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Abstract

:

The force-spinning process parameters (i.e., spin speed, spinneret-collector distance, and polymer concentration), optimised and characterised in previous work by this group, allowed the rapid fabrication of large quantities of high surface area poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHBV) polymeric fibre membranes. This paper examined the potential application for force-spun PHBV fibres functionalised with type I collagen for tissue regeneration applications. PHBV fibre scaffolds provide a biologically suitable substrate to guide the regeneration of dermal tissues, however, have poor cellular adhesion properties. The grafting of collagen type-I to PHBV fibres demonstrated improved cell adhesion and growth in Neo-NHDF (neonatal human dermal fibroblasts) fibroblasts. The examination of fibre morphology, thermal properties, collagen content, and degradability was used to contrast the physicochemical properties of the PHBV and PHBV-Collagen fibres. Biodegradation models using phosphate buffered saline determined there was no appreciable change in mass over the course of 6 weeks; a Sirius Red assay was performed on degraded samples, showing no change in the quantity of collagen. Cell metabolism studies showed an increase in cell metabolism on conjugated samples after three and 7 days. In addition, in vitro cytocompatibility studies demonstrated superior cell activity and adhesion on conjugated samples over 7 days.
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1. Introduction


Polyhydroxylalkanoates (PHAs) are a class of biocompatible, biodegradable polymers produced by microorganisms and through plant-based fermentation [1]. Of this class, one of the most well-studied variants is poly(3-hydroxybutyric-co-3-hydroxyvaleric acid) (PHBV), a copolymer of polyhydroxybutyrate and polyhydroxyvalerate. PHBV is a biodegradable, non-antigenic, and biocompatible type of microbial polyester, where low molecular weight PHB (polyhydroxybutyrate) has been found in cells. Due to its favourable biological properties, PHBV has been targeted for applications in a range of tissue engineering (TE) and in vivo applications, including wound dressings, neural, dermal, osseous and cardiovascular tissues [2,3,4,5].



Nanofibres have been shown to be of value for TE by mimicking the fibrillary structure of the extracellular matrix (ECM) [6]. Electrospinning is an established technique for the preparation of nanofibres with diameters ranging from tens of nanometres to several microns [4]. An ideal scaffold for TE should have an interconnected porous structure [7]; as porous microfiber scaffolds allow for the full integration of cells throughout the scaffold matrix.



Forcespinning has presented itself as a viable, low-cost alternative to electrospinning. Forcespinning functions by ejecting polymer solution from spinnerets at high rotational speeds onto collecting frames, enabling the production of fibres from a wide range of materials and at higher rates than the electrospinning technique [8]. Moreover, as forcespinning uses centrifugal forces rather than electrical forces as in the electrospinning technique, processing fibres by forcespinning does not require a high voltage electric field or a conductive polymer solution [8]. As many materials can be forcespun into fibres with this method, this versatile method is a promising alternative to quickly produce the extracellular matrix (ECM) mimicking fibre membranes from biopolymers of interest for tissue engineering. The authors have reported in previous work [9], forcespun PHBV membranes with fibre diameters between 0.5 and 3 µm, using chloroform as a solvent. A PHBV polymer concentration of 25% w/v spun at 9000 r/min produced the highest quality fibres, and with a spinneret to collector distance of 39.2 cm, producing the equivalent of 11 km of fibre per minute, per needle. The rapid rate of production, mechanical properties (3 MPa average tensile strength), and biocompatibility of PHBV fibres, opens an extensive potential range of biomedical applications.



As a means to tailor the biological or mechanical function of PHBV scaffolds, blends, and composites with other natural or synthetic biopolymers [10,11,12,13,14], and bioceramics [15,16,17,18] have been studied. In particular, collagen type-I, which is the most abundant protein in the ECM [19] and responsible for the integrity of the tissue, is one of the most commonly investigated materials for TE scaffolds and as a coating or component in composite TE scaffolds [20,21,22]. Collagen type-I possesses structural motifs to which cell integrins bind [23], mediating cellular adhesion and migration in the native ECM [24]. To imbue scaffolds with these properties, collagen type-I is commonly combined with synthetic biocompatible polymers like poly-ε-caprolactone and poly-lactic acid, to improve cell growth and adhesion. Likewise blends of PHBV and collagen have been reported, with the incorporation of collagen resulting, in all cases, in superior cellular behaviour over pure PHBV scaffolds. Han et al. [2] examined the co-culturing of hair follicular epithelial cells with dermal sheath cells on electrospun scaffolds of PHBV, PHBV/Collagen, and PHBV/gelatin. PHBV/collagen blends not only showed the greatest extent of cell growth, but also the expression of extracellular materials, i.e., type I collagen, smooth muscle actin, and elastin. While a study by Prabhakaran [18] with similarly prepared electrospun scaffolds, compared PHBV and PHBV/collagen composites, in random and aligned orientations, as substrates for nerve regrowth. Composite scaffolds with a higher ratio of collagen content displayed higher levels of cell growth, and cells were observed to align with the orientation of composite fibres. However, no differences in the total cell proliferation were observed between different fibre orientations, indicating that the driver in cell growth was collagen content.



