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Abstract: 

Scaffolds manufactured from biological materials promise better clinical functionality, providing 

that characteristic features are preserved. Collagen, a prominent biopolymer, is used extensively for 

tissue engineering applications, because its signature biological and physico-chemical properties are 

retained in in vitro preparations. We show here for the first time that the very properties that have 

established collagen as the leading natural biomaterial are lost when it is electro-spun into nano-

fibres out of fluoroalcohols such as 1,1,1,3,3,3-hexafluoro-2-propanol or 2,2,2-trifluoroethanol. We 

further identify the use of fluoroalcohols as the major culprit in the process. The resultant nano-

scaffolds lack the unique ultra-structural axially periodicity that confirms quarter-staggered 

supramolecular assemblies and the capacity to generate second harmonics signals, representing the 

typical crystalline triple-helical structure. They were also characterised by low denaturation 

temperatures, similar to those obtained from gelatin preparations (p>0.05). Likewise, circular 

dichroism spectra revealed extensive denaturation of the electro-spun collagen. Using pepsin 

digestion in combination with quantitative SDS-PAGE, we corroborate great losses of up to 99% of 

triple-helical collagen. In conclusion, electro-spinning of collagen out of fluoroalcohols effectively 

denatures this biopolymer, and thus appears to defeat its purpose, namely to create biomimetic 

scaffolds emulating the collagen structure and function of the extracellular matrix. 
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1. Introduction 

Collagen type I accounts for up to 70-90% of the collagen found in the body and it is present in the 

form of elongated fibres in various tissues. Individual fibrils can be greater than 500μm in length 

and 500nm in diameter [1, 2]. These building blocks are rod-like triple-helices that are stabilised by 

intra-molecular hydrogen bonds between Gly and Hyp in adjacent chains [3-6]. Tissues rich in 

fibrous collagen such as skin and tendon are generally used to extract collagen. Dilute acidic 

solvents are used to break intermolecular cross-links of the aldimine type, whilst proteolytic 

enzymes, such as pepsin, are used to cleave the more stable cross-links of the keto-imine type. 

Pepsin cleaves only the non-triple-helical C- and N-telopeptides, leaving the triple-helical molecule 

intact [7-9]. Extracted collagen from either of the above preparations is favoured for biomedical 

applications since in vitro, under appropriate conditions, would spontaneously self-assemble to form 

biodegradable and biocompatible insoluble fibrils of high mechanical strength, low immunogenicity 

and with a D-periodicity indistinguishable from that of native fibres [10-14]. 

Electro-spinning has been recently introduced as the most promising technique to manufacture in 

vitro fibrous scaffolds for tissue engineering application with fibre diameter ranging from a few 

microns to less than 100nm. Such materials aim to mimic extracellular matrix components, such as 

collagen fibrils whose diameter in vivo range from 20nm to 40μm [15-17]. Currently, the most 

widely adopted method involves the electro-spinning of pure collagen or collagen-poly(ε-

caprolactone) blends out of highly volatile fluoroalcohols such as 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFP) [18-25] or 2,2,2-trifluoroethanol (TFE) [24, 26]. However, it has been shown earlier with 

non-collagenous proteins that fluoroalcohols not only denaturate the native structure, but also lower 

the denaturation temperature [27-29]. Moreover, in a recent publication, it was shown that 45% of 

collagen is apparently lost during electro-spinning [30]. Additionally, electro-spinning of collagen 

using either HFP or TFE has been reported repeatedly to yield collagen nano-fibres that do not 



swell when in aqueous media like other collagenous structures [31-33], but instead are readily 

soluble in water, tissue fluids or blood [20, 22, 24, 34-36]. Since gelatin is the water-soluble 

degradation product of the originally water-insoluble collagen fibril [37], the observed water 

solubility of the electro-spun collagen scaffolds might point to an extensive conformational change. 

Given the above, our hypothesis was that through the electro-spinning process, denaturation of 

collagen takes place and gelatin is created. 

To verify our hypothesis, we conducted a series of specific experiments that distinguish collagen 

from gelatin. Collagen is a crystalline [38-41] (Second Harmonic Generation Experimentation), 

triple helical molecule [2-6, 31] (Circular Dichroism Experimentation), whilst gelatin is 

characterised by destroyed α-chains, disrupted triple-helical and fibrillar structure and lacking 

internal structure or configurational order [37]. Moreover, the collagen fibrils possess a high degree 

of axial alignment and exhibit a characteristic D banding (the finger print of fibrous collagens), 

which results from alternating overlap and gap zones, produced by the specific packing arrangement 

of the 300nm long and 1.5nm wide collagen molecules. This produces an average periodicity of 

67nm in the native hydrated state [1, 3, 4, 12, 14, 31, 33, 42-45], although dehydration and 

shrinkage during conventional sample preparation for Transmission Electron Microscopy results in 

lower values of around 55 to 65nm [1, 44] (Transmission Electron Microscopy Experimentation). 

