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Native collagen hydrogel 
nanofibres with anisotropic 
structure using core-shell 
electrospinning
Yuka Wakuda1, Shohei Nishimoto1, Shin-ichiro Suye1,2 & Satoshi Fujita  1,2

Collagen hydrogel is a popular extracellular matrix (ECM) material in regenerative medicine and has an 
isotropic structure. In contrast, native ECM has an anisotropic structure. Electrospinning of collagen 
dissolved in organic solvents is widely used for fabricating anisotropic collagen nanofibres; however, 
such fibres are water-soluble and require cross-linking before use as scaffolds for cell culture. Herein, 
electrospinning using a core-shell nozzle was employed to spin an aqueous acidic solution of collagen 
and encapsulate it within a shell of polyvinylpyrrolidone (PVP). Subsequently, the core collagen was 
gelled, and the shell PVP was washed away using a basic ethanol solution to yield anisotropic collagen 
hydrogel nanofibres. Immunostaining and Fourier transform infrared spectroscopy revealed that 
the obtained fibres were composed of collagen, and surface PVP was removed completely. Circular 
dichroism measurements confirmed that the fibres exhibited the triple helical structure characteristic of 
collagen. Human umbilical vein endothelial cells cultured on the collagen hydrogel fibres were oriented 
along the fibre direction. Hence, this method is suitable for fabricating fibrous anisotropic collagen 
hydrogels without chemical and thermal cross-linking, and can facilitate the development of safe 
medical materials with anisotropy similar to that of native ECM.

Collagen, a primary component of the extracellular matrix (ECM), exists ubiquitously in tissues such as skin, 
blood vessels, and tendons. It consists of hierarchically ordered fibrils, which are composed of rigid triple helices 
of three molecular chains1–3. This structure provides an ECM with high strength as well as anisotropic mechani-
cal properties4–6. Collagen extracted from living tissues is used widely in the form of a hydrogel as a cell scaffold 
in regenerative medicine to ensure high biocompatibility and bioactivity7,8. However, this collagen hydrogel has 
an isotropic and homogeneous structure, which is different from the anisotropic three-dimensional structure 
of native living tissues1,2,9. In recent years, it has been determined that the geometry and shape of cells and their 
surrounding environment affect cell behaviour and function10–14. Thus, a collagen hydrogel with an anisotropic 
fibrous structure that mimics the microenvironment of ECM would be highly desirable for use as a cell scaffold, 
as it would allow for the control of the cellular microenvironment for constructing three-dimensional tissues 
and organs from cells9,15–19. Several methods for obtaining anisotropic collagen hydrogels have been reported. 
For example, an anisotropic collagen hydrogel can be produced using low interstitial flow20, by applying a shear 
stress with aspiration and injection through a needle21, and by using shearing rotary between discs22. The repeated 
lyophilisation of a collagen solution in a columnar tube and the resulting anisotropic shrinkage of the obtained gel 
yields an anisotropic collagen hydrogel23. However, the methods mentioned above are restricted in terms of the 
shape and size of the gels produced, and more practical and facilitative methods are desired.

Electrospinning is a facile method for obtaining anisotropic nanofibre bundles. In this method, a high voltage 
is applied to a polymer solution, which is then injected through a needle towards a grounded collector. During 
this process the solvent evaporates, and nanofibres are obtained24–27. For the electrospinning of collagen, the com-
bination with polymers including polylactide28,29, polyglycolide30, polycaprolactone31, polyethylene oxide32, and 
their copolymers30,33, in blends or in core-shell was reported, but it has been difficult to obtain pure collagen nano-
fibres34. An aprotic, highly polar organic solvent such as hexafluoroisopropanol (HFIP) or 2,2,2-trifluoroethanol 
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(TFE) must be used to obtain a highly viscous collagen solution34–36, because it is known that the viscosity of the 
polymer solution is a determining factor during the electrospinning process37,38. However, these solvents inter-
fere with the hydrogen bonds between the collagen molecules and destroy the ordered triple helical structure34. 
Therefore, collagen fibres obtained by electrospinning are denatured into gelatin fibres, which dissolve in water if 
not treated with chemical cross-linkers39. To the best of our knowledge, no practical method has been reported for 
fabricating collagen nanofibres by electrospinning while maintaining the higher order structure of native collagen 
without using a cross-linker.

