chitin.[32] The same 

group reported an increment in the growth rate of mesenchymal stem cells testing a different 

composite based on chitin and collagen.[37] 

Another common feature of these two biomacromolecules is their pH-responsive self-assembly. 

This process is well known for collagen as it leads to precisely organized fibers.[38,39] Chitin self-

assembly, on the other hand, has been studied for the first time in 2019 moving from a stable β-

chitin nano-fibril dispersion to uniaxial organized micro-fibers.[40] The simultaneous self-assembly 

of both these two components in a water-based solvent has never been reported before. 

The present work provides two distinct goals. (i) The first one is the development of a new green 

and  fully biocompatible route of synthesis for this composite. This new methodology is carried out 

entirely in water, without the use of any harmful solvent. This is especially important for chitin, 

which is commonly manipulated using strong polar organic solvents, usually cytotoxic. This method 

also allows the assembly of chitin and collagen together by simply rising the pH of the solution. (ii) 

The second one is to study the influence of collagen/chitin ratio and assembly on fibroblasts. This 

would help understand how to optimize future collagen/chitin composites to obtain an optimal cell 

growth. This new method, and the information derived from it, could give a fresh field for the 

development of greener and more biocompatible materials for medical applications. 

Materials and methods 

Materials All reagents and solvents were purchased from Sigma Aldrich and utilized without any 

further purification. A type I collagen from bovine Achilles tendon was used in this study. Squid pens 
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from Loligo vulgaris were collected from a local market. Once hydrated, the lateral blades were 

isolated, cleaned with distilled water and ethanol 70 vol.%, and then stored dry. 

 

β-Chitin purification from the squid pen The β-chitin was purified from the squid pen of L. vulgaris 

by alkaline deproteination.[14] This was done by inserting 2.5 g of washed squid pens in 100 mL of 

a boiling 1 M NaOH solution, and stirring for 1 h. After that, the solution was changed with a fresh 

1 M NaOH solution and refluxed for another 1 h. The obtained chitin films were washed at room 

temperature first with a 1 M NaOH solution and then with distilled water until the washing solution 

had neutral pH. The chitin films were stored dry in a desiccator. 

 

Synthesis of the self-assembled composites For the synthesis of the composites two different 

dispersions of β-chitin nano-fibrils (β-CnFs ) and collagen were initially prepared. The 1 mg·mL-1 β-

CnFs dispersion was prepared according to what reported in Montroni et al..[40] Briefly, a 

homogeneous dispersion of β-CnFs was obtained by placing 100 mg of β-chitin, cut into about 0.5 

cm2 square pieces, in 100 mL of an acetic acid solution at pH 3. The solution was stirred vigorously 

for 72 h at room temperature.  

The 1 mg·mL-1 collagen dispersion was prepared by adding 200 mg of collagen in 40 mL of a pH 3 

acetic acid solution. The dispersion was stirred overnight and then centrifuged at 2000 g for 5 min. 

After centrifugation, the supernatant was collected, and the pellet was dispersed in 20 mL of solvent 

and stirred again for 2 h. The dispersion was centrifuged again collecting the supernatant with the 

previous one. The process was repeated once or twice, depending on the amount of insolubilized 

collagen. The remaining pellet (usually between 5 and 20 mg) was dried, weighted, and disposed. 

The dispersion collected along the different steps was properly diluted, basing on the weight of the 

collagen lost in the pellet, to get a 1 mg·mL-1 final concentration of collagen. 
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The collagen/chitin mixtures were prepared by mixing 1 mg·mL-1 chitin and 1 mg·mL-1 collagen, both 

in acetic acid pH 3, in different ratios. In the assembled samples the self-assembly was induced by 

changing the pH of 20 mL of the mixture. The pH change was induced using NaOH 10 M, and NaOH 

1 M for fine adjustments. pH was measured using a pH-meter BASIC 20 (pH ± 0.01) by Crison 

Instruments coupled with a HI1048 pH electrode (Hanna Instruments). The pHmeter was calibrated 

daily. Both the assembled (added with NaOH) and not assembled solutions were left for 24 h at 

room temperature (25 °C) without any stirring. The samples were then frozen with liquid nitrogen 

and lyophilized using a FreeZone® 1 (Labconco Corp., Kansas City, MO, US). The obtained material 

was compacted to obtain a film, washed with distilled water, and dried between two glass slides in 

a desiccator. Due to the high amount of sodium acetate formed the assembled samples frequently 

needed one or two extra washing steps. These washing steps were not performed on the not 

assembled samples to avoid as much as possible to induce assembly. 

