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Cellulose/collagen composite films with weight ratios of 30/1 (Blend-1) 
and 10/1 (Blend-2) were prepared using 1-ethyl-3-methylimidazolium 
acetate as a common solvent. The morphology of the films observed with 
a field-emission scanning electron microscope displayed a dependence 
on the ratio of cellulose/collagen. Collagen was successfully composited 
with cellulose without degradation and showed a denaturation 
temperature (Td) higher than that of native collagen. Fourier transform 
infrared spectroscopy suggested that there were hydrogen-bond 
interactions between collagen and cellulose in the regenerated 
composite films. Thermogravimetric analysis revealed that the maximum 
decomposition temperature (Tmax) of cellulose decreased after 
regeneration, while the Tmax of Blend-1 increased; however, it was 
reduced again for Blend-2. Elastic moduli from dynamic mechanical 
analysis exhibited a trend similar to that of Tmax. As indicated by X-ray 
diffraction, the distance between cellulose molecular chains was 
shortened for Blend-1 and elongated for Blend-2. Furthermore, the 
crystallization indices were calculated to be 75.3%, 68.3%, 66.2%, and 
55.4% for native cellulose, regenerated films of cellulose, Blend-1, and 
Blend-2, respectively. These results confirm the dependence of the 
structural properties of composite films on cellulose/collagen ratios 
through the interactions between cellulose and collagen. 
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INTRODUCTION 
 

 Type I collagen, which is the major component of extracellular matrices, has 

become a popular biomaterial and has been used widely in food, pharmacy, cosmetics, 

and tissue engineering due to its edibility, biocompatibility, and biodegradability 

(Kołodziejska et al. 1999; Gómez-Guillén et al. 2011). However, there exist some 

drawbacks in its properties, such as relatively low mechanical strength and thermal 

stability, which limit the application of collagen-based materials. One of the primary 

efforts devoted to improving the properties of collagen is the preparation of collagen-

based composites with other polymers (mostly synthetic polymers), such as in 

collagen/poly(vinyl pyrrolidone) blended films (Sionkowska et al. 2006), PVA/collagen 

blends (Sarti and Scandola 1995), engineered collagen/PEO nanofibers and fabrics 

(Huang et al. 2001), and nanofibrous PLGA/collagen blends (Jose et al. 2009). Some 

properties of collagen materials, especially their mechanical strength, could be effectively 

improved by mixing collagen with synthetic polymers; additionally, the relatively poor 

biocompatibility and biodegradability of synthetic polymers limits their application in the 
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modification of collagen; therefore, interest has been attracted to natural polymers, which 

exhibit good biocompatibility and biodegradability (Kim et al. 2008; Boland et al. 2004; 

Lv et al. 2005).  

Cellulose is the most abundant natural polymer and has been widely used in fields 

such as medical applications due to its biocompatibility, biodegradability, and desirable 

mechanical properties (Pinkert et al. 2009; Itävaara et al. 1999; Müller et al. 2006). 

Therefore, binary blends of natural polymers including cellulose and collagen are 

promising systems for creating new polymer materials with improved properties, such as 

thermal stability and mechanical properties. For instance, collagen and cellulose 

nanofiber based composites were prepared by solution casting, followed by pH-induced 

in-situ partial fibrillation of collagen phase and crosslinking of collagen phase using 

glutaraldehyde (Mathew et al. 2012). Blended films were obtained by mixing cellulose 

into the “collagen dough” and the mechanical properties, film structure, and composition 

of the collagen-cellulose composite films were characterized (Steele et al. 2013).  

It is well known that cellulose is different from collagen in that it is insoluble in 

water or conventional organic solvents because of its well-developed intermolecular 

hydrogen bonding. Therefore, the dispersion of the two macromolecules is not easy to 

control in heterogeneous systems. To gain a better compatibility, a common solvent in 

which both collagen and cellulose could be dissolved should therefore be employed. Ionic 

liquids (ILs) are a group of salts that exist in liquid state at relatively low temperatures, 

and have been developed as a new class of green solvent for many natural polymers 

(Mantz et al. 2007). The use of ILs as cellulose solvents was first reported in 2002 

(Swatloski et al. 2002), and the processing of cellulose using ILs has been widely studied 

since then (Murakami et al. 2007; Feng and Chen 2008; Kosan et al. 2008; Kuzmina et 

al. 2012). Unique mixtures of polymers in ILs, for example, mixtures of cellulose with 

other natural polymers, such as starch, chitosan, and lignin, have been produced 

(Kuzmina et al. 2012; El Seoud et al. 2007; Wu et al. 2009). Compared with cellulose, 

however, the treatment of collagen using ILs has been much less studied. In one study, 

collagen was dissolved in 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) and the 

regenerated collagen was partially characterized (Meng et al. 2012).  