PHBV is known to be a hydrophobic polyester without many functional groups available for a covalent biofunctionalisation [25]. In this regards, different efforts have been made for incorporating biological cues in order to render this material more attractive for cells and favour integration with surrounding tissues. Biazar et al. [26], fabricated nanofibre PHBV scaffolds using microwave plasma, afterwards submerged in a collagen solution at 50 °C, a method that may damage the side chain motifs to which cells bind. In a study of the use of somatic stem cells on PHBV-collagen electrospun membranes for skin defects [5], Keshel et al. immobilised collagen via the plasma method onto nanofibrous PHBV scaffolds. Their approach found that the graft of collagen-coated nanofibrous PHBV scaffolds loaded with USSC cells increased cellular growth and improved the healing process of skin defects in rat models. In the studies where the PHBV and collagen were electrospun concurrently in fluorinated solvents (e.g., hexafluoroisopropanol or trifluoroethanol), there was no conclusive characterisation of the collagen. This leads to contention as an article [27] examining the electrospinning of collagen nanofibres showed the denaturing effect of highly teratogenic [28] fluorinated solvents on collagen during the electrospinning process. This study and the lack of collagen characterisation in membranes spun from fluorinated solvents indicates benefit in the post-spinning conjugation of collagen to spun fibre scaffolds to preserve the triple helical structure. However, in the case of Han et al. [2], concurrently spun PHBV/collagen in fluorinated solvents still demonstrate superior cellular growth than PHBV/gelatin scaffolds prepared in the same manner.



In this work, forcespun PHBV fibres optimised in previous work by this group [9], have been grafted with type I collagen using the easy, efficient, and low-toxicity carbodiimide coupling chemistry. The grafting of collagen molecules aims to incorporate biofunctional motifs onto forcespun PHBV nanofibres, enhancing the biological properties of the fibre scaffold and improving the adhesion while preventing collagen loss in vitro through the use of covalent crosslinking to the polymer scaffolds. In this paper, we propose a new approach that combines forcespinning-fabricated membranes and the simple and efficient carbodiimide chemistry as a production method for fabricating in a quicker and scalable manner, collagen-functionalised nano/microfiber membranes, in the absence of toxic processing solvents that can lead to undesirable effects. This approach of fabricating PHBV-Collagen scaffolds and the physical-chemical properties of functionalised fibres were evaluated, along with cytocompatibility using human fibroblast cells, in order to demonstrate the suitability for tissue engineering and regenerative medicine applications.




2. Materials and Methods


2.1. Materials


Poly(3-hydroxybutyric-co-3-hydroxyvaleric acid) (PHBV) (12% valerate, Sigma Aldrich, St. Louis, MO, USA), Chloroform (99.8% reagent grade, Sigma Aldrich), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (Sigma Aldrich), N-Hydroxysuccinimide (NHS), 2-(N-Morpholino) ethanesulfonic acid hydrate (MES) (Sigma Aldrich), Sodium Hydroxide (Sigma Aldrich), Tween 20 (Sigma Aldrich), Dulbecco’s Phosphate Buffered Saline (PBS) (without calcium chloride, liquid, sterile-filtered, Sigma Aldrich), DAPI (Sigma Aldrich), Dulbecco’s Modified Eagle Medium (DMEM) (high glucose, Thermo Scientific, Waltham, MA, USA), Live/Dead cytotoxicity kit (Thermo Scientific), Collagen type I Pepsin-extracted 6 mg/mL (Collagen Solutions Plc., London, UK), were purchased and used without further purification. Sirius Red collagen staining kit was purchased from Biocolor (Antrim, UK). The deionized water used in the experiments was obtained using a Purite Suez Edi-60 with Suez PP8 and PT8 (Paris, France) purification cartridges equipped.




