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Abstract

:

As a promising agent for biomedical application, collagen has been used as a nanofiber to architecturally mimic its fibrillar structure in Extracellular Matrix (ECM); however, it has to be modified by techniques, such as crosslinking, to overcome its limitations in structural stability along with potential toxicity. Here, we prepared collagen/polyethylene oxide (PEO) nanofibrous membranes with varying crosslinking degrees and their properties, such as water stability, mechanical properties, blood clotting capacity and cytocompatibility, were studied systematically. By investigating the relationship between crosslinking degree and their properties, nanofibrous membranes with improved morphology retention, blood clotting capacity and cytocompatibility have been achieved. The result of circular dichroism measurement demonstrated that a triple helical fraction around 60.5% was retained. Moreover, the electrospun collagen/PEO at crosslinking degrees above 60.6% could maintain more than 72% of its original weight and its nanofibrous morphology under physiological conditions could be well preserved for up to 7 days. Furthermore, the crosslinked collagen/PEO membrane could provide a more friendly and suitable environment to promote cell proliferation, and about 70% of the clot can be formed in 5 min. With its superior performance in water stability, hemostasis and cytocompatibility, we anticipate that this nanofibrous membrane has great potential for wound dressing.
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1. Introduction


As the largest organ, the skin can protect people from pathogens and excessive water loss. When it gets injured, an ideal wound dressing should serve as a barrier against dust and microorganisms, maintain a favourable moist environment for the wound healing and allow gas permeability [1]. Also, it should benefit effective promotion of cell adhesion and proliferation, control of bleeding while reducing or even stopping oozing after the hemostasis process. Many types of natural substances are promising agents to prepare a wound dressing which is capable of accelerating wound healing and promoting hemostasis, such as collagen.



Collagen, as a widely used material for biomedical applications, has gained broad clinical and consumer acceptance as a safe material [2]. As a major fibrous protein in extracellular matrix (ECM), collagen plays a predominant role in maintaining the biological and structural integrity of ECM [3]. The fibrillar structure of collagen is important for cell attachment, proliferation, and differentiation [4]. To architecturally mimic that structure, a nonwoven matrix from collagen, which is interesting for use in wound healing processes, can be easily produced via electrospinning [5,6,7,8,9]. In addition to the promotion of cell adhesion and proliferation, this collagen electrospun membrane is intended to induce platelet adhesion and aggregation to promote the coagulation process which is favorable for using as a wound dressing.



However, after electrospinning, water-insoluble collagen becomes soluble and the collagen nanofibers become swollen and lose fibrillary structure when exposed to water [10]. This is the result of the lack of the natural crosslinks which are generated in the native collagen fibrous structure by covalent and hydrogen bonds and are indispensable for the natural collagen network to gain its level of mechanical strength [11]. In order to maintain the nanofibrous structure and enhance mechanical properties of collagen, various crosslinking techniques have been used. Up to now, several physical and chemical methods have been reported for crosslinking collagen and collagen-based materials. Dehydrothermal treatment and UV irradiation are common methods of physical crosslinking [12,13]. However, compared with chemical crosslinking, they are less efficient. The physically crosslinked collagen would be nearly fully degraded after incubation for 24 h [14]. Compared with physical crosslinking, chemical crosslinking could efficiently enhance the mechanical properties and water stability of electrospun collagen. Many chemicals such as formaldehyde, glutaraldehyde, diisocyanates, carbodiimide and genipin, have been used as chemically crosslinking agents [15,16,17,18,19,20]. Among them, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS) and genipin were considered less cytotoxic, but the crosslinked fibers showed inadequate water stability in aqueous or high humidity environments [5,21]. Furthermore, genipin and EDC/NHS has been reported to be cytotoxic at some concentrations depending on cell type (typically 0.5–5 mM) [21,22]. With dialdehyde groups, glutaraldehyde (GA) is the most widely used crosslinking agent, due to its high efficiency, low price and crosslinking of a large number of amino groups over a varying range of distances which makes it ideal for biological applications [11]. The aldehyde group of glutaraldehyde can induce Schiff-based intermediates with amino groups of lysyl and hydroxylysyl of collagen. Schiff-based intermediates are linked further to form larger crosslinked entities. So, covalent chemical crosslinking of neighboring collagen fibrils is achieved by using GA crosslinking [23]. It has been reported that the potential cytotoxicity of GA maybe due to the residues of unreacted GA and leaching out as the materials degrade. However, several previous studies have demonstrated evidence of no cytotoxic effect of GA crosslinked collagen followed by glycine quenching and washing steps [15,24].