Furthermore, the denaturation temperature of collagen is higher than the denaturation temperature 

of gelatin [31, 46-52] (Differential Scanning Calorimetry Experimentation). Most importantly, the 

tight triple helical structure of the collagen molecule makes it resistant to pepsin or trypsin, unless 

its folding is locally compromised by either point mutations or heat denaturation [53] (Pepsin 

Digestion and SDS-PAGE Experimentation). Such molecules are unstable at physiological 

temperatures and they are degraded intra-cellularly [14]. Based on all the above, we demonstrate for 

first time that the electro-spun collagen scaffolds are not crystalline; are not triple-helical; are not 



quarter-staggered arranged; have denaturation temperature lower than or similar to gelatin; and are 

pepsin susceptible. Freeze-dried collagen dissolved in HFP and freeze-dried again (HFP-recovered 

collagen) also exhibited similar properties with those obtained from gelatin preparations, clearly 

indicating that fluoroalcohols are the major cause of denaturation. Taken together, this builds up 

strongest evidence that electro-spinning of collagen or co-spinning of collagen-synthetic polymers 

out of fluoroalcohols results in the creation of gelatin, a protein derived from denatured collagen 

and is characterised by destroyed α-chains, disrupted triple-helical and fibrillar structure and lacking 

internal structure or configurational order [37]. 

 

2. Materials & Methods 

2.1. Materials 

Porcine skin type A and bovine type B gelatin were obtained from Sigma-Aldrich (Singapore). 

Purified type I freeze-dried bovine dermal atelocollagens were obtained from Koken Co. (Japan) 

and Symatese Biomateriaux (France). In-house type I atelocollagen from porcine Achilles tendon 

was extracted as has been described previously [54]. Medical grade poly(ε-caprolactone) (mPCL) 

was purchased from Birmingham Polymers Inc (USA). Rat tail tendons and normal human skin 

were used as representatives of native assemblies. Unless noted otherwise, all chemicals and 

reagents were purchased from Sigma-Aldrich (Singapore). 

 

2.2. Nano-fibre fabrication through electro-spinning 

Typical protocols for the electro-spinning were used based on previous publications [18, 19, 21, 

24]. The following preparations were investigated: (a) in-house, Koken and Symatese collagens and 

Sigma gelatin type A and B dissolved in HFP at 50mg/ml concentration; (b) Koken collagen 



dissolved in HFP and TFE at 180mg/ml concentration; and (c) in order to investigate whether 

blending and consequent co-spinning of collagen with mPCL could prohibit or restrict the 

denaturation of collagen mPCL-Symatese collagen and mPCL-Sigma gelatin type A and B blends 

(5 to 1 ratio) and mPCL dissolved in HFP at 125mg/ml concentration. Either of the above solutions 

was loaded into a syringe pump (KD-Scientific, USA), which was set at 0.75 to 1.2ml/h. Upon 

application of high voltage (10 to 15KV; applied current was below 1µA) (Gamma High Voltage 

Research, USA) between the syringe needle (internal diameter 27G1/2) and the aluminium collector 

(12 to 15cm distance), the solvent was evaporated and the nano-fibres were deposited on the 

collector. All experiments were carried out at room temperature (RT: 22-260C) and 55-73% relative 

humidity. 

 

2.3. HFP-recovered collagen 

In order to assess the effect of the fluoroalcohols alone on collagen structure, freeze-dried in-house, 

Koken and Symatese type I collagen preparations were dissolved in HFP (50mg/ml concentration) 

and freeze-dried (Advantage ES-53, VirTis, SP Industries, Inc., USA). The material obtained is 

referred to as HFP-recovered collagen. 

 

2.4. Micro-fibre fabrication through extrusion 

The procedure for fibre formation has been described in detail previously [54] based on previous 

publications [55, 56]. Briefly, a solution of in-house collagen (6mg/ml in 0.5M acetic acid) was 

extruded into the Fibre Formation Buffer (FFB) comprised of 118mM phosphate buffer and 20% 

polyethylene glycol Mw 8,000 at pH 7.55 and 370C at a flow rate of 0.4ml/min. Resultant fibres 

were allowed to remain in this buffer for a maximum period of 10min, followed by further 10min 



incubation in 6.0mM phosphate buffer and 75mM NaCl at pH 7.10 and 370C and further 10min 

incubation in distilled water at RT. Finally the fibres air-dried under the tension of their own weight 

at RT. 