 

Microscopy analysis on the composites Optical microscopy images were collected using a SM-LUX 

POL microscope equipped with a 5.0 MP Moticam 5 camera. The samples were observed right after 

the end of the 24 h, before the freeze-drying. The sample was stirred, a drop of sample was collected 

and placed on a glass microscope slide, covered with a glass cover slip, and observed immediately. 

AFM was carried on at the SPM@ISMN facility using a Multimode VIII microscope equipped with a 

Nanoscope V controller (Bruker, Santa Barbara, CA, US). Briefly, the dispersions where deposited 

onto freshly cleaved mica and let dry. In some cases, the sample was additionally rinsed with an 

acetic acid solution at pH 3 and dried with a gentle stream of clean nitrogen. Images were collected 

in ScanAsyst mode using SNL-10 tips (nominal spring constant 0.35 N·m-1 and nominal resonance 

frequency 65 KHz). The analysis was performed using Gwyddion, an open access software to 

perform the basic manipulation (plane fit and zero level setting).[41] 
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SEM images were acquired with a Philips SEM 515 using a tension of 15 kV. The dry samples were 

glued on carbon tape, dried overnight in a desiccator, and coated with 20 nm of gold prior to image 

them. 

 

Structural analysis The attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR) spectra were collected using a Nicolet IS10 spectrophotometer. Omnic software (Thermo 

Electron Corp., Woburn, MA) was used for data processing. The dry samples were analyzed by ATR 

with 2 cm−1 resolution and 70 scans using a germanium crystal. 

X-ray diffraction (XRD) patterns were collected using a PanAnalytical X'Pert Pro diffractometer 

equipped with multi array X'Celerator detector using Cu Kα radiation generated at 40 kV and 40 mA 

(λ = 1.54056 Å). The diffraction patterns were collected in the 2θ range between 4 ° and 25 ° with a 

step size (Δ2θ) of 0.05 ° and a counting time of 100 s. Each pattern collection was repeated at least 

twice on different samples.  

 

Cell cultures Mouse embryonic fibroblast (NIH-3T3) cells were cultured under standard conditions 

in the DMEM medium, supplemented with 10 vol.% FBS, 2 mM L-glutamine, 0.1 mM MEM Non-

Essential Amino Acids (NEAA), 100 U·mL−1 penicillin, and 100 U·mL−1 streptomycin in a humidified 

incubator set at 37 °C with 5 % CO2. Cells were seeded on samples at a density of 105 cells·cm2. 

 

Cells viability test using a resazurin reduction assay Cell viability was determined by resazurin 

reduction assay; the reagent is an oxidized form of the redox indicator that is blue in color and non-

fluorescent. When incubated with viable cells, the reagent is reduced and it changes its color from 

blue to red becoming fluorescent. Briefly, cells were seeded on samples with complete medium. 

After incubation times, the resazurin reagent was added directly to the culture medium with 10 
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vol.% of medium contained in each sample and incubated for 4 h at 37 °C with 5 % CO2. 

Subsequently, aliquots from each sample were transferred to a 96 multiwell plate for fluorescence 

measurement at λexc 560 nm and λem 590 nm (Thermo Scientific Varioskan Flash Multimode Reader). 

A negative control of only medium without cells was included to determine the background signal 

along with a positive control of 100 % reduced resazurin reagent without cells. 

 

Fluorescence microscopy (Actin and nucleus staining) on fibroblasts Cells were fixed with 4 vol.% 

paraformaldehyde in DPBS, washed with DPBS. They were then permeabilized with 0.001 wt.% 

Triton-X 100. The cells were labelled with TRITC-conjugated phalloidin (FAK100, Merck Millipore) 

for 1 h, followed by rinses with DPBS. Actin staining was critical to map local orientation of actin 

filaments within cells. Nuclear counterstaining was performed by incubation with DAPI (FAK100, 

Merck Millipore) for 3 min, followed by rinses with DPBS. Samples were examined using a Nikon 

Eclipse 80i microscope equipped for fluorescence analysis. 