Recently, collagen/cellulose hydrogel beads were reconstituted from [Bmim]Cl 

and were used for Cu(II) adsorption (Wang et al. 2013). Nevertheless, in their work, the 

dissolution of collagen was conducted at a relatively high temperature (> 100 °C), which 

probably caused damage to the native three parallel, left-handed helice because the 

denaturation temperature (Td) of collagen is < 37 °C (Leikina et al. 2002). To prevent the 

denaturation of collagen during the dissolution, IL with a better dissolving capacity 

should be employed. With previous selections, it was found that 1-ethyl-3-methylimida-

zolium acetate ([Emim]Ac) was one of a number of promising alternatives as a collagen 

solvent at lower temperatures ([Bmim][PF6], [Bmim][BF4], [Bmim][Tf2N], [Cnmim] 

[PF6] and [Cnmim][BF4]. The listed ILs are reported to have low viscosity at room 

temperature, such that they may be regarded as promising alternatives (Pinkert et al. 

2009)). [Emim]Ac with solute has a relatively low viscosity; another advantage is that 

[Emim]Ac melts at a temperature well below room temperature (melting point < -20 °C) 

(Hermanutz et al. 2008). Recently, the dissolution of collagen in [Emim]Ac in the 

temperature range of 25 to 45 °C has been studied, and it was suggested that the 

solubility of collagen in [Emim]Ac at 25 °C reached up to 3.1 wt% (Hu et al. 2013). 

To facilitate the process of producing blended materials for the purpose of 

biomedical applications such as wound dressings and scaffolds, in this work, cellulose/ 
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collagen films were prepared by the direct dissolution of collagen in [Emim]Ac at a low 

temperature. The properties of the cellulose/collagen films and the interactions between 

the two macromolecules were investigated using several methods, including a field-

emission scanning electron microscope (FESEM), thermogravimetric analysis (TGA), 

dynamic mechanical analysis (DMA), Fourier transform infrared spectroscopy (FTIR), 

and X-ray diffraction (XRD). 

 
 
EXPERIMENTAL 
 

Materials 
Collagen was prepared from calf skins by the method described previously 

(Zhang et al. 2011). Briefly, the supernatants extracted from the delimed and neutralized 

bovine split pieces with 0.5 M acetic acid containing 3 wt% pepsin (1:3000) were 

collected by refrigerated centrifugation at 9000 rpm.  

The supernatants were then salted out by the addition of NaCl to a final 

concentration of 0.7 M, and the precipitate was dissolved in 0.5 M acetic acid again and 

dialyzed against 0.1 M acetic acid for 3 days. Finally, pepsin-soluble collagen solution 

was lyophilized using a freeze dryer (Labconco FreeZone 6 Liter, USA) at -50 °C for 2 

days and stored at 4 °C until used. Microcrystalline cellulose was purchased from 

Aladdin Co., Ltd, China. [Emim]Ac was provided by Lanzhou Institute of Chemical 

Physical, China. 

 

Preparation of Regenerated Films 
Ten grams of [Emim]Ac was charged into a 25-mL dried beaker with a magnetic 

stirrer. Microcrystalline cellulose (0.6 g) was added to the [Emim]Ac. The dissolving 

process was controlled at 60 °C for 4 h, and a clear solution was obtained. After the 

solution was cooled, collagen sponge was added (the doses of collagen were 0.02 and 

0.06 g, for cellulose/collagen ratios of 30/1 and 10/1 (w/w), respectively). The following 

dissolving process was controlled at 25 °C for 6 h. The cellulose/collagen blends with 

ratios of 30/1 and 10/1 were named Blend-1 and Blend-2, respectively.  