Among the previous studies of collagen crosslinking, several have investigated the relationship between mechanical or thermal properties and the degree of crosslinking [25,26]. Moreover, there were also some studies about the difference between non-crosslinked and crosslinked collagen effects on the cytocompatibility and also different kinds of crosslinking agents [10,26,27,28,29,30]. However, whether there is a relationship between the degree of crosslinking and cytocompatibility remains to be confirmed. On the other hand, to our knowledge, few reports have focused on the hemostatic properties of electrospun collagen with different degrees of crosslinking. Consequently, in order to provide a basis for the crosslinking of electrospun collagen, whether there is diversity among electrospun collagen, crosslinked to varied degrees in terms of cytocompatibility and hemostasis, needs to be explored. Therefore, in this study, a small amount of polyethylene oxide (PEO) was added into solutions to facilitate electrospinning. As a water-soluble polymer with good biocompatibility and low toxicity, PEO is quite feasible and versatile for electrospinning. It can be added to aid electrospinning by increasing polymer chain entanglements and can be subsequently extracted from the nanofibers by incubating in water with only collagen remaining. An electrospun collagen/PEO membrane with varied degree of crosslinking was obtained by adjusting the time for crosslinking. Subsequently, how the degree of crosslinking impacts the properties of collagen electrospun nanofibers, mechanical performance, water stability, blood clotting capacity and cytocompatibility was evaluated. Finally, because its compositional and structural mimicry of the ECM and satisfactory performance in the hemostatic process, the wound dressing was predicted to be effective in promoting cell adhesion and proliferation and controlling bleeding as an ideal choice for the wound dressing.




2. Materials and Methods


2.1. Materials


Type I freeze-dried collagen foam from bovine tendon was provided by Qi sheng Biological Agent Co., Ltd. (Shanghai, China). Polyethylene oxide (PEO, Mm = 90 kDa) from J &K Scientific Ltd. (Shanghai, China) was blended with collagen to improve the spinnability of collagen. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Purity ≥ 99%) from TCI Shanghai (Shanghai, China) and Acetic acid (HAc) from Shanghai Ling Feng Chemical Reagent Co., Ltd. (Shanghai, China) were used to dissolve type I collagen. A crosslinking agent of aqueous glutaraldehyde (GA) solution (25%) was supplied by Aladdin Bio-chemical Technology Co., Ltd. (Shanghai, China) In addition, 2,4,6-Trinitrobenzenesulfonic acid (TNBS, 5%) from Sigma (Shanghai, China) was used to test the degree of crosslinking. All chemicals were used directly without further treatment.




2.2. Fabrication of Nanofibrous Nonwovens


Electrospinning solution (4 wt %) was prepared by dissolving Type I collagen from bovine tendon and Polyethylene oxide with 4:1 (w/w) ratio in a binary solvent mixture of HFIP and HAc with 1:1 (v/v) ratio. During electrospinning, the solution was loaded into a 5 mL syringe with a 20-gauge metal spinneret and then it was extruded by an infusion syringe pump (KD Scientific Inc., Holliston, MA, USA) at a feeding rate of 1.0 mL h−1. The applied voltage was set at 12 kV and the plate collector was placed at 20 cm distance. Finally, the aluminium foil was placed under vacuum at room temperature for 48 h to remove the residual solvents. For the crosslinking, the nanofibrous membranes were placed in a desiccator containing 25% (v/v) glutaraldehyde aqueous solution for a series of time to obtain different degrees of crosslinking. Hereafter, the crosslinked samples were sequentially washed in 5%, 10%, 25%, 50% and 75% (v/v) phosphate buffered saline prepared in ethanol for 15 min followed by two Phosphate-buffered saline (PBS) rinses to reduce the swelling of nanofibers induced by solvent [25]. Afterwards, the membranes employed 0.2 mol L−1 glycine aqueous solution to block unreacted aldehyde groups. Finally, the membranes were rinsed in PBS (pH = 7.4) for 20 min three times followed by freeze-drying for 24 h.