Herein, we propose a method for electrospinning collagen hydrogel nanofibres using an aqueous collagen 
solvent while maintaining the triple helical structure of collagen. As mentioned above, the successful electrospin-
ning of an aqueous solution of collagen has not yet been reported. We fabricated core-shell nanofibres in which 
an aqueous collagen solution formed the nanofibre core within a shell of a water-soluble and spinnable polymer, 
namely, polyvinylpyrrolidone (PVP). Subsequently, the collagen in the core was subjected to gelation through 
incubation in a basic solution, and the PVP shell was removed by washing with water to obtain collagen hydrogel 
fibres without having to use chemical or thermal cross-linking. Further, aligned fibres could be obtained by rotat-
ing the collector in a single direction at a high speed.

This is the first study to report that collagen hydrogel nanofibres insoluble in water can be formed by the elec-
trospinning method without using any cross-linkers. Anisotropic collagen hydrogel fibres composed of native col-
lagen fibres exhibiting the triple helical structure can be used as a cell scaffold material with physiological activity 
similar to that of natural collagen. Further, collagen hydrogel fibres can be bundled to construct tissue-mimicking 
materials with an anisotropic higher-order structure, such as artificial blood vessels, for medical applications.

Results
Electrospinning of collagen/PVP nanofibres. Oriented core-shell-type collagen/PVP nanofibres con-
sisting of a collagen core and a PVP shell were prepared by electrospinning using a coaxial nozzle and a rotating 
collector (Fig. 1a). First, the concentrations of the polymer solutions used for the electrospinning process were 
optimised. The concentration of the collagen solution was kept constant at 1%, which is the upper limit, as the 
solution viscosity should be such that it can be injected. At the same time, the concentration of the PVP solution 
was varied at 7.5%, 25%, and 40%. The results are shown in Fig. S1. Rhodamine B was added to the collagen 
solution prior to electrospinning to allow for fluorescence-based observations. When the concentration of the 
PVP solution was low, both solutions formed beads when electrosprayed. On the other hand, when the PVP 
solution concentration was higher than 40%, fibrillisation occurred readily. However, for concentrations higher 
than 40%, it was difficult to handle and inject the PVP solution owing to the higher viscosity. Next, the effect of 
the flow rate was examined. The flow rate was varied from 0.1 to 1.0 mL·h−1. The concentrations of the collagen 
and PVP solutions were fixed at 1% and 40%, respectively. As shown in Fig. S2, when the flow rate of either the 
core solution or the shell solution was too high, the eletcrospraying of the solution resulted in the formation of 
droplets, with no fibres being formed. On the other hand, when the flow rate was too low, continuous fibres were 
not formed. The optimal concentrations and flow rates of the collagen and PVP solutions were determined to be 
1% and 40% and 0.4 and 0.6 mL·h−1, respectively. Fibres fabricated under the optimised conditions are shown in 
Fig. 1b. Rhodamine B (red) and uranine (green) were added to the collagen and PVP solutions, respectively, to 
allow for fluorescence observations. It was confirmed that both collagen and PVP were colocalised in the nanofi-
bres and that the collagen had been fibrillated without fragmentation. The orientation of the fibres was evaluated 
quantitatively based on the second-order parameter, S, with an S value of 1, meaning perfectly aligned fibres, and 
an S value of 0, meaning randomly oriented fibres. The value of the second-order parameter for the electrospun 
fibres were 0.81 ± 0.03 (Fig. S3a). Scanning electron microscopy (SEM) observations show that uniform fibres 
with a diameter of 461 ± 129 nm were obtained (Figs 1b and S3b).