The [Emim]Ac with cellulose or collagen/cellulose was cast on a film blade and 

was then soaked in deionized water, which was renewed every 0.5 h for a total of 4 times. 

To keep collagen from becoming denatured, the whole regeneration process was carried 

out at 4 °C. [Emim]Ac was washed away by deionized water, and regenerated films were 

obtained. The regenerated films were dried in a desiccator to a constant weight and stored 

until use. 

 

Field-Emission Scanning Electron Microscopy (FESEM) 
The morphology of the regenerated films was examined with a field-emission 

scanning electron microscope (Navo FEI NanoSEM 230, USA), operated at an 

accelerating voltage of 15 kV. 

 

Atomic Force Microscopy (AFM) 
The surface morphology of the regenerated films was examined on the dried 

samples by AFM. The AFM (SHIMADZU SPM 9600, Japan) with a pinpoint (NSG 11, 

Russia) was operated in the dynamic mode at room temperature (~20 °C). Each sample 

was scanned with a scanning rate of 1 Hz. 
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Ultraviolet (UV) Spectroscopy 
The UV adsorption spectrum of the regenerated films was examined utilizing a 

spectrophotometer (Hitachi U-2001, Japan) with an integrating sphere. The incident angle 

was 0°, the spectral slit width was 50 nm, and the scanning wavelength range was from 

200 to 400 nm. 

 

Differential Scanning Calorimetry (DSC) 
The thermal stability of collagen in the regenerated films was evaluated by DSC 

(Netzsch DSC 200PC, Germany). The samples were weighed accurately into aluminum 

pans, sealed, and then scanned from 20 to 180 °C at a heating rate of 10 °C/min in a N2 

atmosphere. Liquid nitrogen was used as a cooling medium, and empty pans were used as 

the reference. 

 
Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra of the samples were recorded with a FTIR spectrophotometer 

(Thermo Scientific Nicolet IS10, USA) using potassium bromide (KBr) pellets. The 

measurements were performed at a data acquisition rate of 4 cm
-1

 per point and in the 

range
 
of 500 to 4000 cm

-1
. A total of 32 scans were performed for each sample. 

 
Thermogravimetric Analysis (TGA) 

TG analysis of the samples was carried out using a thermal analyzer (Netzsch TG 

209, Germany). Samples of 2 to 3 mg were heated under a N2 atmosphere from 40 to 600 

°C at a heating rate of 10 °C/min.  

 

Dynamic Mechanical Analysis (DMA) 
The elastic moduli of the samples (20.0 × 5.0 mm

2
) were measured as a function 

of temperature using a DMA analyzer (Netzsch DMA 242C, Germany). The thickness of 

regenerated films of cellulose, Blend-1, and Blend-2 was 35, 36, and 36 μm, respectively, 

measured from at least three different regions of films. The testing was conducted at a 

constant frequency of 1 Hz from 30 to 180 °C with a heating rate of 3 °C/min. The 

environmental chamber was purged with dry N2.  

 

X-Ray Diffraction (XRD) 
X-ray powder diffraction measurements of the samples were performed using a 

diffractometer (Panalytical X’pert Pro MPD, Netherlands) at a scanning rate of 1°/min in 

the 2θ range from 5 to 59°, with a 0.2-mm Ni filter plate and Cu Kα radiation 

(λ=0.154056 nm). 

 

 
RESULTS  
 

FESEM and AFM Images of Regenerated Films 
As seen in the FESEM images (Fig. 1), the surface of regenerated cellulose (Fig. 

1a) was not smooth and displayed some microgrooves, while the regenerated Blend-1 

(Fig. 1b) exhibited a compact and smooth morphology. As for the regenerated Blend-2 

(Fig. 1c), however, the surface became rough again. It seemed that the morphology of the 

regenerated composite films exhibited a dependence on the cellulose/collagen ratio.  
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To further observe these films in the nanometer range, AFM was performed (Fig. 

2). From AFM images, it seemed that the regenerated cellulose film was formed by 

spherical nanodomains or clusters and the surface of the film was rough (Fig. 2a). The 

fiber fines of collagen were staggered in the clusters of cellulose and a compact as well as 

smooth surface morphology was observed for Blend-1 (Fig. 2b). As for Blend-2, 

however, some clusters of collagen appeared and thus again the surface became rough 

(Fig. 2c). Morphologies observed from AFM images of the three samples were quite in 

line with those observed from SEM. 