2.2. Methods


2.2.1. Preparation of PHBV Fibre Membranes and Films


A solution of 25% w/v PHBV in chloroform was prepared by stirring for 12 h in ambient conditions. A FibeRio 1000M Forcespinning™ machine (McAllen, TX, USA) was used to produce the samples. For each spin cycle, 1.6 mL of solution was injected into a hollow fluid reservoir, which was tipped with two hypodermic needles (30 gauge with a shaft length of 12.5 mm). The collector was located radial to the spinneret and comprised a series of metallic bars set at 39.2 cm (OD) from the spinneret at 9000 rpm (as reported in Figure 1). Cardboard rectangular frames of dimensions 180 and 85 mm were affixed to the bars to facilitate the collection of flat areas of the fibrous web.



Films of PHBV were prepared by solvent casting. PHBV pellets, 5% w/v, in chloroform were added to 100 mL of chloroform and stirred until fully dissolved. The solution was cast into a 15 cm Ø diameter petri dish and the solvent removed overnight under gentle air flow.




2.2.2. Collagen Immobilisation


Collagen type I was immobilised onto the PHBV fibre membranes using the following protocol. PHBV fibrous mats were immersed into 1 M sodium hydroxide solution at room temperature for 3 min. Then, the NaOH solution was removed and the samples were washed with distilled water. Alkali-treated fibrous mats were submerged into a solution containing 10 mM of EDC and 10 mM of NHS in MES buffer (pH = 6) for 6 h. Activated PHBV mats were submerged into a collagen solution (1 mg/mL in acetic acid solution, pH 6) overnight at 4 °C. The obtained samples were washed abundantly with distilled water.




2.2.3. Fibre Morphology


The surface morphology of forcespun PHBV fibres was analysed using environmental scanning electron microscopy (ESEM, TESCAN VEGA LMU, Newcastle University, Newcastle, UK) at an accelerating voltage of 15 kV at 600× and 800× magnifications.




2.2.4. ATR-FTIR (Attenuated Total Reflection, Fourier-Transform Infrared Spectroscopy)


The PHBV films and fibrous mats before and after collagen grafting were examined by mid-infrared spectroscopy. FTIR spectra of 36 scans at 4 cm−1 resolution, within the range of 4000–600 cm−1, were obtained by a Frontier PerkinElmer FT-IR spectrophotometer (PerkinElmer, Waltham, MA, USA) with a universal attenuated total reflectance (ATR) module in the diamond.




2.2.5. XPS


The surface composition was determined by X-ray photoelectron spectroscopy (XPS; Theta Probe, Thermo Scientific, East Grinstead, UK), which uses a micro-focused AlKa X-ray source (1486.6 eV), operated with a 400 µm spot size (100 W power). Survey spectra were collected at pass energy of 200 eV, a step size of 1 eV, and a dwell time of 50 ms, with the spectrometer operated in standard (not angle-resolved) lens mode. High-resolution regional spectra were collected using pass energy of 40 eV, a step size of 0.1 eV, and a dwell time of 200 ms. High-resolution spectra envelopes were obtained by curve fitting the synthetic peak components using the software CasaXPS (Version 2.3.19).




2.2.6. Collagen Quantification—Sirius Red Assay


The amount of collagen present in the coated PHBV fibres and films was quantitatively determined using the Sirius Red dye kit. Films and fibrous mats were cut into square samples with a surface of 1 cm2 and then incubated in 1 mL of Sirius Red dye in a cap tube for 30 min, forming a collagen-dye complex following the protocol provided by Sircol. Thereafter, the dye solution was drained, and the stained samples were washed twice with cold washing solution, removing the unbound dye. The washing solution was removed along with any fluid from the lip of the Eppendorf tubes using cotton wool buds. The bound dye was dissolved using 250 μL of the provided alkali solution to the samples and mixed for 10 min. Then, 200 μL of collagen bound-dye solution was transferred into a 96-well plate, and optical density was measured at 555 nm with UV-Vis scanning spectrophotometer (Sunrise, TECAN, Mendendorf, Switzerland) using XFluor4 software (TECAN, V4.51). The quantity of collagen bonded to PHBV films and fibres was calculated using a calibration curve prepared with known collagen concentrations. All the measurements were performed in triplicate.