2.3. Circular Dichroism Measurement (CD)


CD measurements were utilized to evaluate the fraction of the triple helical structure present in electrospun collagen. The untreated collagen blended with PEO with the weight ratio at 4:1, electrospun collagen membrane without crosslinking was dissolved in 0.1 M acetic acid at the concentration of 1 mg mL−1. Thermally denatured collagen was obtained by heating a separated solution prepared from untreated collagen in an oven at 95 °C for 30 min. Subsequently, CD spectra were recorded on a Jasco Model J-815 CD spectrometer (Jasco, Great Dunmow, UK) at a scan speed of 100 nm/min from 190 to 240 nm. The path length of the cuvette was 1 mm. The spectrum of PEO dissolved in 0.1 M acetic acid at the concentration of 0.2 mg/mL was recorded and used as the baseline. The CD spectra of samples were scanned three times and obtained by averaging. According to the standard method, the fraction of triple helical collagen in the electrospun samples was calculated as follows [31,32]:


    f  T H   =      [ θ ]    E C   −    [ θ ]    D C        [ θ ]    U C   −    [ θ ]    D C     × 100   



(1)




where fTH (%) is the fraction of triple helical structure in electrospun collagen. Respectively, [θ]EC, [θ]UC and [θ]DC (deg cm2 dmol−1) are the ellipticity of electrospun collagen, untreated collagen foam and denatured collagen at wavelength λ.




2.4. Characterizations of Crosslinking


The degree of crosslinking is expressed as the percentage of crosslinking present in a sample with respect to the dry, non-crosslinked control sample cut from the same sheet of electrospun material [25]. For the sake of investigating the degree of crosslinking, 2,4,6-trinitrobenzenesulfonic acid solution (TNBS) was used [29,33]. The rationale for the test is a kind of colorimetric assay. As the degree of crosslinking increases, the number of free aminos in the collagen would decrease followed by a parallel decrease in the number of binding sites which are available for TNBS to interact with. Three samples with an average mass 1.8 mg were punched from each crosslinking treatment and untreated samples. Then, the samples were placed into a solution of 1.0 mL 4% (w/v) sodium bicarbonate and 1.0 mL freshly prepared 0.5% (v/v) TNBS in deionized water and heated at 40 °C for 2 h. Subsequently, 3 mL of 6 M HCl was added to each sample and incubated for an additional 1.5 h at 60 °C. Finally, the solution was diluted with 5.0 mL of deionized water. Aliquots of equal volume from each sample were read by a Perkin Elmer Lambda 25 UV-visible spectrophotometer operating at 345 nm. The degree of crosslinking was calculated as follows:


   C r o s s − l i n k e d  ( % )  =  (  1 −     A b  s c    m a s  s c     /    A b  s  n c     m a s  s  n c        )  × 100   



(2)




where c is the crosslinked sample, nc is the non-crosslinked sample. Abs is absorbance at 345 nm. The unit of mass is mg.



A scanning electronic microscope (SEM, TM3000, Hitachi Ltd., Tokyo, Japan) and weight loss ratio were used to investigate the water stability of samples under physiological conditions. The samples (2 × 2 cm2) were immersed in phosphate buffered saline (pH = 7.4) at 37 °C for up to 7 days with the solution refreshed every day. Then, the samples were freeze dried to constant weight. In order to characterize the stability performance of morphology under physiological conditions, small squares (0.5 cm × 0.5 cm) were cut from the samples and gold coated by sputtering. The samples were observed by SEM at an accelerated voltage of 15 kV and a working distance of 10 mm. The weight loss ratio was calculated by weighing the samples before and after incubation in PBS.


   W e i g h t − l o s s  ( % )  =    W i  −  W d     W i    × 100   



(3)




where Wi is the initial dry weight of sample before incubation and Wd is the dry weight of sample after incubation in PBS for a certain time period. Five samples were used per time point.