 

Statistical Analysis All data represented the mean ± standard deviation (SD). Statistical significance 

was determined using a one-way analysis of variance with Turkey’s test for multiple comparisons 

using Origin 8 software (OriginLab corporation). Differences were considered significant when p 

<0.05, p < 0.005m, and p < 0.001. 

Results 

Self-assembly and material characterization 

The assembly of chitin nanofibrils in water, as discussed in Montroni et al. (2019), is different 

depending on the pH environment where it takes place.[40] At pH 3 no assembly was observed, 
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leading to a disorganized mass of fibrils. At pH 8 the best condition for chitin assembly occurs, 

leading to about 10 m thick fibers. 

In this study, a 1 mg·mL-1 chitin nano-fibril dispersion was mixed with a type I collagen dispersion of 

the same concentration to obtain mixtures with different mass ratios. The 1 mg·mL-1 concentration 

was chosen for its tendency to give longer fibers and for practical reasons.[40] The different 

collagen/chitin mass ratios investigated are reported in Table 1. 

 

Table 1: Composition of the composite materials prepared and investigated. The total amount of 

material was constant. 

Sample Chitin / wt.% Collagen / wt.% 

C100 100 0 

C75 75 25 

C50 50 50 

C25 25 75 

C00 0 100 

 

The result of the assembly process was studied 24 h after increasing the pH of the dispersion to 8, 

being both chitin and collagen pH responsive. As can be observed in Figure 1, neither chitin nor 

collagen formed micro-fibers at pH 3. Contrary, at pH 8 both chitin and collagen assembled. Chitin 

assembled in long highly birefringent fibers with a preferential axial organization. On the other hand, 

collagen formed less birefringent fibers highly aggregated and with a lower axial organization. 

Intermediate samples showed a gradual interconversion between the two kinds of assembly and 

associated morphologies. Observing the fibers using a constant exposure and gain of the optical 

microscope system setup, the increase of fiber birefringence along the samples was coherent with 
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the increment in chitin content, moving from more birefringent chitin fibers to less birefringent 

collagen ones. 

 

 

Figure 1: Optical microscopy images of the collagen/chitin mixtures in water at the two pHs studied, 

3 and 8. For each condition, an optical image and one with cross-polarizers are reported. Scale bar 

300 µm. 
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The different mixtures in water solution at pH 3 were also analyzed using AFM, Figure S3. 

Nanofibrils, as the one observed in Montroni et al. (2019), were observed increasing the chitin 

amount in the samples, being the only component in C100.[40] These fibrils were not observed in 

C00. Instead, the presence of collagen aggregates was observed. 

The dry samples were examined using FTIR and XRD to evaluate the interaction between the two 

biopolymers composing the materials. The ATR-FTIR spectra (Figure S1) of C00 and C100 showed 

the typical absorption bands of chitin and collagen, as reported in the literature. The major 

absorption bands associate with collagen were amide I (1653 cm-1), II (1544 cm-1), III (1237 cm-1), A 

(3321 cm-1), and B (3080 cm-1).[42] Chitin showed intense absorption bands for amide I (1653 cm-1) 

and II (1558 cm-1), CH bending (1374 cm-1), four signals related to ring stretching (1155 cm-1, 1112 

cm-1, 1069 cm-1, and 1031 cm-1), N-H stretching (3277 cm-1), and O-H stretching (3447 cm-1).[14] 

Moving from C100 to C00 an increase in the relative intensity of the collagen absorption bands was 

observed along with a decrease of the chitin ones. The collagen and chitin absorption bands showed 

no shifts. Comparing the two pH conditions, the composites prepared at pH 3 showed changes in 

the relative intensity of some absorption bands, compared to the amide I absorption band, 

increasing the chitin content of the sample. An increase of the absorption bands related to O-H 

stretching, N-H stretching, amide II (generally associated to a combination of N–H bending and C–N 

stretching vibrations), and CH2 bending (1413 cm-1), and a decrease of CH3 (2924 cm-1) and CH2 

stretching (2853 cm-1) were observed. The XRD (Figure S2) diffractograms of pure chitin (C100) 

showed peaks at 8.4 ° and 19.5 ° of 2Ɵ at pH 3 and 8. Pure collagen (C00) presented a diffraction 

peak at 7.6 °, associated with the intermolecular lateral packing distance between collagen 

molecular chains, and a broad peak around 20 °, attributed to the diffuse scattering.[42,43] At both 

the pHs the 8.4 ° chitin diffraction peak and the 7.6 ° collagen diffraction peak appeared to coexist 

in the composites, being one overlapped to the other. The 19.5 ° chitin diffraction peak, instead, got 
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broader increasing the collagen amount until it completely interconverted in the broad collagen 

diffraction peak. 