2.2.7. Contact Angle


The fibre membrane surface static contact angles were investigated at room temperature using a Contact Angle CAM 200 KSV Instrument (KSV Instruments, Helsinki, Finland), equipped with One Attension Theta software using the sessile drop method, dispensing 5 μL water droplets (HPLC grade) directly onto the sample surface. Contact angle measurements were analysed using automated software and presented as the average of 10 measurements from three different points on each surface.




2.2.8. Thermal Analysis


Differential scanning calorimetry (DSC) was used to investigate changes in the thermal properties of PHBV fibre membranes before and after collagen conjugation. Samples (4–8 mg, aluminium pans) were analysed using a Netzsch Polyma, Netzsch Proteus software. A heating scan from 20 to 200 °C was conducted at a rate of 10 °C min−1 under a nitrogen atmosphere.




2.2.9. Hydrolytic Degradation


In vitro biodegradation studies were performed in Phosphate Buffered Saline (PBS) solution, pH 7.4, at 37 °C (VWR, Incu-Line). Differences in mass were measured by subtracting the dry weight after incubation at time points from the initial dry weight. The material was removed from incubation, washed with deionised water, and dried in a vacuum desiccator before weighing.




2.2.10. Cell Culture


Neo-NHDF fibroblasts were grown at 37 °C, 5% CO2, in Dulbecco’s Modified Eagle Medium (DMEM, Sigma Aldrich, UK), 4.5 g/L glucose, supplemented with 10% foetal bovine serum (FBS) and a 1% antibiotic mix containing penicillin and streptomycin (100 μg/mL). Circular force-spun samples of 10 mm diameter (thickness of 127 ± 5.8 µm) were secured in cell well inserts (Cellcrown 24, Scaffdex, Tampere, Finland), positioned in 12 well plates (Tissue culture treated, 3526, Costar), and UV-sterilized at 254 nm for 30 min. DMEM was placed into each well up to the level of the scaffold surface, pre-wetting the material for 30 min before cell seeding. A suspension of 40,000 cells in DMEM was seeded onto the surface of each scaffold (incubated at 37 °C, 5% CO2, for 30 min, then the wells were topped up with DMEM to a volume of 1.5 mL.




2.2.11. Cytotoxicity (Live/Dead)


Cell viability was assessed with live/dead staining (LIVE/DEAD® Imaging Kit, Life Technologies, Thermo Fisher Scientific) at days one and three. Samples were washed with PBS and stained with 1.5 mL solution of 1 μL calcein AM and 2 μL Ethidium homodimer-1 per mL in PBS. After 30 min of incubation at room temperature, the scaffolds were mounted on glass slides and an area of 3.6 mm2 was imaged with DLMB-Lecia microscope, using Spot Advanced software.




2.2.12. Metabolic Activity


Metabolic activity was assessed by Presto Blue assay (Life Technologies, Thermo Fisher Scientific). Cell culture media was removed from samples and replaced with 1500 μL of 1:9 v/v Presto Blue to DMEM. Treated samples were incubated at 37 °C, 5% CO2, for 2 h after which the solution was removed and 200 µL from each sample placed into an opaque 96-well plate. Fluorescence readings were measured using a Gemini XPS and EM Microplate Reader (Molecular Devices, Wokingham, UK)




2.2.13. Staining Cellular Cytoskeleton (Confocal)


Cell morphology was observed using cytoskeleton and nucleus stains. After culture, samples were fixed using 4% paraformaldehyde for 15 min at room temperature, after which samples were washed with PBS/tween (0.1%) three times. 1500 µL of Rhodamine-Phalloidin solution (prepared to 1:1000 dilution in PBS) was added to each sample for 30 min at room temperature, after which the solution was removed, and samples were washed thrice with deionised water. DAPI (1 mg/mL in PBS) was added to each well for 30 min at room temperature; samples were then washed with PBS before mounting on microscope slides. Images were obtained with a Nikon AR1 inverted microscope using Nikon NIS elements software.





2.3. Statistical Analysis


Analytical tests were performed in triplicate to attain statistical validity. Statistical analysis was determined using Prism 7 software (GraphPad). The threshold for significance was determined at p < 0.05.