 

 
 

Fig. 1. FESEM images of regenerated films of (a) cellulose, (b) Blend-1, and (c) Blend-2 
 

 
Fig. 2.  AFM images (the upper is height map and the bottom is three-dimensional map) of 
regenerated films of (a) cellulose, (b) Blend-1, and (c) Blend-2 

 

Ultraviolet (UV) Spectroscopy of Regenerated Films 
Collagen exhibited a weaker film-forming ability compared with cellulose; thus, 

the collagen content was limited to 10 wt% in the blends. To ensure the existence of 

collagen in the regenerated films, the UV spectra of the films was examined and 

analyzed. As seen in Fig. 3, the regenerated cellulose film had an absorption near 227.5 
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nm, while the regenerated film of Blend-1 had two absorptions: 225 and 284.5 nm. A 

blue shift occurred as the content of collagen increased; that is, the absorptions of the 

regenerated film for Blend-2 shifted to lower wavelengths: 218 and 280 nm. Tyrosine and 

phenylalanine are sensitive chromophores and absorb UV light at 283 and 251 nm (Doyle 

and Bello 1968). The absorption at ~280 nm therefore suggests the existence of collagen 

in the regenerated films of Blend-1 and Blend-2. The blue shift of the ~280 nm peak is 

probably due to the enhancement of intermolecular hydrogen bonding among collagen 

molecules or between collagen and cellulose molecules (Manna et al. 2006). 

 
Fig. 3. UV spectroscopy of regenerated films of cellulose, Blend-1, and Blend-2 

 

DSC Thermograms 
As shown in Fig. 4, there was no obvious endothermic peak for the regenerated 

cellulose film, while the regenerated films for Blend-1 and Blend-2 exhibited 

endothermic peaks at 81.2 and 92.8 °C, respectively. 

 
Fig. 4. DSC thermograms of native collagen and regenerated films of cellulose, Blend-1, and 
Blend-2 
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The denaturation temperatures of collagen in both Blend-1 and Blend-2 were 

higher than that of the native collagen film (73.4 °C). This suggests that the thermal 

stability of collagen was improved by its interaction with cellulose. The collagen was 

subjected to the process of dissolution and regeneration in [Emim]Ac at 25 °C. The 

higher Td of regenerated Blend-2 than that of regenerated Blend-1 indicated the enhanced 

interaction between collagen and cellulose, as the collagen content in the regenerated 

Blend-2 film was greater. 
 

FTIR Analysis 
Figure 5 shows the FTIR spectra for the native cellulose and regenerated films. 

Figure 5I(a) displays the characteristic peaks of cellulose, primarily at 1641, 1430, 1372, 

1163, 1115, 1064, 1059, and 899 cm
−1

. The peak at 1641 cm
−1 

is attributed to the 

absorption of linked water residue in the samples (Sun et al. 2001). The peaks at 1372 

cm
−1 

and 1430 cm
−1 

indicate CH2 and OH bending and C–H and OH bending, 

respectively. The bands at 1163 cm
−1

, 1115, and 1059 cm
−1

 represent C–O and C–O–C 

stretching and some C–OH bending. The prominent band at 1064 cm
−1

 represents ring 

vibration and C–OH bending. An absorption band at ~899 cm
−1

 indicates β-glycosidic 

linkages (Sun and Hughes 1998). 

 
Fig. 5. (I) FTIR spectra in the range of 4000 to 500 cm

−1
 for (a) cellulose, (b) regenerated 

cellulose, (c) regenerated Blend-1, and (d) regenerated Blend-2; (II) FTIR spectra in the range of 
1500 to 1000 cm

−1
 

 

As for the regenerated cellulose film in Fig. 5I(b), however, the characteristic 

peaks in the range of 1500 to 1000 cm
−1

 were weaker than those of native cellulose. The 

FTIR spectra of Blend-1 was similar to that of regenerated cellulose, except for a new 

peak located at ~1558 cm
−1

, as shown in Fig. 5I(c). The appearance of this new peak is 

associated with the amide II of collagen molecules (Muyonga et al. 2004). Moreover, as 

the collagen content increased (Blend-2), the intensity of this new peak increased and 

shifted to higher wavenumbers, i.e., ~1560 cm
−1 

(Fig. 5I(d)), which could be attributed to 

the change in the interaction among amide groups (Wang et al. 2013). As shown in Fig. 