 

2.5. Self-assembly of collagen 

For the self-assembly experiments, freeze-dried collagens from in-house, Koken and Symatese 

preparations and their HFP-recovered counterparts were dissolved in 0.5M acetic acid at 1mg/ml 

concentration. FFB (see above) was warmed up for 30 min at 350C and was mixed with either of the 

collagen preparations (ratio of FFB to collagen solution 3 to 2). The mixture was incubated for 48h 

at 350C. 

 

2.6. Scanning Electron Microscopy (SEM) 

The morphology of the produced scaffolds was evaluated using a QuanTA 200F Jeol Scanning 

Electron Microscope (FEI Company, Hillsbora, Oregon-USA) after gold sputtering with a Jeol JFC-

1600 Auto Fine Coater (Tokyo, Japan). 

 

2.7. Transmission Electron Microscopy (TEM) 

Rat tail tendon, extruded collagen fibres and electro-spun scaffolds were fixed in 2.5% 

glutaraldehyde in 0.1M phosphate buffer for 16h at RT. After osmication and dehydration through a 

series of ascending aqueous ethanol concentrations, samples were embedded in araldite using 

appropriate intermediate infiltration steps. Ultra-thin sections were obtained using a Reichert 

Ultracut E ultra-microtome (Leica Microsystems Ltd, Germany), collected on Formvar coated 



copper grids and were viewed with a JEM-1220 Transmission Electron Microscope (JEOL Ltd, 

Japan) at 80KV, after were contrasting with 1% phosphotungstic acid pH 7.4 for 10sec and with 

aqueous 2% uranyl acetate solution for 10min. Collagen self-assemblies were analysed without 

fixation and embedding. 20µl of the assembly solution were transferred onto Formvar coated grids 

blotted against filter paper to remove excess water, dried for 16h at RT and contrasted as described 

above prior to viewing. 

 

2.8. Second Harmonic Generation (SHG) 

Second harmonic microscopy was performed by coupling a Titanium-Sapphire laser (Mira 900, 

Coherent, USA) to an upright microscope (IX71, Olympus, Japan). The laser was tuned to 838nm 

(<200femtosecond, 76MHz) and scanning was done with the commercial FV300 (Olympus, Japan). 

The beam was such that it slightly under-filled the back-aperture of the 20x objective and the input 

power was <100mW. Collection of the SHG signals was done in transmission with an oil 

immersion condenser and spectral filtering of the signal was carried out using a band-pass filter 

(BG40, Schott, Germany) and a short-pass filter passing below 450nm (FES450, Thorlabs, USA). 

Imaging was controlled with the Fluoview 5.0b software (Olympus, Japan) and images were 

scanned at 512x512 pixels and averaged over 4 images depending on the noise levels. Nano-

scaffolds, freeze-dried materials and 5µm thick cryosections (CM3050S, Leica Microsystems Ltd, 

Germany) of rat-tail tendon, normal human skin and extruded collagen fibres were mounted on 

glass-slides using polyvinyl-alcohol-DABCO medium underneath glass-coverslips to retain the 

materials wet prior to SHG investigation. 

 



2.9. Differential Scanning Calorimetry (DSC) 

The denaturation temperature was determined using an 822e Mettler-Toledo differential scanning 

calorimeter (Mettler-Toledo International Inc., Singapore). 50mg of either preparation was hydrated 

in 1500µl of PBS. The following day, the samples were blotted with filter paper to remove excess 

water. 5 to 15µg wet weight samples of every preparation were hermetically sealed in 50µl 

aluminium pans and heated at a constant temperature ramp of 50C/min in the temperature range of 

15 to 900C. An empty aluminium pan was used as reference probe. Thermal denaturation, the 

endothermic transition, was recorded as a typical peak, and two characteristic temperatures were 

measured corresponding to the peak (temperature of maximum power absorption during 

denaturation) and onset (temperature at which the tangent to the initial power versus temperature 

line crosses the baseline) temperatures. 