3. Results


3.1. Scaffold Characterisation


3.1.1. Fibre Collagen Content and Morphology


Figure 2 depicts fibre morphologies of PHBV membranes before and after collagen conjugation. Fibre diameter in unconjugated samples ranged between 731 and 5.40 µm (median 1.67 µm, SD ± 1.27 µm), and the range observed in conjugated fibres was between 631 and 6.85 µm (median 1.64 µm, SD ± 1.99 µm). Collagen content was measured as a function of surface area and sample mass. Conjugated casted films were observed to contain on 8.3 ± 1.1 µg/cm2 of collagen per area of film, while conjugated nanofibres detected values of 25.4 ± 3.1 µg/mg of collagen per mass of polymeric mesh.




3.1.2. ATR-FTIR


The results from the ATR-FTIR analysis of unconjugated PHBV fibre membranes and collagen-conjugated samples are shown in Figure 3. The strong band present at 1720 cm−1 corresponds to the C=O group in the PHBV ester bond. The broad-band at 3100–3600 cm−1 in the conjugated samples is related to the –OH groups present in the collagen. Characteristic collagen amide bonds were observed at 1658 cm−1 and 1558 cm−1, representing Amide I and Amide II for the PHBV-Collagen-conjugated sample, respectively.




3.1.3. XPS


The surface chemical composition of the scaffolds was measured by XPS (Figure 4). PHBV presents two characteristic peaks of C 1s, 284.5 eV, and O 1s, 532.0 eV. With the conjugation of collagen, there is a sharp increase in the N 1s signal at 398.7 eV, indicating that the conjugation was successful. Relative element content changed from C 1s 74.5% (SD ± 1.8%) to 70.5% (SD ± 0.8%), N 1s 1.7% (SD ± 0.6%) to 10.3% (SD ± 0.7%), and O 1s 23.9% (SD ± 1.3%) to 19.2% (SD ± 0.3%), between PHBV and collagen-conjugated PHBV samples. High-resolution XPS analysis of the N 1s signal detected the presence of C–N (398.3 eV), –NH–, and C–NH2 (~400 eV), and C–N (401.5 eV) bonds in the conjugated samples.




3.1.4. Differential Scanning Calorimetry


Figure 5 shows the DSC thermograms of both the conjugated and the unconjugated scaffolds, and the numerical data are summarised in the Table 1. Both thermograms displayed the characteristic twin peak of PHBV polymer melting behaviour, with a Tm (melting temperature) profile of PHB at 163.8 °C and PHV (polyhydroxyvalerate) at 141.3 °C. However, for the PHBV-Collagen fibres, a decrease of the typical PHBV melting temperature for both PHB and PHV melting peaks upon collagen conjugation was noticed, with a Tm of 155.3 °C for PHB and 136.9 °C for PHV. No great differences were detected for ΔHm (melting enthalpy) between PHBV and PHBV-collagen-melting enthalpies. Crystallisation temperature, as Tc peaks, were recorded at 55.7 and 56.9.6 °C in unconjugated (PHBV) and collagen-conjugated (PHBV-Collagen) samples, respectively. By introducing collagen as a surface bio-functionalisation, ΔHc (crystallisation enthalpy) slightly decreased from 0.182 to 0.120 µV s/mg. Collagen denaturation temperature was detected as a small peak at 44.8 °C for collagen-conjugated PHBV; this peak was not observed for pure PHBV scaffolds.




3.1.5. Contact Angle


The difference in wettability between conjugated and unconjugated fibres is shown in Figure 6A, evaluated by static contact angle analysis. The contact angle of PHBV fibres was significantly (p < 0.001) reduced from an initial value of 92.56° (SD ± 7.1°) to 54.1° (SD ± 9.5°) upon conjugation with collagen.




3.1.6. In Vitro Degradation Study


The change in the mass of the samples incubated in phosphate buffered saline (PBS) (pH 7.4) was monitored over a six-week period (intervals T0, T1, T2, T4, and T6 weeks). Analysis of the dry start and finish weights (Figure 6B) indicated that there was no statistically significant difference in the mass between time points (*ns) for both conjugated and unconjugated samples. However, by comparing both samples at the same time point (T), it was noticed that PHBV samples only showed a significant decrease in the mass against the PHBV-Collagen sample (*p < 0.05) at week 6 (T6).