In order to reveal the effect of crosslinking and detect the mechanical properties in an environment, which is more closely to the end use, the tensile properties in dry and hydrated states were examined. Tensile properties of the electrospun fibrous membranes were determined with an electronic Strength Tester (XF-1A, Xin Xian Instrument Co., Ltd., Shanghai, China) using a low force load cell of 100 cN capacity at ambient temperature of 25 °C and humidity of 60%. Strip-shaped specimens (5 × 50 mm2) were tested three times at a loading speed of 20 mm/min and then the thickness was measured with a digital thickness meter having a sensitivity of 1 μm. For the hydrated state, the crosslinked samples were immersed in PBS for 24 h at room temperature prior to testing without changing the testing conditions. Finally, the elastic modulus, ultimate tensile stress, and ultimate tensile strain were calculated from the resultant stress-strain curves.



Fourier transform infrared spectroscopy (FTIR) was applied to analyze the surface functional group changes. Spectra of collagen/PEO nanofibers before and after crosslinking were collected by a Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). All spectra were recorded in the wavelength range 4000–600 cm−1.



In order to detect the influence of crosslinking on the thermal properties of the electrospun membranes, DSC (DSC4000, PerkinElmer, Shelton, CT, USA) was carried out under a nitrogen atmosphere (flow rate 50 mL/min). The temperature range was from 25 °C to 220 °C with a heating rate of 10 °C/min.




2.5. Whole Blood Clotting Assay


Whole blood clotting measurement was carried out to evaluate the hemostasis of electrospun membranes with different degrees of crosslinking. Whole blood was obtained from male New Zealand rabbits from the ear vena using a vacuum tube containing sodium citrate at a ratio of 9:1. All the samples were placed into centrifuge tubes and pre-warmed to 37 °C. Afterwards, the citrated blood (20 μL) was dipped into the centrifuge tubes followed by CaCl2 solution (0.2 M, 10 μL) to start coagulation. The samples were then incubated with shaking at 37 °C for 5 min and 10 min. After incubation, 5 mL deionized water was carefully added into the tube along inside wall. Red blood cells (RBCs) that were not trapped in the stable clot were hemolyzed by the deionized water. After 5 min, the supernatant was transferred into a new tube and then mixed well at room temperature. The absorbance of samples at 540 nm was measured by a microplate reader (Tecan, Salzburg, Austria). At the same time, the absorbance of 20 μL citrated blood mixed with whole 5 mL deionized water at 540 nm was also measured. The blood clotting index (BCI) of samples can be calculated by the following equation [34]:


  BCI  ( % )  =    I t     I w    × 100  



(4)




where, It is the absorbance of blood which had contact with the sample at 540 nm and Iw is the absorbance of 20 μL whole blood hemolyzed with 5 mL deionized water at 540 nm.




2.6. Cell Proliferation Analysis


Human umbilical vein endothelial cells (HUVEC001) were supplied by Allcells Company (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS, Gibco, Shanghai, China) and 1% penicillin-streptomycin (Gibco) at 37 °C in a 5% CO2 incubator. Prior to cell seeding, electrospun membranes (circle with 14 mm in diameter) were sterilized by immersion in 75% ethanol for 2 h, followed by washing 3 times with PBS. Then, electrospun membranes with different crosslinking degrees and tissue culture plates (TCP) substrate used as control were placed into the individual wells on a 24-well plate. Three parallel replicates were evaluated for each sample.



Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8). The cells were seeded into a 24-well plate with sterile samples at a density of 5 × 104 cells/well and cultured for 1 day to 7 days. The medium was refreshed every other day. After 1, 3, 5 and 7 days of cell seeding, a 40 µL CCK-8 solution was added to each well for 4 h. Then, 100 µL of solution was pipetted from each well and quickly transferred into a 96-well plate. The optical density was measured at 450 nm (OD 450) by a microplate reader (Tecan, Austria).



For all the experiments, the results were expressed as mean ± standard deviation. For statistical analysis, all data were analyzed by one-way Analysis of Variance (ANOVA) with Tukey’s post hoc test for multiple comparison. Significant difference was considered when p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).