Optimisation of preparation of collagen gel nanofibres. To obtain pure collagen hydrogel nanofi-
bres, the electrospun collagen/PVP nanofibres were treated with a basic aqueous solution containing ethanol. 
This process was performed to form a collagen gel within the fibre core and to remove the PVP shell. Four kinds 
of basic buffers containing ethanol (Buffers A-D) were tested, pH of which were 8.4, 8.7, 9.6, and 10.3, respec-
tively. The sample obtained after the treatment with the buffer was dissolved and subjected to circular dichroism 
(CD) measurements, in order to examine whether the higher-order structure of collagen was retained. As can be 
seen from the CD spectrum, the triple helical structure of collagen exhibits the positive Cotton effect at 220 nm 
(Fig. 2a). The original collagen, the gelatin, and the collagen fibres electrospun by using single-layer nozzle with 
HFIP (collagen/HFIP) were used as controls and examined. The residual ratio of the triple helical structure was 
calculated in terms of the ratio of the molar ellipticity at 220 nm of the sample collagen solution used to that of 
the original collagen solution. As shown in Fig. 2b, the triple helical structure is barely observed in the case of the 
gelatin solution. Further, when the fibres were treated with Buffers B, C and D (basic aqueous solutions containing 
20%, 50%, and 70% ethanol, respectively), the residual ratios of the triple helical structure were 48%, 35%, and 
21%, respectively. However, when Buffer A (PBS containing 20% ethanol) was used, the residual ratio remained 
at 74%. Therefore, the rest of the experiments were conducted under these conditions.

Characterisation of collagen hydrogel fibres. Fibre morphology. The morphology of the collagen 
hydrogel fibres obtained from the collagen/PVP nanofibres is shown in Fig. 3a,b. The obtained collagen fibres 
were stained with an anti-collagen antibody and observed in a confocal microscope. Negative controls were 
shown in Fig. S4. Clearly, the collagen is exposed to the surface of the fibres and PVP is removed, as the resid-
ual PVP on the fibre surface would have inhibited interaction with the anti-collagen antibody. In addition, the 
obtained fibres were oriented along one direction (S = 0.17 ± 0.09, Fig. S3a). Indeed, the anisotropy was lower 
than before washing, which is due to swelling and loosening during gelation, but the anisotropy achieved during 
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spinning was maintained significantly, compared with the collagen hydrogel which was found to be uniform and 
isotropic (S = 0.02 ± 0.01, Fig. S3a). In the fluorescent observation, the architecture of each fibre in the hydrogel 
was not observed due to the resolution of the microscope. SEM images show that the diameter of electrospun gel 
fibres was 319 ± 128 nm (Fig. 3b) and decreased after the treatment with the basic buffer containing ethanol. It 
was higher than the collagen fibrils of conventional collagen hydrogel (124 ± 43 nm, Figs 3b and S3b). This result 
implies that some of collagen fibrils became aggregated into individual collagen gel fibre. We also showed that the 
hydrogel fibres were stably maintained in PBS at 37 °C for 3 days (Fig. S5).

SDS-PAGE. The untreated and treated fibres were dissolved in an acetate buffer (pH 3.6) and subjected to 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The collagen molecule is composed 
of two polypeptides, namely, α1 and α2 chains with molecular weights of 110 kDa and 130 kDa, respectively, and 
their dimers and trimers are called β and γ chains, respectively40–42. As shown in Fig. 3c, three distinct bands 
related to the α1, α2, and β chains are observed in the case of the original collagen sample (Lane 3). The collagen/
PVP nanofibres and collagen hydrogel fibres obtained after treatment with Buffer A also show the same bands 
(Lanes 1 and 2). For comparison, conventional electrospinning was performed using a collagen/HFIP solution 
and a single-layer nozzle, and the fabricated nanofibres were also dissolved and electrophoresed. Interestingly, the 
bands of the main chains were cleaved into smeared bands, indicating the fragmentation of the peptides (Lane 5).