3.2. Cytocompatibility Studies


3.2.1. Metabolic Activity


The relative metabolic activity of Neo-NHDF fibroblasts was measured using a Presto Blue assay (Figure 7). At day 1, no significant difference in metabolic activity was observed between samples. On days 3 and 7, cells seeded onto PHBV-Collagen scaffolds had significantly higher metabolic output than those on PHBV scaffolds. On day 3 PHBV-Collagen samples displayed significantly higher cell metabolic activity than in the glass samples, while on day 7, the difference in output was not significant.




3.2.2. Cytocompatibility and Cell Morphology


A Live/Dead assay was used to assess the viability of Neo-NHDF cells on the conjugated and unconjugated scaffolds, shown in Figure 8. On day 1, it can be observed that the number of dead cells on the PHBV-Collagen scaffolds was fewer than on the PHBV scaffolds. Simultaneously the PHBV-Collagen scaffolds were observed to host a much higher number of live cells than on the PHBV scaffolds.



In order to assess the cell morphology and cell spreading onto the samples, actin cytoskeleton staining of the cells was performed using rhodamine phalloidin. Figure 8 depicts the cell morphology of Neo-NHDF cells on conjugated and unconjugated scaffolds at days 1, 3, and 7. The F-actin cytoskeleton staining evidenced a typical fibroblast morphology, with an increase over time when in the presence of the collagen conjugation (Figure 8). At different time points, cells were found to be more spread and widely attached to PHBV-Collagen scaffolds than on PHBV. In PHBV substrates, cell shape was rounded on day 1 (Figure 8), and more elongated towards day 7. Cells seeded onto PHBV-Collagen scaffolds were observed to attach and grow at a faster rate than on the PHBV scaffolds.






4. Discussion


As cellular microenvironments play a relevant role in cellular function, mimicking the physical and chemical properties of native extracellular matrices is a useful approach to regulate cell behaviour. A key factor in tissue engineering and regenerative medicine is the design and manufacture of biocompatible and biodegradable constructs. PHBV is a promising biodegradable and non-antigenic biopolymer, as low molecular weight PHB is present in biological cells. Although this biopolymer (and monomers and oligomers) has been shown to be an excellent candidate biomaterial for tissue engineering [29], similar work on nerve and skin tissue engineering have shown improved surface properties and cellular behaviour on collagen-coated nanofibers [4,5,18]. Collagen is a key component of the extracellular matrix present in nearly every tissue in the human body; thus it’s grafting to a base polymer has been shown to increase the adhesion and proliferation of cells onto polymeric scaffolds [30], making collagen functionalisation treatment an attractive practice for enhancing the biological performance of a material.



In this work, the grafting of collagen to PHBV forcespun membranes was confirmed by XPS and ATR-FTIR as successful. Characteristic FTIR collagen signals corresponding to Amide I and Amide II [31] were identified in the conjugated samples. This result was reinforced by XPS analysis, where an appreciable increase in the N 1s signal intensity was observed in conjugated samples. Nitrogen from the collagen-conjugated PHBV constituted about 10.3 at % of the total atom. Although an N 1s signal was detected in the low-resolution XPS scan of unconjugated PHBV samples, the signal intensity of 1.7 at % was within the analytical error, as the structure of PHBV did not contain nitrogen. Deconvoluted high-resolution XPS of the N 1s peak in the conjugated samples revealed the presence of C–N, –NH–, C–NH2, and N–H attributable to signals between 398.3 and 401.5 eV. The bond signals closely matched the typical values for collagen, corresponding with both the literature [32,33,34] and the Thermo Scientific XPS library.



Moreover, the Sirius Red staining assay was used to qualitatively and quantitatively assess the presence of structural collagen in the fibre scaffolds. The dye functions by binding to the side chains present only in the structural collagen; gelatin, or otherwise denatured collagen is not bound by the dye [35]. Images of the scaffolds after staining show a high level of collagen conjugation, a result confirmed by the quantitative measurement of collagen content. Fibre membranes were observed to contain a much higher level of collagen content by mass than films of PHBV. The higher levels of collagen present in the fibres can be attributed to the higher surface area [36] exhibited by nano/microfibers in comparison to films, exposing more sites of conjugation in the fibre membranes.