3. Results and Discussion


3.1. Triple-Helical Configuration Analysis


In order to evaluate the fraction of the triple helical structure present in electrospun collagen from the 1:1 ratio of the HFIP/HAc mixture solution, circular dichroism measurements were utilized. As shown in Figure 1, the CD spectra of the electrospun collagen, raw and denatured collagen all displayed a sinusoidal pattern. A deep negative peak around 198 nm and a small positive peak around 220 nm in the spectrum of untreated collagen represent the well-preserved triple-helical configuration of raw collagen [31,35]. Conversely, the thermally denatured collagen showed a weakened negative peak and no positive peak, indicating the absence of the triple-helical structure. In contrast with the spectrum of untreated collagen, electrospun collagen showed a similar spectrum with weakened peaks of negative and positive bands, indicating that the triple helical configuration of electrospun collagen was partly destroyed but still retained. According to previous studies, the solvent system or stirring process would destabilize the triple helical structure of the collagen. In this research, a triple helical fraction around 60.5% was retained by calculation from the positive peak using Equation (1). This indicated that the mixture solvent led to a lower degree of protein denaturation as compared with others [32,36].




3.2. Degree of Crosslinking


According to TNBS assay, percentages of free amino groups in electrospun membranes crosslinked for different time were measured. As illustrated in Figure 2, a sustained increase in the degree of crosslinking was observed with the prolonging of time. To relate in detail, 30.8% of the available sites were crosslinked in the 6 h crosslinked sample. For the samples crosslinked for 12, 18 and 24 h, the average degree of crosslinking increased to 48.2%, 60.6% and 62.2%, respectively. However, there was no obvious increase in the degree of crosslinking after crosslinking for 18 h. In fact, there was no statistical differences in the degree of crosslinking between 18 h and 24 h. It has been reported that the coupling reaction in the initial crosslinking approach is mainly concentrated on the outer surface of collagen fibers due to the slow penetration of crosslinking agents into dense fibers [37]. In our study, for 6 and 12 h crosslinked samples, the crosslinking reaction mainly occurred on the outer surface of electrospun fibers, followed by a sharp increase in the degree of crosslinking. The number of available sites for crosslinking was gradually decreased on the outer surface, which limits the effect of increasing crosslinking time. When the time exceeded 18 h, there was almost a small amount of available sites for GA on the outer surface, followed by a tiny increase.




3.3. Water Stability of Electrospun Collagen/PEO Membranes


As shown in Figure S1, uniform fibers with diameter from 350 to 400 nm were observed in the dry electrospun mat. Due to theirs hydration effect, non-crosslinked collagen nanofibers possess poor water resistance. The nanofibers would be swollen immediately in aqueous solution. Subsequently, the nanofibrous structure would be destroyed in 1 h (Figure 3a) and then the electrospun membrane would disintegrate into small fragments over time. Hence, the stability of collagen nanofibers in aqueous solution is essential to be improved by crosslinking treatment to enhance their potential applications. In order to detect the difference of electrospun nanofibers in the behaviour of preserving their fibrous morphology and dissolvability in aqueous solution at different degrees of crosslinking, the micrographs and degradation trends of crosslinked samples in the process of being immersed into PBS (pH = 7.4) at 37 °C for up to 7 days were achieved by SEM and weight loss ratio, respectively.



Degradation trends of different degrees of crosslinked samples are shown in Figure 3b. It suggests that the samples with a sustained increase in the degree of crosslinking possessed weight losses of 20.4%, 19.9%, 18.6% and 19.1% on the first day of incubation, which was higher than the others. This phenomenon may be induced by the removal of water-soluble PEO and the loosely attached fibers [31,38]. It has been reported that the possibility of reaction between PEO and glutaraldehyde was extremely low at room temperature [36]. In addition, water-soluble PEO would be extracted after soaking in deionized H2O according to other studies [38,39]. After the first incubation day, a substantial increase in the weight loss ratio was observed for all samples for up to 7 days. However, 18 and 24 h crosslinked samples showed a much slower increase in weight loss ratio compared with 6 and 12 h crosslinked samples. This prominent diversity was due to the difference in degree of crosslinking. As indicated before, crosslinking took place deeper through the fibers in the 18 and 24 h crosslinked samples in contrast with 6 and 12 h crosslinked samples which resulted in more complete crosslinked membranes along with better water stability.