 

2.10. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Freeze-dried materials (original and HFP-recovered), extruded collagen micro-fibres and electro-

spun nano-fibres were subjected to acid-solubilisation in 0.5M acetic acid or pepsin-digestion in 

0.1mg pepsin per ml of 0.5M acetic acid (1mg/ml concentration in either case). Obtained 

suspensions were centrifuged for 15min at 13,326g at 40C (Biofuge, Fresco Heraeus Instruments, 

Germany) and the supernatants were analysed using SDS-PAGE. Protein bands were visualised 

using silver-staining (SilverQuest Kit, Invitrogen, Singapore) and quantitated using a GS-800 

densitometer (BioRad, USA). 

 



2.11. Circular Dichroism (CD) 

CD measurements of extracted material (see above) were performed using a Jasco Model J-810 

spectropolarimeter (Jasco, UK) using a quartz cylindrical cuvette (Hellma, Germany) with a path 

length of 0.1mm. The cuvette was filled with 150μl of sample for each measurement. CD spectra 

were obtained by continuous wavelength scans (average of three scans) from 180 to 260nm at a 

scan-speed of 50nm/min. The samples were equilibrated for an hour at RT before the CD spectrum 

was acquired. 

 

2.12. Statistical Analysis 

Numerical data is expressed as mean ± SD. Analysis was performed using statistical software 

(MINITABTM version 13.1, Minitab, Inc.). One way analysis of variance (ANOVA) for multiple 

comparisons and 2-sample t-test for pair wise comparisons were employed after confirming the 

following assumptions: (a) the distribution from which each of the samples was derived was normal 

(Anderson-Darling normality test); and (b) the variances of the population of the samples were 

equal to one another (Bartlett’s and Levene’s tests for homogenicity of variance). Non-parametric 

statistics were utilised when either or both of the above assumptions were violated and consequently 

Kruskal-Wallis test for multiple comparisons or Mann-Whitney test for 2-samples were carried out. 

Statistical significance was accepted at p<0.05. 

 

3. Results 

3.1. Scanning Electron Microscopy 

Figure 1 demonstrates SEM micrographs of the scaffolds evaluated in this study. It is apparent that 

electro-spinning yielded a randomly orientated and interconnected fibrous mesh, with individual 



fibre diameter to be in the nano-meter range. Through self-assembly, a thicker in diameter fibrous 

lattice was produced. The extrusion of collagen into a neutral buffer solution resulted in micro-scale 

fibres with smooth surface morphology and diameter similar to those of native rat-tail tendon. 

 

3.2. Transmission Electron Microscopy 

The electro-spun nano-fibres, independent of the collagen source, did not exhibit the characteristic 

cross-striation pattern of collagen that was apparent for the self-assembled and extruded collagen 

fibres and the native rat tail tendon fibres (Figure 2). Self-assemblies from HFP-recovered collagen 

exhibited the characteristic quarter-stagger arrangement of collagen only inconsistently (Figure 2). 

 

3.3. Second Harmonic Generation 

Native tissues generated stronger harmonic signals than the extruded and self-assembled collagen 

fibres and freeze-dried collagen (Figure 3). In contrast, neither the HFP-recovered collagens, nor the 

nano-fibres of collagen, gelatin or blends of thereof with mPCL, independent of the solvent utilised 

for the electro-spinning process, exhibited any SHG signals (Figure 3). 

 

3.4. Differential Scanning Calorimetry 

Table 1 provides the hydrothermal stability of the rehydrated materials. It is noteworthy that during 

rehydration, the starting freeze-dried collagens and extruded collagen fibres swelled, whilst the 

HFP-recovered and the electro-spun collagen-derived nano-fibres formed gels similar to those 

obtained from the gelatin preparations (results not shown). Extruded collagen fibres exhibited 

improved thermal properties over the original freeze-dried material (p<0.015 and p<0.016 for 



enthalpy and temperature of denaturation respectively), higher than any HFP-recovered collagen 

preparation (p<0.007 and p<0.001 for enthalpy and temperature of denaturation respectively) or 

pure protein (p<0.008 and p<0.001 for enthalpy and temperature of denaturation respectively) nano-

scaffold, and were found to closely match those of a native tissue (p>0.05 and p<0.003 for enthalpy 

and temperature of denaturation respectively), rat tail tendon in that case. HFP-recovered collagen 

(p<0.009 and p<0.001 for enthalpy and temperature of denaturation respectively) and electro-spun 

scaffolds (p<0.004 and p<0.001 for enthalpy and temperature of denaturation respectively) 

demonstrated impaired thermal properties over their original freeze-dried counterparts, independent 

of the solvent utilised. Moreover, collagen-derived nano-fibres and HFP-recovered collagen 

preparations exhibited enthalpies of denaturation similar (p>0.05) or even inferior (p<0.006) to 

those of gelatin. 