Analysis of the surface wettability demonstrated an increase in the hydrophilicity of PHBV fibres upon conjugation due to the hydrophilic structural motifs present in the collagen molecule. A significant reduction from 93° to 54° in the contact angle of deionised water with conjugation is indicative of more favourable cellular adhesion properties [37,38]. A general trend is an increase in cellular adhesion on surfaces with a lower wettability value; however, this property consists of multiple factors, such as surface roughness and surface chemistry [39], which independently affect wettability and cellular adhesion. PHBV is quite a hydrophobic polyester without many functional groups for biomolecule grafting. Therefore, these results indicated that the chemical grafting of collagen motifs [40] increases the wettability of PHBV, which enhances cellular adhesion as observed in this study.



The DSC analysis was used to assess the thermal properties of PHBV and PHBV grafted collagen. Both spectra exhibited typical Tc and Tm values for PHBV [41], with the presence of the characteristic peak for collagen’s denaturation temperature only in the conjugated samples [42]. Collagen conjugation led to a small downward shift in peak temperatures for the melting points of PHB and PHV, with peak enthalpies remaining consistent. Surface functionalisation or blending of proteins is known to decrease the melting temperature of polymeric-based scaffolds, and this study shows that the addition of collagen reduced the melting temperature of PHBV [18,43]. However, the Tc of PHBV membranes remained similar, showing small changes in the total crystallinity. These results indicate that collagen was successfully grafted superficially onto the PHBV forcespun fibres, without decreasing or impacting the polymer bulk thermal properties. The thermal stability of the collagen conjugated substrates remains comparable to neat PHBV.



Similarly, analysis of the data collected from in vitro degradation studies showed no significant change in mass over the course of six weeks, in both sample sets. This result is consistent with the observation of similar thermal properties in conjugated and unconjugated samples, in that surface conjugation with collagen presents no significant change to the stability of fibres under degradation conditions; a result consistent with other studies on PHBV fibre scaffolds [18]. These results are consistent with the measured degradation of PHBV in the literature, which exhibits a slow degradation rate under identical conditions, of 5.6% total mass loss after 229 days [44]. In addition, these mass changes are attributed solely to the PHBV, as the mass of collagen would be too low to impact the results. The retention of collagen in its triple helical structure under degradation conditions is a good indicator that the conjugated fibres can retain their enhanced biological characteristics over time in vivo.



A key component in determining the viability of the scaffold is to observe the behaviour of the fibroblastic cells on the membranes. Collagen is a major constituent of the ECM, bearing the motifs to which cell integrins bind [45], and as such, scaffolds conjugated with collagen displayed a much higher level of cellular growth and adhesion [20,21,46]. A Live/Dead assay (Figure 8) on the same sample area showed a greater quantity of live cells on PHBV-Collagen than the PHBV surface. Cellular viability is a key indicator of biological success in living tissue, and thus an important aspect of assessing the efficacy of new materials for TE applications [47]. In this work, a greater number of viable cells growing on PHBV-Collagen conjugated substrates, with an increase in metabolic activity after day 3 was found (as shown in Figure 7). As the adhesion of cells to a surface is key in the mediation of multiple cell functions [38,48] (i.e., structural protein deposition, proliferation, migration, etc.), greater observed viability, mitochondrial activity, cell attachment, and spreading was observed in the presence of collagen motif-bearing conjugated membranes. Although not in collagen-grafted PHBV membranes, similar results were observed by the studies of Prabhakaran et al. using PC12 neural cells on electrospun PHBV nanofibers, where cell proliferation improved on the blended PHBV-Collagen nanofibers for nerve tissue engineering [18].



Confocal imaging of the fibroblast cytoskeleton (F-actin) and nuclei evidenced normal fibroblast morphology with an increased number of cells over time, specifically in the presence of collagen. By day 7, cells formed a dense monolayer on the surface of conjugated scaffolds, orienting themselves nearly parallel to each other and the substrate. Whereas cells growing on the unconjugated scaffolds were more sparsely distributed. Human dermal fibroblasts attachment, growth, spreading, and viability were significantly enhanced on the PHBV-Collagen, demonstrating the positive effect of collagen conjugation to promote tissue growth and overcome relatively poor cell adhesion properties of the PHBV material. Similar work for cartilage tissue engineering showed that collagen-modified PHBV provided a more favourable surface for chondrocytes adhesion, spread, and proliferation than PHBV [25]. With the conjugation of collagen, there are a greater number of focal adhesion points available for cells to adhere to, allowing the cells to begin proliferation sooner than without focal adhesion points. This results in quicker tissue formation of tissue, ideal for TE scaffolds, where rapid regeneration of the host tissue is a primary goal.