Recently, electrospun nanofibers have shown great potential in wound dressing due to structural mimicry to the native dermal ECM, excellent flexibility, high surface area-to-volume ratio and porosity. Consequently, the nanofibrous structure stability under physiological conditions is very important for wound healing. In order to evaluate the stability of nanofibrous morphology, the crosslinked collagen nanofibrous membranes were immersed into PBS (pH = 7.4) at 37 °C for up to 7 days. Subsequently, the samples were freeze-dried and their morphologies are shown in Figure 3c. Compared with the non-crosslinked sample (Figure 3a), the nanofibrous morphology of all crosslinked samples were well preserved which confirmed the definite improvement of crosslinking treatment in the water stability of collagen nanofibers. To relate in detail, firstly, all the crosslinked samples without soaking treatment exhibited a slight loss of the nanofibrous morphology due to the coexistence of moisture with GA vapor during crosslinking. Secondly, an obvious loss in the nanofibrous morphology of all crosslinked samples was observed as the immersion time increased. Finally, a better fibrous structure was observed in 18 and 24 h crosslinked samples for the same immersion time. However, there was no obvious improvement in the fibrous structure between 18 and 24 h crosslinked samples for the unapparent increase in the degree of crosslinking. In a word, the morphology stability under physiological conditions was consistent with the degree of crosslinking. This phenomenon was in accordance with the trend of the result of the weight loss ratio. The results of the weight loss ratio and SEM micrographs after incubation in PBS for up to 7 days implied that prolonged time (TC ≥ 18 h) had little effect on the water stability of electrospun collagen and 60.6% crosslinked samples showed enough water stability for 1 week.




3.4. Mechanical Properties Analysis


Mechanical property is essential for electrospun membranes to provide enough support as a wound dressing [40]. Hence, except for non-crosslinked collagen membrane in the hydrated state, the uniaxial tensile testing for all crosslinked samples was performed in the dry and hydrated state, and representative curves of the stress-strain are presented in Figure S2. The ultimate tensile stress, ultimate tensile strain and elastic modulus in dry state and hydrated are presented in Figure 4. For all crosslinked samples, compared with their dry state, a significant reduction in ultimate tensile stress and elastic modulus coupled with a significant increase in ultimate tensile strain were observed in the hydrated state. It was believed that a pronounced degree of coiling detected in the fiber structure and interfiber motions facilitated by the aqueous testing environment were responsible for these effects [25].



For the testing in the dry state, the average ultimate tensile stress, elastic modulus and ultimate tensile strain of non-crosslinked sample showed a significant difference from all crosslinked samples (p < 0.01). A gradually enhanced ultimate tensile stress and elastic modulus and depressed ultimate tensile strain were detected as the degree of crosslinking increased. These are typical effects of increasing crosslinking density in polymeric materials [37]. In addition, the ultimate tensile stress of 6 h crosslinking was significantly different from 18 and 24 h crosslinking (p < 0.01) with no statistical difference observed in elastic modulus and ultimate tensile strain. For the hydrated state, 6 h crosslinked samples displayed significant differences from 18 and 24 h crosslinked samples in the average ultimate tensile stress and elastic modulus. In addition, no statistical differences were detected among all crosslinked samples for ultimate tensile strain. Needless to say, no statistical differences for all results in dry and hydrated states were observed between 18 and 24 h crosslinked membranes. The 60.6% crosslinked samples exhibited good mechanical properties in dry and hydrated states which could meet the demand of wound dressing.




3.5. Additional Characterizations


In order to define the chemical composition changes, Fourier transform infrared spectroscopy results of electrospun collagen/PEO non-crosslinked and 18 h crosslinked are showed in Figure 5a. In contrast with the non-crosslinked sample, the absorption peak of N-H stretching bond around 3300 cm−1 showed a decrease in the 18 h crosslinked sample for the consumption of amidogens in collagen by the crosslinking treatment. Meanwhile, the characteristic absorption peaks that reflected the conformation of protein polypeptide for collagen were observed at 1650 cm−1 (amide I), 1516 cm−1 (amide II), and 1246 cm−1 (amide III) in both non-crosslinked and crosslinked samples without considerable differences in the location of these characteristic peak. However, the absorption peak of -C=N- stretching vibration generated by GA crosslinking was not observed in the range of 1640–1690 cm−1, which may be due to the overlap with strong absorption of the amide I band (1650 cm−1) [24].