 

3.5. Circular Dichroism 

Figure 4 presents the CD spectra of the different preparations. The acid-solubilised and pepsin-

digested freeze-dried collagens exhibited sinusoidal CD spectra typical for triple-helical collagen in 

solution, consisted of a negative band with peak at around 198nm, a cross-over at 214nm and a 

positive band with peak at around 222nm. Gelatin exhibited only a negative peak of lower molar 

ellipticity than collagen, a characteristic of random conformation of the α-chains. The CD spectra of 

acid-solubilised electro-spun nano-fibres and HFP-recovered material were shifted to the right with 

a cross-over at around 218nm, demonstrated a negative band of low molar ellipticity and either 

lacked the positive peak alike the gelatin preparations; or showed a positive peak of very low 

intensity at around 222nm. The pepsin-digested complements of the above samples were shifted to 

the left with a cross-over at around 208nm, a negative band of low intensity and a positive band 



with maximum molar ellipticity at around 218nm. Extruded collagen fibres (collagen 

supramolecular assemblies), being acid-solubilisation and pepsin-digestion resistant (insoluble), did 

not exhibit any peaks (See Supplementary information, Figure S1). 

 

3.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

The protein-band pattern of Symatese collagen and Sigma gelatin type B (Figure 5) provides an 

example of the degree of purity of the original freeze-dried materials. The freeze-dried collagen was 

found to be resistant to peptic digest, showing its intact triple-helical nature, whilst the Sigma 

gelatin type B preparations were abolished from the gels, demonstrating absolute destruction of the 

randomly coiled α-chains. The densitometric analysis of the Symatese collagen preparations (Table 

2) revealed a loss in collagen 1+2(I) chains of around 58.2% for the HFP-recovered materials, 

which was increased up to 64.2% reduction for 1+2(I) when the collagen was electro-spun into 

nano-fibres. Almost no collagen was detectable, when complementary analysis of the pepsin-

digested samples was carried out; 93% losses for the 1+2(I) for the HFP-recovered collagen and 

99.5% losses for the 1+2(I) for the electro-spun nano-fibres. Analogous losses were obtained with 

the HFP-recovered and the electro-spun nano-scaffolds preparations originated from in-house 

collagen; the extruded however collagen fibres, being resistant (insoluble) to acid-solubilisation and 

pepsin-digestion exhibited clear lanes (Figure 6). Evaluation of Koken collagen originated nano-

scaffolds derived from TFE, proportional losses as with those obtained from HFP were obtained 

(Figure 7). Blends of mPCL-Symatese Collagen or mPCL-Sigma gelatin type A showed a 

comparable degree of protein denaturation after electro-spinning (Figure 8). 

 



4. Discussion 

Since electro-spinning is currently the prime method to construct nano-fibrous scaffolds and 

collagen is a superior, clinical approved biopolymer, it appeared logical to combine both technology 

and biomaterial to fabricate submicron scaffolds for tissue engineering applications. After Huang et 

al. 2001 [57] showed the feasibility to electro-spin collagen, this approach has become popular in 

the biomaterials and tissue engineering field, as reflected in a recent steep rise of publications. 

However, every single article testifies that collagen scaffolds derived via electro-spinning are 

readily soluble in aqueous media. Remarkably, this abnormal transformation of the water-insoluble 

biopolymer into a water-soluble scaffold was never questioned. Instead, it became customary to 

remedy the instability of the collagen nano-fibres by chemical [19, 20, 34, 35, 58] or physical [36] 

cross-linking. Based on our comprehensive work, we present unambiguous evidence that electro-

spinning degrades collagen into gelatin, which explains the solubility in aqueous media. 

Starting on the ultra-structural level, we confirmed the presence of collagen-typical periodicity for 

native rat tail tendon, self-assembled and extruded collagen fibres, which results from alternating 

overlap and gap zones, produced by the specific packing arrangement of the 300nm long and 1.5nm 

wide collagen triple helices [1, 3, 44]. It has been recognised for over 50 years that solutions of 

extracted collagen, when the pH, temperature and ionic strength are adjusted to physiological 

values, will spontaneously self-assemble to form insoluble, axially ordered fibrillar structures with 

characteristic cross-striated banding pattern [1, 44, 59-63]. The ability of type I collagen to form 

striated fibrils involves specific charge-charge and hydrophobic interactions. Although the 

mechanism of fibril formation in vitro and in vivo may be different, the final products have similar 

banding patterns [13]. Therefore, the inconsistent presence of periodic pattern for the HFP-

recovered collagen and the total lack for the electro-spun collagen scaffolds suggest compromised 

supramolecular collagen structure. This finding is in contrast to earlier work [18, 22] presenting 



cross-striated electro-spun nano-fibres. As revealed from the SDS-PAGE results, a small amount of 

collagen can withstand the process and therefore, we cannot exclude the possibility that this small 

fraction of intact triple-helices might form infrequently cross-striated fibrils, as also observed with 

the HFP-recovered collagen. However, this merely underlines the loss of integrity of the starting 

material. 