5. Conclusions


PHBV fibre scaffolds were successfully prepared by force-spinning and covalently conjugated with type I collagen by using carbodiimide chemistry. Collagen surface functionalisation was evidenced by the presence of amide I and II bands in ATR-FTIR and nitrogen contents detected by XPS scans of about 10.3 at % of the total atom, which was not observed in pure PHBV scaffolds. Surface functionalisation improved the surface properties of PHBV substrates significantly by rendering it hydrophilic properties, evidenced by a significant reduction of PHBV contact angles from 93° to 54° by grafting collagen. The amount of collagen was successfully quantified in (2D) films by obtaining a superficial amount of 8 μg/cm−2 collagen and in 3D membranes with 25 μg of collagen per mg of porous membranes. Collagen grafting onto PHBV forcespun membranes did not change the morphology significantly and the fibre diameters, ranging between 631 nm and 6.85 µm. Moreover, collagen-conjugated PHBV fibres showed physiological stability as pure PHBV scaffolds, as degradation assays showed no changes of mass over six weeks of incubation and the thermal properties of PHBV polymer were maintained post chemical conjugation. Collagen-modified PHBV forcespun membranes provided a more favourable surface for human fibroblast adhesion, spread, and growth than PHBV. Force-spun PHBV fibre membranes conjugated with type I collagen presenting promising characteristics for use as scaffolds for tissue engineering, as an alternative and scalable method of creating nano/microfibres with enhanced biological properties in a more efficient and less toxic manner than current technologies.
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Figure 1. Schematic representation of the fabrication process for the PHBV-Collagen enhanced scaffolds using forcespinning and carbodiimide coupling. 
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Figure 2. Quantification of collagen content by Sirius Red Assay in (A). PHBV films (ug of collagen per area) and 3D fibrous mesh fabricated by forcespinning (ug of collagen per mass of fibres) (B). Microscopy of 3D fibrous PHBV mesh stained with Sirus Red (C) before, and (D) after, collagen functionalisation. SEM image of fabricated scaffolds by forcespinning (E) before, and (F) after collagen grafting. Scale bar in SEM corresponds to 100 μm. 
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Figure 3. ATR-FTIR analysis of unconjugated (blue) and conjugated (green) fibrous scaffolds. 
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Figure 4. XPS analysis of PHBV and PHBV-Collagen fibre membranes: (a) a high-resolution view of the N 1s peak observed upon conjugation of collagen; (b) spectra for PHBV-Collagen; (c) table of peak binding energies and the percentage of elements present; and (d) spectra for PHBV. 
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Figure 5. DSC thermograms of PHBV and PHBV-Collagen membranes. 
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Figure 6. (A) Change in PHBV contact angle with collagen conjugation. (B) Percentage change in the mass in the conjugated and unconjugated fibres over six weeks of incubation at physiological conditions (* p < 0.05, ns: not significant). 
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Figure 7. Relative fluorescent output of metabolised presto blue, representative of the cellular metabolic activity on scaffolds (* p < 0.05). 






Figure 7. Relative fluorescent output of metabolised presto blue, representative of the cellular metabolic activity on scaffolds (* p < 0.05).



[image: Coatings 09 00350 g007]







[image: Coatings 09 00350 g008 550]





Figure 8. Cytotoxicity, cell viability, and cell morphology of Neo-NHDF cells cultured on force-spun PHBV scaffolds with and without collagen. Immunofluorescent images of Neo-NHDF cells stained with the Live/Dead membrane integrity assay (green—viable cells, red—dead cells, 5× magnification). Confocal microscope images showing the morphology of the Neo-NHDF cells seeded on PHBV and PHBV-Collagen scaffolds on days 1 (D1), 3 (D3), and 7 (D7) (red—phalloidin, and blue—DAPI, 5× and 10× magnifications). 
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Table 1. Summary of main peaks and the respective enthalpies of DSC thermal transitions for PHBV and PHBV-Collagen.
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	Sample
	Collagen Td (°C)
	PHBV Tc (°C)
	PHV Tm (°C)
	PHB Tm (°C)
	Collagen ΔHd (µV s/mg)
	PHBV ΔHc (µV s/mg)
	PHBV ΔHm (µV s/mg)





	PHBV
	–
	55.7
	141.3
	163.8
	–
	0.182
	150.4



	PHBV-Collagen
	44.8
	56.9
	136.9
	155.3
	0.189
	0.120
	150.7
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