DSC was carried out to assess the effect of the crosslinking on the thermal stability of the collagen matrices. During the heating process, the triple-helix structure of collagen will be ruptured. Therefore, the characteristic endothermic peaks have often been termed as denaturation temperature (TD), which is indeed affected by the degree of crosslinking [41]. As shown in Figure 5b, compared with only one characteristic endothermic peak of the untreated sample, a couple of peaks were found before and after crosslinking of the samples. The DSC of electrospun PEO membrane was carried out to determine whether the weaker endothermic peak near 51 °C was attributed to the PEO and the left one for collagen. As shown in Figure S3, a single endothermic peak near similar temperature was observed in electrospun PEO membrane. The TD of the non-crosslinked electrospun collagen was about 10.8 °C lower than that of the untreated collagen foam. This phenomenon was associated with the electrospinning process, which has been explained to result in relatively increased segmental mobility of the fibrous polymers [42]. Compared with the non-crosslinked collagen membrane, TD of the 18 h crosslinked increased to nearly 9.5 °C. This was probably due to the interchain crosslinking within molecules of crosslinked collagen [43]. DSC results indicated the crosslinking treatment enhanced the thermal stability of the electrospun collagen fibers appreciably.




3.6. Whole Blood Clotting Assay


In order to evaluate the blood clotting capacity of the electrospun membranes in vitro, the whole blood clotting experiment for 5 and 10 min was carried out. After incubation with the calcified whole blood and addition of deionized water, the red blood cells (RBCs) not trapped or unstable in clots were ruptured along with the release of hemoglobin. Hence, the concentration of free RBCs can be reflected by the absorbance at 540 nm [44]. Afterwards, BCI was estimated to characterize the inverse side of the degree of clot formation quantitatively. As illustrated in Figure 6a, with medical gauze as the reference, the BCIs of all electrospun membranes at 5 and 10 min were significantly decreased (p < 0.001) which indicated a better blood clotting capability. Meanwhile, the crosslinking treatment of collagen also had an influence on their haemostatic property (p < 0.01), whereas no difference was observed between the crosslinked samples when it was crosslinked to 30.8% or more. Simultaneously, compared with the non-crosslinked collagen, clot formation and the darkness of non-trapped clots dramatically increased in all crosslinked samples (Figure 6b). It is well known that collagen can induce platelet adhesion and aggregation to promote the coagulation process. Therefore, for the electrospun collagen nanofibrous membranes, a stable enough physical support should be provided to promote platelet adhesion and clotting factors binding, culminating in rapid clot formation [45,46]. For the non-crosslinked sample, the integrity of its structure would be partially broken followed by unstable support for the clot formation. This is why the BCI value of the non-crosslinked sample exhibited a significant difference from all the crosslinked samples. In addition, a decrease in BCI values along with the progression of time was observed for all samples except for the non-crosslinked one. This phenomenon was also due to its instability in aqueous solution. Whole blood clotting results indicated the crosslinking treatment enhanced the blood clotting capability of the electrospun collagen fibers appreciably.