Optical analysis using second harmonic generation corroborated the ultra-structural data. The 

collagen fibril has been described as essentially a long, thin, single crystal [64] and X-ray 

diffraction studies indicate that the collagen molecules are arranged on a three-dimensional 

crystalline lattice [38, 39, 65, 66] that, in vivo, can be highly polarisable and often assembles into 

large, ordered noncentrosymmetric structures [67, 68]. Its unique triple-helical structure and the 

high levels of crystallinity make collagenous structures exceptionally efficient in generating the 

second harmonic of incident light [69, 70]. An excellent example is rat tail tendon, a tissue rich in 

type I collagen with extremely high level of crystallinity and structural alignment that is 

characterised by strong SHG signals in the presence of intense laser light [69]. Using native rat tail 

tendon and human skin as positive controls, we confirmed SHG signals in freeze-dried collagens 

and self-assembled collagen fibres, and as a novel finding, in extruded collagen fibres. The intensity 

of the signals in our in vitro collagen assemblies was lower in comparison to native tissues. 

Although this has been observed previously [70, 71], our TEM findings pinpoint the intensity 

difference between the in vitro and in vivo assemblies to the low and high respectively 

supramolecular configuration order. Gelatin on the other hand, our benchmark structure of 

thermally destroyed collagen, did not exhibit second harmonics, as also has been observed earlier 

[72, 73]. Accordingly, the absence of SHG signals in assemblies of HFP-recovered collagen and 

electro-spun collagen nano-fibres strongly suggests destruction of the microcrystalline structure of 

collagen. 



Another indication of denaturation of collagen through electro-spinning using fluorinated alcohols 

was derived from the thermal analysis. When collagen in hydrated state is heated, the helix-coil 

transition takes place, during which the triple helix melts and progressively dissociates into the three 

randomly coiled peptide α-chains (gelatin) [31, 46, 48, 49]. As expected, collagen with intact triple-

helical conformation, such as the freeze-dried collagen and the extruded collagen fibres exhibited 

thermal features comparable to native tissue that would not melt at physiological temperatures. 

However, the HFP-recovered and the electro-spun collagen-originated nano-fibres exhibited 

thermal profiles comparable to those of gelatin, suggesting complete denaturation [31, 50-52]. 

Further biophysical analysis of the nano-fibres in solutions showed extended denaturation of the 

triple-helical collagen, which is in agreement with a recent publication [30]. The CD spectra of the 

freeze-dried collagen preparations were consistent with the characteristic sinusoidal collagen triple-

helical structure [74-76]. In contrast, HFP-recovered collagen and the electro-spun collagen 

originated scaffolds exhibited CD spectra indicating massive loss of triple-helical collagen [75]; or 

suggesting random coils similar to those obtained from gelatin [52, 74, 76] respectively. When the 

same preparations were subjected to peptic digest, the CD spectra shifted to the left, indicating a 

non-triple-helical conformation, as has been observed with charged polypeptides, such as polylysine 

at low pH [76, 77]. 

Finally, quantitative SDS-PAGE allowed us to determine the loss of triple-helical collagen during 

the subsequent electro-spinning steps. As identical amounts of dry weight of freeze-dried collagen 

(starting material), HFP-recovered collagen or electro-spun fibres were subjected to SDS-PAGE 

analyses, a direct comparison of collagen content of the different samples was possible. Under these 

conditions, an apparent 58% and 64% reduction in collagen content for the HFP-recovered collagen 

and for the electro-spun scaffolds respectively was observed under acid solubilisation. These results 

are in accordance with a recent publication, where, using CD, a 45% loss in triple-helical collagen 



was observed for the electro-spun nano-fibres [30]. Although this test already indicates extensive 

losses of the starting material, it does not allow us to decide whether the -bands seen in the gel 

have been derived from intact or denatured triple-helices. We therefore applied the most stringent 

test of triple-helical integrity, namely the probing of collagen with pepsin. Pepsin is an aggressive 

protease that destroys globular proteins easily, but cannot attack an intact collagen type I triple-

helix, unless it is partially unfolded, molten or broken [78]. Therefore, SDS-PAGE after peptic 

digest demonstrated that in-house, Koken and Symatese type I collagen preparations were 

comprised of -chains of an intact collagen triple helix, whilst Sigma gelatin type A and B 

preparations were completely destroyed. Using this biochemical method, we were able to reveal the 

full and true extent of the collagen denaturation during the electro-spinning process. Disassociation 

of Symatese type I collagen in HFP resulted in 93% collagen losses, whilst the consequent 

application of high voltage yielded nano-scaffolds with approximately 0.5% collagen content 