Figure 1. Fabrication of collagen hydrogel nanofibres. (a) Schematic illustration of electrospinning and 
gelation processes. Electrospinning setup consisted of coaxial nozzle and rotating collector. Aqueous collagen 
and PVP solutions were injected into core-flow and shell-flow chambers, respectively, of the coaxial nozzle. 
Next, polymer solutions were sprayed under high voltage onto the collector to obtain fibres. Obtained collagen/
PVP core-shell nanofibres were gelated and PVP was washed to obtain pure collagen hydrogel nanofibres. 
(b) Morphological analysis of electrospun coaxial fibres. Rhodamine B (red) and uranine (green) were added 
to 1% collagen (core) solution and 40% PVP (shell) solution, respectively. Bar = 200 µm. (c) SEM image and 
distribution of diameters of electrospun fibres. Bar = 5 µm. Average diameter was 461 ± 129 nm (n = 100).
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ATR-FTIR. The chemical composition of the obtained hydrogel nanofibres was analysed by attenuated total 
reflection Fourier transform infrared spectroscopy (ATR-FTIR) (Fig. 3d). The attributions of the various peaks 
are listed in Table S1. Spectrum of PVP showed characteristic peaks in 1462 cm−1 (CH2 scissoring) and 1293 cm−1 
(CN stretching and CH2 wagging)43; and collagen also showed specific peaks in 1552 cm−1 (amide II; CN stretch-
ing and NH bending)44. In the spectrum of the unwashed collagen/PVP nanofibres, strong peaks attributed to 
PVP were observed. However, no peaks attributed to collagen were observed. In the spectrum of the hydrogel 
nanofibres treated with Buffer A or Buffer D, the peak attributable to C-N stretching and CH2 wagging was not 
observed at approximately 1300 cm−1. From this result, it can be confirmed that PVP was almost completely 
removed by the washing process. Finally, the peak at 1412 nm could be attributed to sodium acetate, which was 
used as a solvent45.

Evaluation of physiological activity on collagen gel fibres by cell culture. Human umbilical vein 
endothelial cells (HUVECs) were seeded on the fabricated collagen gel fibres, and cell extension was observed. 
The observations were carried out at day 1, 3, and 8. The results are shown in Fig. 4. The value of the second-order 
parameter, an index of orientation, for the cells cultured on the hydrogel fibres after 1, 3, and 8 days were 
0.17 ± 0.04, 0.44 ± 0.03, and 0.45 ± 0.07, respectively (Fig. S6). On the other hand, the S values of cells cultured 
on an isotropic hydrogel were 0.10 ± 0.03, 0.05 ± 0.03, and 0.09 ± 0.03 (Fig. S6). From these results, it can be 
concluded that the cells cultured on the collagen gel fibres extended along the direction of the fibre, whereas those 
cultured on the ordinary collagen hydrogel did not exhibit anisotropy. In addition, the anisotropy of cell extension 
on the gel fibres gradually increased with the days of culture. This spontaneous progression of cell anisotropy 
suggests that some extent of the anisotropy of the gel fibres is sufficient but high anisotropy is not required for the 
trigger of cell orientation at the beginning of the culture.

Discussion
Collagen is used widely as a cell scaffold material in biomedical applications in the form of a hydrogel of atelo-
collagen, which is collagen partially hydrolysed by an acid treatment1,3,7. It is soluble in aqueous acidic solutions 
but maintains its triple helical structure1,2,6,40. Further, it forms a homogeneous and isotropic hydrogel through 
hydrophobic interactions in neutral or basic solutions and a temperature of 37 °C1,2. To mimic the anisotropic 
morphology of the ECM of tissues, it is essential to fabricate collagen hydrogels in the form of fine fibres1,2,5,7–9. It 
has been reported that electrospinning can be used to obtain collagen nanofibres34–36,39. However, the electrospin-
ning process destroys the triple helical structure of natural collagen, as it involves the use of highly polar organic 
solvents, such as HFIP and TFE36. As a result, the obtained nanofibres are soluble in water if not treated with 
a cross-linker, such as glutaraldehyde or carbodiimide. The method proposed in this study is the first one that 
allows for the fabrication of collagen nanofibre hydrogels by electrospinning in the absence of a cross-linker such 
that the triple helical structure is maintained. In particular, the molecular chain is fragmented by the electrospin-
ning of the collagen/HFIP solution, as shown in Fig. 3c, because the denatured molecules dissolve in HFIP and 
get fragmented by the shear stress generated during the spinning process. The thus-obtained collagen hydrogel 