5II, the bands at 1163 cm
−1

, assigned to C–O, C–O–C stretching, and some C–OH 

bending, shifted to lower wavenumbers (1158 cm
−1

) in comparison with those of the 

native cellulose, indicating that the destruction of intermolecular hydrogen bonds 

involving the exocyclic hydroxyl groups (O6) occurred (Liu et al. 2010). As collagen was 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhang et al. (2014). “Prep. of cellulose/collagen films,” BioResources 9(1), 756-771.  763 

added, however, this band shifted to higher wavenumbers (1160 and 1162 cm
−1

 for 

Blend-1 and Blend-2, respectively), suggesting that intermolecular hydrogen bonds were 

enhanced to a certain level due to the addition of collagen.  

 The changes in the characteristic peaks of the FTIR spectra demonstrated that 

there were hydrogen-bond interactions between collagen and cellulose in the composite 

films, as collagen, which is a hydrogen donor, would form hydrogen bonds with the 

hydroxyl groups of cellulose. 

 

TG Thermograms  
The TG thermographs (a) and the DTG curves (b) for all the samples are shown in 

Fig. 6. From the DTG curves, the corresponding temperature (Tmax) of the maximum 

decomposition rate could be obtained. Rapid decomposition in a narrow temperature 

range of 350 to 360 °C was observed for the initial cellulose sample. Tmax for the native 

cellulose (359.6 °C) was higher than that of the native collagen (324.7 °C), indicating that 

the thermal stability of the native cellulose is superior to that of native collagen.  

 

 
Fig. 6. Thermal decomposition profiles (a) and derivative curves (b) of native cellulose, collagen, 
and regenerated films 

 

The regenerated cellulose film had a Tmax value of 345.8 °C, which was 13.8 °C 

lower than that of native cellulose; however, it gives a higher char yield on pyrolysis, as 

indicated by the high residual masses after the decomposition step, which were similar to 

previously reported results (Swatloski et al. 2002). The reduction in the thermal stability 

of cellulose might be related to the fact that it underwent degradation during dissolution, 

leading to the loss of the crystalline structure of cellulose (Mahadeva and Kim 2009). As 

for regenerated Blend-1, however, Tmax slightly increased to 348.7 °C, indicating that the 

thermal stability of the composite film was improved. It was found that films blended 

from cellulose and chitosan had a thermal stability higher than that of the original 

polysaccharides and the strong interactions between the polysaccharides in the blend 

were thought to be the reason of the higher temperatures of degradation (Kuzmina et al. 

2012). Therefore, the improvement in Tmax of Blend-1 could also be considered to be 

related to the interactions between the collagen and cellulose molecules. In contrast, in 

the case of regenerated Blend-2, Tmax was reduced to 342.4 °C, even lower than that of 

the regenerated cellulose film, implying that the interactions among cellulose molecules 

might be blocked by the excess addition of collagen. 
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DMA of Regenerated Films 
The elastic moduli (E') curves of the samples as a function of temperature 

determined by DMA are shown in Fig. 7. It has been suggested that there are correlations 

between temperature-dependent elastic moduli of epoxies measured by DMA and 

mechanical testing data (Deng et al. 2007); therefore, the elastic moduli obtained for 

regenerated films (Fig. 7a) also reflect the mechanical strength of the films. In the range 

of 30 to 180 °C, the values of E' for all the samples first increased to reach a maximum, 

and then decreased with increasing temperature. At the same temperature, regenerated 

Blend-1 possessed an E' higher than that of regenerated cellulose, while regenerated 

Blend-2 had an E' lower than that of regenerated cellulose. This shows that the 

mechanical strength of the composite film improved with the addition of only a small 

amount of collagen, while more collagen decreased the mechanical strength. The increase 

in mechanical properties was observed to be remarkable in the composites of collagen 

and cellulose nanofibers, and the key to the synergistic improvement was thought to be 

attributed to the high surface area of nanosized cellulose fibers as well as collagen 

nanofibers, which provides a highly entangled physical network (Mathew et al. 2012). 