(99.5% collagen losses). These results were consistent for all collagen preparations, independent of 

the fluoroalcohol used for the electro-spinning (HFP or TFE). Moreover, co-spinning of collagen-

mPCL did not protect in any way the triple-helical structure of collagen and proportional losses 

occurred. Overall, our data demonstrates that extensive denaturation takes place upon disassociation 

of collagen in the solvent, which is in direct agreement with previous published reports showing 

that fluoroalcohols denature the native structure of proteins [27-29]. It is worth pointing out that 

SDS-PAGE data of electro-spun collagen-originated scaffolds have been reported twice previously. 

However, no comparison with the starting material was available in the first publication [22]; and 

conspicuous losses in the second were not commented [58]. We believe that the peptic challenge of 

electro-spun collagen is the most stringent biochemical test and we have little doubt that the 

application of it in either of the earlier works, would have unravelled the damage that was done to 

the starting material. 



 

5. Conclusion 

Electro-spinning of collagen out of fluoroalcohols denatures collagen to gelatin. Thus, this in the 

literature so highly advocated process for fabrication of collagen nano-scaffolds appears to defeat its 

purpose, namely to preserve the typical biological properties of collagen and to imitate this major 

part of the extracellular matrix. Hence, if the unique properties of triple-helical collagen are desired 

within the design, then coating of the electro-spun scaffolds with collagen is the method of choice. 
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8. Figure legends 

Figure 1. SEM micrographs of the produced scaffolds. A, D and G: self-assembled fibres derived 

from in-house, Koken and Symatese collagen respectively. B, E and H: electro-spun nano-fibres 

derived from in-house, Koken and Symatese collagen respectively dissolved in HFP. C: extruded 

in-house collagen derived micro-fibre; insert: native rat-tail tendon fibre. F: electro-spun nano-

fibres derived from Koken collagen dissolved in TFE. I and L: electro-spun nano-fibres derived 

from Symatese collagen-mPCL and Sigma gelatin B-mPCL dissolved in HFP. J and K: electro-spun 

nano-fibres derived from Sigma gelatin B and mPCL respectively dissolved in HFP. 

 



Figure 2. TEM micrographs of: A and E; B and F; C and G: self-assembled fibres derived from in-

house, Koken and Symatese collagen respectively; I and M; J and N; K and O: self-assembled fibres 

derived from HFP-recovered in-house, Koken and Symatese collagen respectively; Q and U; R and 

V; S and W: electro-spun nano-fibres originated from in-house, Koken and Symatese collagen 

respectively dissolved in HFP; D and H: extruded in-house collagen derived micro-fibres; L and P: 

native rat-tail tendon; T and X: electro-spun nano-fibres originated from Koken collagen dissolved 

in TFE. The quarter-stagger arrangement of collagen was apparent for self-assembled, extruded and 

native rat tail tendon fibres, inconsistent for the HFP-recovered self-assembled fibres and not-

existent for the electro-spun nano-fibres, independent of the solvent. 

 



Figure 3. Bright-field and corresponding second harmonic generation images for: (a & e) human 

normal skin; (b & f) rat tail tendon; (c & g) in-house freeze-dried collagen; (d & h) extruded in-

house collagen micro-fibres; (i & m) in-house HFP-recovered freeze-dried collagen; (j & n) electro-

spun nano-fibres derived from Koken collagen using HFP; (k & o) electro-spun nano-fibres derived 

from Koken collagen using TFE; and (l & p) electro-spun nano-fibres derived from blend of 

Symatese collagen and mPCL using HFP. Electro-spun nano-fibres failed to exhibit SHG signals, in 

contrast to any other collagenous structure. 

 



Figure 4. CD spectra of the acid-solubilised (left column) and the pepsin-digested (right column) 

materials plotted as mean residue ellipticity [10-4 x (deg x cm2 x dmol-1)] Vs wavelength (nm). 