Figure 2. Optimisation of gelation and washing processes. (a) Circular dichroism (CD) analysis of gel fibres 
obtained by washing of electrospun coaxial fibres formed using ethanol solutions of different concentrations. 
Native collagen hydrogel and gelatin hydrogel were used as positive and negative controls, respectively. 
Collagen/HFIP nanofibre was also used for comparison. Samples were dissolved in 15 mM acetate buffer for 
measurement. (b) Degree to which triple helical structure was maintained calculated from θ220 value 
(average ± standard deviation, n = 3). An asterisk and a dagger represent the significant difference with positive 
control (native collagen hydrogel) and negative control (gelatin), respectively; ‘n.s.’ represents no significant 
difference (p < 0.05).
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nanofibres exhibited nondegraded bands during SDS-PAGE, which meant that they probably had the similar 
higher structure to that of native collagen.

A basic buffer containing ethanol was used for the gelation of the collagen and the removal of the PVP. The 
CD spectrum of the fibres obtained after the treatment with the basic ethanol solution confirmed that the triple 
helical structure of collagen was maintained after the washing process (Fig. 2). This result was consistent with 
those of previous studies. It has been reported that treatment with a low-concentration ethanol solution stabilises 
the triple helical structure by removing the water hydrated on the protein. On the other hand, treatment with a 
high-concentration ethanol solution destabilises the collagen structure owing to the hydrophobic interactions 
with ethanol40,46. It has also been reported that it is likely that ethanol enhances the compactness of the polypro-
line II helices in the triple helical structure of collagen46,47.

Figure 3. Characterisation of collagen hydrogel nanofibres. (a,b) Morphological analysis of collagen hydrogel 
nanofibres treated with Buffer A (upper) and collagen type I hydrogel (Cellmatrix®) as control (lower). (a) 
Fluorescence observations. Samples were stained with anti-collagen type I antibody (green) and captured with 
a confocal microscope. Negative controls were shown in Fig. S4. (b) SEM observations and distribution of 
fibre diameters of lyophilised samples. Diameter of collagen hydrogel fibres and hydrogel (Cellmatrix®) were 
319 ± 128 nm (n = 101) and 124 ± 43 nm (n = 144), respectively. (c) SDS-PAGE. Lane 1: as-spun collagen/PVP 
nanofibres; 2: collagen hydrogel nanofibres washed with Buffer A; 3: native collagen; 4: PVP; and 5: collagen/
HFIP nanofibres; M: markers. The electrophoresis was carried out in the same gel. (d) ATR-FTIR analysis. 
Spectra of original collagen (black), collagen/HFIP nanofibres (green), lyophilised collagen hydrogel nanofibres 
after gelation with Buffer A (red) and Buffer D (blue), collagen/PVP nanofibres before washing (purple), and 
PVP (orange).
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Furthermore, collagen fibres were observed by immunostaining (Fig. 3a). While peaks related to collagen 
were detected by FTIR measurements, those related to PVP were not (Fig. 3d). These results suggest that the PVP 
localised on the fibre surface was completely removed and that the collagen had undergone gelation success-
fully without being dissolved in water. Indeed, the penetration depth during the ATR-FTIR measurements was 

Figure 4. Culture of human umbilical vein endothelial cells (HUVECs) on collagen hydrogel. (a) Culture of 
HUVECs on collagen hydrogel nanofibres. (b) Culture on conventional collagen hydrogel deposited on glass 
slip. Cells were cultured for 1 day (i–iii), 3 days (iv–vi), and 8 days (vii–ix). Immunofluorescence images of 
HUVECs stained with nuclei (Hoechst, blue) and F-actin (Phalloidin, red). Distributions of cell orientation 
were calculated based on the averaged power spectra of phase contrast images. Second order parameters, S, were 
represented as the means ± standard deviation (n = 3).
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approximately 1 μm. However, it is possible that the signal from the nanofibre shell was enhanced as compared 
to that of the core owing to incomplete optical contact between the ATR crystal and the nanofibre sheet, which 
had a porous structure48,49. During the fluorescence microscopy measurements, the core-shell structure could not 
be observed directly owing to the resolution limitations related to the observation wavelength. The results of the 
ATR-FTIR measurements strongly suggested that the collagen/PVP nanofibres had a core-shell double-layered 
structure, wherein the collagen was covered by PVP.