3.7. Cytocompatibility Analysis


Cell proliferation of electrospun membranes at different degrees of crosslinking was determined by CCK assay after culturing for 7 days. As shown in Figure 7, for all samples, the cell density increased with prolonged culturing time. No statistical significance on the first day of culturing was observed between the crosslinked samples and the control of TCP substrate, which implied no observable initial inhibition of cell proliferation for all the samples. This was most likely due to the washing step by glycine aqueous solution [43]. After 3 days of culturing, the number of human umbilical vein endothelial cells (HUVECs) on the electrospun membranes after 18 and 24 h crosslinking was remarkably higher than that after 6 and 12 h crosslinking. It was hypothesized that the significantly increased cell adhesion was a result of a higher degree of crosslinking. The higher degree of crosslinked membranes showed a lower extent of swelling and a corollary increased modulus. It is reported that increased modulus enhances cell adhesion [47]. In addition, the surface hydrophilicity of material will affect the attachment, proliferation, migration, and viability of many different cells. It was reported that surfaces with moderate hydrophilicity (30° to 70° related to cells and materials) are most conducive to cell adhesion and spreading [48]. The surface water contact angles were measured and are shown in Figure S4. As crosslinking time increased from 6 h to 24 h, the average water contact angle increased from 26.6° to 39.0° which may support the cell adhesion. Moderate hydrophilicity (Figure S4), increased modulus (as shown in Figure 4c), along with the interstitial spaces (as shown in Figure 3c), would better resemble the extra cellular matrix and provide better physical support and surface, thus upgrading the cell proliferation. It has been reported that the potential cytotoxic of GA may be due to the residues of unreacted GA and leaching out as the materials degrade. In this paper, the thorough glycine quenching followed by crosslinking, which can maximally inactivate the residual aldehyde groups of GA molecules, was proved to be helpful in alleviating the potential cytotoxic of GA crosslinking [18]. The high adhesion under 60.6% crosslinking indicates that the morphology of collagen fibers is retained and cellular interaction is enhanced.





4. Conclusions


In this study, collagen/PEO nanofibrous membranes with varying crosslinking degrees were successfully fabricated by electrospinning and crosslinked by GA vapor for a series of time. Then, correlations between degree of crosslinking and their properties, such as water stability, mechanical properties, hemostasis and cytocompatibility were explored. The results showed that water stability and mechanical properties of electrospun membranes were enhanced progressively as the degree of crosslinking increased. For the hemostatic property, it was obvious that the blood clotting capacity of crosslinked samples was enhanced by providing a stable enough physical support for platelet adhesion and clotting factor binding. However, there was no significant difference among the crosslinked (≥30.8%) samples. In term of cytocompatibility, better-preserved nanofibrous morphology along with higher modulus provided by the higher degree of crosslinking would better resemble the ECM and provide better physical support, thus upgrading the cell proliferation. Hence, with their excellent performance in stability and mechanical properties under physiological condition, the electrospun collagen mats (60.6% crosslinked) also possessed better blood clotting formation and cell proliferation. All results suggested that the obtained collagen/PEO nanofibrous membrane has great application potential in wound dressing.
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Figure 1. Circular dichroism spectra (baseline subtracted) of raw collagen, electrospun collagen and denatured collagen. 
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Figure 2. Analysis of degree of crosslinking introduced into collagen nanofibrous membranes as a function of the crosslinking time (Significant differences were marked by *** for p < 0.001 compared to the 18 h and 24 h crosslinking). 
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Figure 3. (a) Morphology of non-crosslinked nanofibers after being immersed in Phosphate-buffered saline (PBS) for 1 h; (b) Degradation of crosslinked nanofibrous membranes with varied degrees of crosslinking in PBS at 37 °C for up to 7 days; (c) Surface SEM micrographs of the membranes possessed varied degrees of crosslinking after incubation in PBS for 0 day, 1 day and 7 days. Scale bar is 10 μm for all images. TC is the time of crosslinking. 
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Figure 4. Ultimate tensile stress (a), ultimate tensile strain (b) and elastic modulus (c) of nanofibrous membranes varied as function of degree of crosslinking (Significant differences were marked by *** for p < 0.001; ** for p < 0.01 compared to the 30.8% crosslinked sample). 
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Figure 5. FTIR spectra of collagen/PEO nanofibrous membranes non-crosslinked and crosslinked for 18 h (a) and DSC thermogram of raw collagen foam, collagen/PEO nanofibrous membranes non-crosslinked and crosslinked for 18 h (b). 
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Figure 6. (a) Results of whole blood clotting formation on the medical gauze, non-crosslinked and GA crosslinked electrospun membranes. The clotting formation capacity is expressed as the blood clotting index (BCI), which reflects the free RBCs not trapped in clots. (b) Macroscopic view of whole blood clot formation on various crosslinked electrospun membranes. 
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Figure 7. Comparison of cell proliferation by culturing HUVECs on the GA crosslinked electrospun membranes and the controls of Tissue culture plates (TCP) substrate (Significant differences are marked by *** for p < 0.001; ** for p < 0.01; * for p < 0.05 compared to the TCP substrate). 
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