The increase in E' of Blend-1 could also be ascribed to the interactions between collagen 

and cellulose.  

The curves of viscous moduli as a function of temperature (Fig. 7(b)) suggested that 

all three samples tended to exhibit a viscous behavior with the increase of temperature. 

However, at the same temperature, regenerated Blend-1 possessed E'' higher than that of 

regenerated cellulose, while regenerated Blend-2 had E'' lower than that of regenerated 

cellulose, which was consistent with the trend of the variation of E' observed from Fig. 

7(a). 

 

 
Fig. 7. The elastic moduli (E') and viscous moduli (E'') curves of samples determined by DMA 

 

XRD Characterization  
XRD has been extensively used to investigate the supramolecular order of 

cellulose fibers (Cunha et al. 2007). The structure of the native cellulose fiber and 

regenerated films was examined with XRD (Fig. 8). The native cellulose shows typical 

diffraction peaks at 2θ = 16.2°, 22.6°, and 34.5°, which were assigned to 101, 002, and 

040 peaks, respectively (Takegawa et al. 2010; Zhao et al. 2007). After dissolution and 

subsequent coagulation with water, the regenerated cellulose film exhibited diffraction 

peaks at 2θ = 11.7°, 20.4°, and 35.2°. The changes in the diffraction peaks can be 

ascribed to the conversion of cellulose I (native cellulose) to cellulose II (regenerated 
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cellulose) that occurred during dissolution and regeneration (Liu et al. 2010). The 

regenerated Blend-1 shows diffraction peaks at 2θ = 12.7° and 20.9°, and those of the 

regenerated Blend-2 were at 12.2° and 21.3°. According to the location of the 101 peak 

and the Bragg diffraction equation (Jia et al. 2008),  

 

2dsinθ = 0.154056 nm                                                                                      (1) 

 

the distances between the molecular chains of cellulose were calculated to be 0.547, 

0.756, 0.696, and 0.725 nm for the native cellulose, regenerated cellulose film, and 

regenerated films of Blend-1 and Blend-2, respectively. This result indicated that the 

distances between the molecular chains of cellulose increased after the dissolution and 

regeneration, probably due to the partial removal of the hydrogen-bond interactions 

between cellulose molecules; however, the distance between the molecular chains of 

cellulose was shortened with the addition of a small amount of collagen (Blend-1), while 

the distance between molecular chains became large again as the amount of collagen 

further increased (Blend-2). 

 
Fig. 8. XRD diagrams of samples: (a) native cellulose, (b) regenerated cellulose, (c) regenerated 
Blend-1, and (d) regenerated Blend-2 
 

Crystallization index (CI) is another important parameter to describe the 

supramolecular structure of materials. It is calculated as the height ratio between the 

intensity of the crystalline peak (I002 - IAM) (I002: the height of the 002 peak; IAM: the 

height of the minimum between the 002 and 101 peaks) and the total intensity (I002) after 

subtraction of the background signal (Park et al. 2010). According to this method, the CIs 

were calculated to be 75.3%, 68.3%, 66.2%, and 55.4% for the native cellulose, 

regenerated films of cellulose, Blend-1, and Blend-2, respectively. This reveals that the 

CI of cellulose was reduced after the dissolution and regeneration in IL, and a small 

quantity of collagen (0.02 g) did not obviously influence the value of CI for the 

regenerated cellulose; however, a further increase in collagen content remarkably 

decreased the value of the CI. This result further confirmed that the hydrogen-bond 

interactions among cellulose molecules may be disturbed after the dissolution in IL or by 

the addition of a large amount of collagen (0.06 g). 
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DISCUSSION 
 