After the washing process, it is possible that some of the PVP remained within the fibres, although no PVP 
peaks were detected in ATR-FTIR analysis. However, the trace amount of PVP remaining can be ignored when 
using the fibres as scaffolds because PVP has low cytotoxicity and has been approved for use in medical appli-
cations. For example, it has been reported that when synovial cells derived from rheumatoid arthritis patients 
were cultured on a material composed of a collagen-PVP composite, they exhibited suppressed expression of the 
inflammatory cytokines IL-1β and TNF-α50. It has also been reported that chondrocytes and synovial cells from 
osteoarthritis patients, when cultured on collagen-PVP composites, showed proliferation and the suppression of 
IL-1β and TNF-α51.

By using the fabricated anisotropic collagen hydrogel nanofibres, we could successfully control the anisot-
ropy of HUVECs. The electrospinning method allows for the fabrication of a range of anisotropic forms such 
as tubules, bulk samples, and sheets, which can lead to control the mechanical property of the scaffold. For the 
potential application to soft tissues, the tuneable elastic modulus of the scaffold is required from 1 kPa to 100 kPa 
responding to a variety of tissues52,53. It is expected that this method will be useful for constructing tissue-like 
structures. With respect to regenerative medicine, biomaterials that allow for the control of the microenviron-
ment around the cells and the construction of three-dimensional structures for use as tissues and organs are 
highly desirable7–9,15–19. The ECM in the body not only acts as a cell adhesion scaffold but also affects cellular 
functions, such as proliferation and differentiation, by controlling cell alignment and morphology7–15. Thus, for 
the development of effective biomaterials, one must be able to mimic the physiological activity and anisotropic 
structure of the ECM. Hence, while anisotropic collagen gels are hard to fabricate, they are essential for regen-
erative medicine20–23. Further, when using collagen nanofibres in medical applications, it is necessary to employ 
halogen-free solvents and remove any unreacted cross-linkers containing reactive functional groups. The pro-
posed method meets these requirements and has a distinct advantage from a safety viewpoint.

Methods
Materials. The following materials were obtained from commercial sources: lyophilised collagen type I from 
porcine skin (beMatrix® Collagen FD) and collagen type I solution (Cellmatrix®) from Nitta Gelatin (Osaka, 
Japan); lyophilised gelatin (16631-05) from Nacalai Tesque (Kyoto, Japan); PVP (Mw 360,000, K90); Rhodamine 
B from Wako Pure Chemical Industries (Osaka, Japan); uranine from Tokyo Chemical Industry (Tokyo, Japan); 
rabbit anti-pig collagen I antibody from Abcam (Cambridge, UK); and Alexa 488-goat anti-rabbit IgG and Alexa 
594-Phalloidin from Thermo Fisher Scientific (MA, USA); Hoechst 33342, Dojindo (Kumamoto, Japan). The 
HUVECs and CS-C medium with CultureBoost-R™ were purchased from DS Pharma Biomedical (Osaka, 
Japan). All other chemicals and reagents used were of analytical grade and were used without further purification.

Preparation of collagen hydrogel nanofibres. As shown in Fig. 1a, collagen hydrogel nanofibres were 
obtained using an electrospinning setup consisting of a coaxial nozzle and a rotating collector. The electrospinning 
solutions were prepared as follows: lyophilised collagen and PVP were dissolved in 15 mM acetate buffer (pH 3.6)  
to final concentrations of 1% (w/v) and 40% (w/v), respectively. To allow for fluorescence observations, 0.01% 
Rhodamine B and 0.01% uranine were added to the collagen and PVP solutions, respectively. Collagen/PVP 
core-shell nanofibres were electrospun on cover slips or aluminium foil using a commercial electrospinning setup 
(NANON, MECC, Fukuoka, Japan), which consisted of a coaxial spinneret (MECC; core diameter of 0.2 mm, 
shell diameter of 0.8 mm), syringe pump, high-voltage power supply, and rotating collector placed in a closed 
chamber. The conditions for the electrospinning process were as follows: applied electric field of 3.6 kV·cm−1; 
flow rate of 0.4 mL·h−1 for the core solution (collagen), and 0.6 mL·h−1 for the shell solution (PVP); collector 
rotation speed of 1,500 rpm (linear velocity of 15 m·s−1) for ensuring aligned fibres; and spinning time of 3 h. 
For the fabrication of conventional collagen nanofibres by using HFIP as a solvent (collagen/HFIP nanofibres), 
10% collagen dissolved in HFIP was electrospun with a single-layer nozzle in the conditions as follows: applied 
electric field of 3.7 kV·cm−1; flow rate of 5 mL·h−1; collector rotation speed of 600 rpm (linear velocity of 6 m·s−1; 
and spinning time of 20 min.