Once filmed, the dry material was analyzed using SEM to study the sample morphology that directly 

interfaces with the cells. The images, reported in Figure 2, show an almost uniform smooth surface 

for the samples at pH 3 with a fibrillar appearance at the sub-micron level. Moving to chitin-rich 

samples a layered textural organization arises. The samples at pH 8, instead, showed a fibrous 

organization. Only C00 showed the typical pattern of collagen assembly, while only few little fibers 

were visible at pH 3.[1,8] Also in this condition, increasing the chitin content, a layer organization 

was observed along with the formation of ribbon-like structures of increasing width. 
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Figure 2: SEM images of the different composites. In C00 white arrows indicates the typical collagen 

assembly pattern. Scale bar: 2 μm. 
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Evaluation of cell viability and proliferation 

NIH-3T3 cells were used to evaluate the cell response to the presence of the collagen/chitin 

composite. The cell viability on the different composite materials was tested using fibroblast at 24 

h, 48 h, and 72 h, as reported in Figure 3. The results were normalized on the viability at 24 h for the 

C00 sample. Compared to a control sample without any matrix, the cell viability was slightly higher 

using collagen assembled at pH 8 rather than the one at pH 3 (105 ± 4 % and 98 ± 6 % respectively). 

The results using the matrices prepared at pH 3 showed an increment in viability increasing the 

collagen amount at 24 h, being C100 the one with the lowest viability (42 ± 7 %). At 48 h an 

increment in viability of about 25-30 % was observed in all the samples except C25. Passing from 48 

h to 72 h the highest increments, of 10-15 %, in viability were observed for C25, C75, and C100; the 

pure collagen sample, C00, increased by 4 ± 4 % being probably close to a plateau. As absolute value, 

the samples C25, C50, and C75 showed a similar viability at 72 h, between 110 % and 120 %, while 

the pure collagen matrix was about 130 %. The samples assembled at pH 8 showed a different trend. 

At 24 h all the samples except the pure collagen showed a comparable viability, between 74 % and 

85 %. At 48 h an increment of 20-25 % in viability was observed in C00, C25, and C50; C100 showed 

instead a decrement of 6 ± 3 %. Between 48 h to 72 h, no increment in viability was observed with 

only C25 being almost stable at the 48 h value. 
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Figure 3: Cell viability at 24 h, 48 h, and 72 h in the presence of the samples prepared at pH 3 and 8. 

For each sample set the results are normalized on the viability at 24 h for the C00 sample. Data 

represent the mean ± SD. Statistical analyses were performed using ANOVA followed by Turkey’s 

test. *p < 0.05, **p<0.005 and ***p < 0.001 denote significant differences respect to C00. 

Cell adhesion and proliferation are studied at 72 hours on both samples manufactured at pH 3 and 

pH 8. 

In figure 4, after 72 h of incubation a homogenous coverage of cells with a good morphology was 

observed on C00, C25, and C50 at pH3. Spherical and poorly adhered cells were observed in C100. 

Cells grown in C75 presented a good morphology, but the scaffold coverage was not homogenous, 

having few areas with no cells. The right column in Figure 4 shows the observations of cell adhesion 
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and proliferation on samples at pH 8 after 72 h. C00, C25, C50, and C75 showed cells with a good 

morphology but poor cell adhesion with incomplete coverage of the sample. The geometry of the 

sample did not allowed the observation of a wide area of sample as on samples prepared at pH 3. 

Sample C100 showed the same cell organization as at pH 3 at 72 h.  

 

 

Figure 4: Fluorescence micrographs of NIH-3T3 on different composites. Cells were labeled 

specifically for actin (red) and the nucleus (blue) after 72 h of incubation. Scale bar 100 µm. 
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Discussion 

Study of the material synthesis 

In this study we focused on two goals. The first was to investigate a new method to synthesize 

collagen/chitin composites without using harmful solvents. Since this new method implies chemical 

conditions that allow inducing the assembly of both these biomacromolecules, a study on their 

simultaneous assembly was performed too. 