The dissolution mechanism of cellulose in ILs has been previously explored (Feng 

and Chen 2008). Cellulose acts as an electron pair donor, and hydrogen atoms serve as 

electron acceptors, while the cations in IL solvents act as the electron acceptor center and 

anions in the solvents act as the electron donor center. Through the interaction between 

hydroxyl groups (in cellulose) and IL, the oxygen and hydrogen atoms of the hydroxyl 

groups are separated, resulting in the opening of the hydrogen bonds among molecular 

chains of cellulose, causing the cellulose to dissolve. Similarly, the mechanism of 

dissolution and regeneration of collagen in the [Emim]Ac solvent system has been 

previously explored: [Emim]Ac first disrupts the hydrogen bonds between intermolecules 

or intramolecules, and then the hydrogen bonds are rebuilt after the removal of 

[Emim]Ac (Hu et al. 2013). By combining these previously proposed mechanisms with 

the results in this experiment, the possible mechanism of the dissolution, regeneration, 

and composite formation of collagen and cellulose in [Emim]Ac is proposed (Fig. 9). 

[Emim]Ac dissolved the collagen and cellulose by breaking the hydrogen bonds in 

collagen and cellulose molecules. During the process of regeneration, with the [Emim]Ac 

washed away with water, the hydrogen bonding could be rebuilt among the collagen 

chains or cellulose chains, or between the collagen and cellulose chains, forming the 

composites. 

 

 
 

Fig. 9. The possible mechanism of the dissolution, regeneration, and composite formation of 
cellulose and collagen in [Emim]Ac 

 

   Therefore, according to the above results and analysis, the proposed interactions 

between molecules in the regenerated films with cellulose/collagen ratios of 30/1 and 

10/1, respectively, could be presented as shown in Fig. 10. The hydrogen-bond 

interactions among cellulose molecules would be destroyed to a certain extent after 

dissolution in IL, and thus the CI of the regenerated cellulose film decreased and the 
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distance between molecular chains of cellulose was elongated (Fig. 10a). With the 

addition of a small amount of collagen, the hydrogen-bond interactions among cellulose 

molecules were not obviously influenced (CI was not noticeably reduced). Entanglement 

and hydrogen-bond interactions between the two macromolecules may have occurred (the 

distance between the molecular chains of cellulose was shortened). From results 

mentioned above, a synergistic effect appears to occur between entanglement and 

hydrogen-bond interactions, leading to a compact and smooth morphology as well as the 

improvement in properties such as thermal stability and mechanical strength of the 

composite film (Fig. 10b). As more collagen was added to the blends, the interactions 

among collagen itself were further enhanced (as seen from Fig. 3 and Fig. 4); however, 

the interactions among cellulose molecules were disturbed, and the regularity of the 

assembled cellulose molecules may have been damaged (CI was significantly reduced 

and the distance between the molecular chains of cellulose was elongated again), 

resulting in the relatively rough morphology and the reduction of properties such as the 

thermal stability and mechanical strength of the composite film (Fig. 10c). 

 

 
Fig. 10. Proposed interactions between molecules in the regenerated films: (a) cellulose, (b) 
Blend-1, and (c) Blend-2 

 
To obtain composite films with a good compatibility between collagen and 

cellulose molecules, the amount of collagen in the composites was limited 

(cellulose/collagen > 10/1) in the present work. To prepare cellulose/collagen composite 

films with larger amount of collagen, a temperature higher than 25 °C (but should be 

lower than the Td of collagen, 37 °C) should be employed, which could improve the 

solubility of collagen in [Emim]Ac. The changes of interactions between collagen and 

cellulose molecules in composite films with various cellulose/collagen ratios, probably 

including the entanglement and hydrogen-bond interaction, could be further clarified 

through a subsequent study. 
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CONCLUSIONS 
 
1. Cellulose could be efficiently dissolved in [Emim]Ac at 60 °C. At a temperature (25 

°C) lower than the Td of collagen (37 °C), collagen could also be directly dissolved in 

[Emim]Ac without degradation, allowing it to be formed into composite films with 

cellulose. 

2. Properties such as thermal stability and mechanical strength of the regenerated 

composite films exhibited a dependence on the cellulose/collagen ratio, which was 

related to the changes in interactions between collagen and cellulose molecules in the 

regenerated composite films. 

3. As a whole, the novel cellulose/collagen composite films, which could be potentially 

applied as biomedical materials, could be prepared using [Emim]Ac as a common 

solvent of collagen and cellulose. Properties of the films could be improved by 

blending the two macromolecules and adjusting the cellulose/collagen ratio. 
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