Typical spectra were obtained from the freeze-dried collagens and gelatin, indicating the presence 

and the lack of triple-helical structure respectively. The electro-spun collagen derived nano-fibres 

and the HFP-recovered collagen exhibited random-coil transitions similar to those obtained from 

the gelatin preparations or charged polypeptides. 

 



Figure 5. SDS-PAGE analysis of acid-solubilised and corresponding pepsin-digested materials: (a 

& c) freeze-dried Sigma gelatin type B; (b & d) Sigma gelatin type B electro-spun nano-fibres; (e & 

h) freeze-dried Symatese collagen; (f & i) HFP-recovered Symatese collagen; (g & j) Symatese 

collagen electro-spun nano-fibres. The results demonstrate reduction in collagen content after 

disassociation in HFP and even greater losses after electro-spinning. 

 



Figure 6. SDS-PAGE analysis of acid-solubilised and complementary pepsin-digested in-house 

collagen preparations: freeze-dried collagen (a & e); HFP-recovered collagen (b & f); extruded 

collagen fibres (c & g); electro-spun collagen-originated nano-fibres (d & h). 

 



Figure 7. SDS-PAGE analysis of acid-solubilised and analogous pepsin-digested Koken collagen 

preparations: freeze-dried collagen (a & d); HFP-derived electro-spun nano-fibres (b & e); TFE-

derived electro-spun nano-fibres (c & f). 

 



Figure 8. SDS-PAGE analysis of acid-solubilised and pepsin-digested: freeze-dried Symatese 

collagen preparation (a & h); freeze-dried Sigma gelatin type A (b & i and e & l); electro-spun 

nano-fibres of mPCL-Gelatin type A (c & j and f & m); electro-spun nano-fibres of mPCL-

Symatese collagen (d & k and g & n). 0.5µg/well of protein were loaded for the a to d and h to k 

samples, whilst 1.0µg/well of protein were loaded for the e to g and l to n samples. 

 



 

9. Table legends 

Table 1. DSC results of wet tested materials. Three replicates were carried out for every sample, but 

the native rat tail tendon for which four replicates were carried out. ±: indicates standard deviation. 

Sample Description ΔHD (J/g) Onset (0C) Peak (0C) 

In-House Collagen 

Freeze-Dried -4.96±0.52 47.21±0.73 53.19±0.17 

HFP-Recovered -1.63±0.13 37.07±0.91 40.36±0.16 

Electro-spun Fibres -1.64±0.38 29.35±2.50 37.39±0.20 

Extruded Fibres -14.24±1.74 50.50±0.69 55.52±0.47 

Symatese Collagen 

Freeze-Dried -3.15±0.86 47.61±1.75 52.04±0.53 

HFP-Recovered -0.98±0.22 34.22±2.02 38.35±1.08 

Electro-spun Fibres -1.41±0.45 31.94±3.29 36.61±1.03 

Koken Collagen 

Freeze-Dried -3.81±0.40 43.59±0.44 49.85±0.48 

Electro-spun Fibres HFP -1.33±0.32 35.82±0.97 40.05±1.04 

Electro-spun Fibres TFE -2.11±0.82 34.74±1.28 39.71±1.44 

Sigma Gelatin B 

Freeze-Dried -2.29±0.07 27.24±4.24 33.33±0.57 

Electro-spun Fibres -0.73±0.19 29.73±1.55 34.15±0.83 

PCL Raw material -73.65±2.12 53.02±0.65 64.33±1.43 

Electro-spun Fibres -23.21±5.84 51.76±0.15 54.14±0.21 

Electro-spun 

fibrous Blends 

PCL-Symatese Collagen -11.24±0.77 51.72±0.53 53.97±0.11 

PCL-Sigma Gelatin B -6.51±0.49 52.45±0.50 54.99±0.45 

Native rat tail tendon Fibres -14.06±1.00 58.28±1.07 63.16±1.44 

 



Table 2. Quantitative evaluation of the SDS-PAGE (Figure 5) of Symatese collagen structures after 

exposure to HFP and after electro-spinning. 

Symatese collagen 

Freeze-Dried 

Adj. Vol. (OD*mm2) 

HFP-Recovered 

Adj. Vol. (OD*mm2) 

Electro-spun Fibres 

Adj. Vol. (OD*mm2) 

Acid-Solubilisation 1(I) 5.457 4.451 4.734 

Acid-Solubilisation 2(I) 1.569 0.944 0.770 

Pepsin-Digestion 1(I) 5.640 0.593 0.036 

Pepsin-Digestion 2(I) 1.661 0.058 0.006 

 