Two pH values were studied after 24 h from the mixing of the two biopolymers: pH 3 as a condition 

where no assembly takes place; pH 8 as an optimal condition for the assembly. The resting time of 

24 h was selected as a time long enough to allow the complete equilibration of the assembly 

process.[40] By observing the optical microscopy images, micro-fibers were visible only at pH 8. 

Since optic microscopy was not appropriate in resolution to investigate the material obtained at pH 

3, AFM was used to evaluate eventual micro- and nano-scale assembly. Nanofibrils were observed 

and associated to chitin, while nano-aggregates were associated to collagen. In literature, some 

studies report that the critical concentration in solution above which collagen molecules aggregate 

is 0.5 mg·mL-1.[42,44] The working concentration was 1 mg·mL-1, so we could assume those nano-

aggregates were collagen-based. Despite the presence of collagen aggregation, optical microscopy 

and AFM techniques showed at pH 3 a homogenous dispersion of the two biomacromolecules. 

At pH 8, the optical microscopy images showed that the fibers shifted from a chitin- to collagen-like 

morphology increasing the relative amount of the components, without any evidence of separate 

domains of assembly. The same effect was observed on the fiber birefringence. 

Considering the position of the diffraction peaks and the shape of the amide I absorption band (split 

in α-chitin) in C100, chitin maintained the β-chitin polymorph in all the experimental 

conditions.[14,40,45,46] This is an important milestone in collagen/chitin composites, since not 
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many works treat this polymorph even if is involved in many biological processes, among which 

biomineralization is the best known.[33] 

Comparing pH 3 and pH 8 FTIR spectra, the differences in relative intensity observed in the FTIR 

chitin absorption bands were mostly associated to amine related signals (C-N or N-H vibrations) and 

hydrophobic groups (C-H vibrations). This might be due to an incomplete deprotonation of the 

amine groups (the degree of acetylation of chitin was about 89 %)[14] at pH 3 and a consequent 

change in the hydrophobic regions. 

Contrary to what observed using optic microscopy and AFM, XRD showed a peak at 7.6 ° associated 

with the intermolecular lateral packing distance between collagen molecular chains.[42] Using SEM, 

submicron assembled regions were observed in C00 at pH 3. These regions might be responsible for 

the peak observed in XRD. Since they are limited in number and dimension, these submicron 

structures were not visible using AFM and optical microscopy. Considering that no assembly 

occurred during the 24 h at pH 3, we can assume that these assembled regions are derived from 

suspended collagen fibers. Despite that, the microscopy techniques applied suggest the matrices 

obtained at pH 3 are almost nano-homogenous materials. 

The absence of peak shifts in the FTIR spectra and XRD analysis in both pHs suggests chitin and 

collagen do not interact in ways that can alter their molecular structure or crystalline packing. 

Despite the absence of evidences for co-assembly, the formation of uniform fibers observed in the 

optical images of the composites implies some interactions between the two biopolymers.  

Observing the SEM images, collagenous fibers were observed only in C00 at pH 8. The other 

composites, instead, showed a morphology more similar to C100. In 2019, Moon et al. studied the 

interaction between collagen and chitin, derived from β-chitin, in an electrospun composite.[47] In 

their work, the 2DCOS analysis on FTIR spectra showed favorable intra-molecular hydrogen bonds 

between the two biopolymers. In our work, the assembly was carried out without any stirring, for 
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this reason we assumed mechanical entanglement was not driving this sample homogeneity. The 

combination of these observations implies that the interaction between the two biopolymers leads 

to a submicron homogenous material after the assembly. 

 

Fibroblasts growth on the scaffolds 

The second goal of this study was to investigate how the composition and assembly of 

collagen/chitin composites influence fibroblasts growth. For this reason the previously investigated 

not-assembled (pH 3) and assembled (pH 8) matrices with variable composition were tested as 

scaffold for cell growth. 

Fibroblasts viability on scaffolds prepared at pH 3 showed an overall positive trend during the 72 h 

examined. A higher increment in viability was observed increasing the chitin amount.  At the end of 

the 72 h, pure collagen seemed to be closer in reaching a plateau in viability compared to chitinous 

composites. This plateau was associated with the appearance of spherical morphologies in the cells, 

an index of a lower adhesion to the substrate. On the other hand, cells with a good morphology 

were observed appearing at 72 h on pure chitin. This evidence suggests that chitin’s positive 

influence on cell growth, which is enhanced when associated to collagen, is slowly increasing and 

becoming more persistent along time. On the contrary, collagen shows a fast positive influence on 

cell growth that quickly reaches a plateau. 

Cells grown on the matrices prepared at pH 8 showed a more positive influence on cell viability 

within 24 h, higher than that observed using the samples prepared at pH 3. At 72 h a proper cell 

morphology, but poor coverage of the scaffold, was observed. Despite that, between 48 h and 72 h 

cell viability seems to invert its trend, which became negative. The only exception was observed on 

pure chitin, where cells appear to not develop properly and the viability has an unchanged negative 

trend. 
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Despite assembled samples showed a higher viability within 24 h, the positive trend observed on 

not-assembled samples allows these last to overpass their assembled counterpart in 72 h. (i) This 

difference might arise from the higher compositional homogeneity of the pH 3 samples. (ii) Another 

possible explanation might come from sodium acetate residues adsorbed into the assembled 

matrices. This last possibility is anyway unlikely to be, since all samples were incubated at 37 °C with 

5 % of CO2 in the growing medium, which did not show any evidence of pH-related color variation, 

for 24 h before using them in cell-related experiments. (iii) Increasing chitin led to an almost 

unchanged cell viability incremental trend in not-assembled composites, while an almost linear 

decrement was observed in assembled samples increasing chitin content. This might suggest 

another possible explanation. During the assembly process, chitin might have covered collagen 

assembled domains, making them less available. (iv) Comparing the pure chitin samples, a positive 

influence was observed on the not-assembled sample, while the assembled one showed a slight 

negative trend. This difference might arise from the diverse bioavailability of chitin nanofibrils in the 

not-assembled sample. Their availability might induce a higher viability of cells due to carbohydrate-

protein interaction (e.g. selectins) that mediate the adhesion.[48,49] The absence of this effect 

might be the reason why pH 8 prepared samples did not appear to benefit of the long-term positive 

effect of chitin as samples prepared at pH 3. This last explanation is supported by the fact that C25 

was the only sample that never reached a negative trend in viability, probably because chitin fibrils 

were less assembled and more homogenously dispersed in the collagen matrix making them more 

available. 

Conclusion 

In the first section of this research, a new method for the green synthesis of collagen/chitin 

composites without using cytotoxic solvents was proposed. This method also enables the 
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simultaneous assembly of both biomacromolecules increasing the pH of the dispersion, while 

conserving the β-chitin polymorph. The not-assembled samples appeared to have a nano-

homogenous composition based on collagen nano-aggregates and chitin nano-fibrils. The 

assembled samples, instead, showed a micro-fibrous appearance combined with a submicron 

homogeneity in the composition. No evidence at the structural level of co-assembly were observed. 

Experimental evidences from the not-assembled scaffolds suggest collagen positive influence on cell 

growth mostly wear out in the first 48 h. On the other hand, the addition of chitin appears to 

enhance this effect for over 72 h. The combination of these two influences was mostly emphasized 

in the specimen with 75 wt.% chitin. This sample showed a viability at 72 h of about 115 % compared 

to 130 % of pure collagen, but also an overall increment (between 24 h and 72 h) of 40 % (15 % of 

which between 48 h and 72 h) compared to 30 % of pure collagen ( 5 % of which between 48 h and 

72 h). On the other hand, the assembled samples showed a general higher viability at 24 h but a less 

positive effect on viability along the time. This might be imputed to less available collagen or 

polysaccharide domains that might mediate cell adhesion. For this reason, the composite that gave 

better results has 25 wt.% chitin. This sample showed about 100 % viability at 72 h, about 113 % for 

pure collagen, and an overall increment in viability of 27 %, about 13 % for pure collagen. 

This green and biocompatible method to obtain collagen/chitin composites opens to new routes of 

synthesis for biomaterials. In future, it could be combined with multiple techniques to cast or shape 

cell scaffolds, especially for mineralized tissues regeneration thanks to the presence of β-chitin. 

Moreover, the study on fibroblasts clarifies the combined influence these biomacromolecules have 

and how assembly, despite being a feasible way to enhance the scaffold mechanical properties, 

might interfere with it. This knowledge could be easily exploited in future studies on collagen/chitin 

composites, enabling future research to enhance the performances of their scaffolds. 
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