The collagen/PVP core-shell nanofibre sheet electrospun on aluminium foil was cut into pieces with an area of 
1 cm2, placed in a 35-mm dish, soaked in 2 mL of the washing solution, treated with basic buffers containing eth-
anol. The following buffers were used. Buffer A: PBS containing 20% ethanol; final salt concentration of 110 mM 
NaCl, 47 mM Na2HPO4, 2.1 mM KCl, and 1.2 mM KH2PO4; Buffer B, C and D: 3 mM aqueous Na2HPO4 solution 
with 20%, 50%, and 70% ethanol, respectively. Subsequently, the solution was exchanged with 2 mL of pure water 
and incubated for 3 h at 37 °C to remove the PVP shell and obtain collagen hydrogel fibres.

Scanning electron microscopy (SEM). Collagen gel samples containing water were fixed with 4% para-
formaldehyde for 15 min, dehydrated by sequentially and gently being immersed in serially diluted ethanol solu-
tions (50, 60, 70, 80, 90, 95 and 100%) for 10 min and t-butyl alcohol 3 times for 10 min each, and then lyophilised 
overnight using a freeze dryer (FDU-830, EYELA, Tokyo, Japan). The samples were then sputtered with Pt/Pd 
using an ion sputter (MSP-1S, Vacuum Device Inc., Ibaragi, Japan) for 120 s and imaged using SEM (JSM-6370A, 
JEOL, Tokyo, Japan) at an accelerating voltage of 12 kV. The diameter of the fibres was examined at 10 randomly 
selected areas of the scaffolds using an image processing software (fiji.sc; ImageJ, NIH, USA).
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Circular dichroism (CD) spectrometry. All CD measurements were performed using a spectropolarime-
ter (J-725, JASCO, Tokyo, Japan) with a 1-mm quartz cell. The samples were dissolved in a 15-mM acetate buffer 
(pH 3.6) before the measurements. For all the measurements, the spectrum wavelength, temperature, scanning 
rate, resolution, data pitch, response time, and accumulation were 210–250 nm, 25 °C, 50 nm·min−1, 1 nm, 1 s, 
and 4 times, respectively. The extent of recovery of the triple helical structure of collagen after washing with the 
different washing solutions was calculated using the ellipticity at 220 nm. The value of the original collagen and 
gelatin was set as 100% and 0%, respectively.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The test sample was 
dissolved in a concentration of 1 mg·mL−1 in 0.47 M Tris-HCl buffer (pH 6.8) containing 10% SDS and 10% 
2-mercaptoethanol, boiled for 10 min at 90 °C, and electrophoresed in 10% polyacrylamide gel at 100 V for 2 h. 
WIDE-VIEW Prestained Protein Size Marker (Wako Pure Chemical, Osaka, Japan) was used as the molecular 
mass standard. The protein bands were stained with Coomassie brilliant blue using RAPID KANTO CBB (Kanto 
Chemical, Tokyo, Japan) and visualised using the Gel Doc EZ Imager system (Biorad, CA, USA).

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy. The ATR-FTIR 
spectra of the nanofibres were measured with a Nicolet 6700 system (Thermo Scientific). The test sample was dis-
solved in a 15-mM acetic buffer (pH 3.6) and lyophilised. The measurements were performed for wavenumbers of 
4000 to 800 cm−1 at a resolution of 4 cm−1 using a KBr detector. An average of 32 scans were performed.

Cell culture. The HUVECs were seeded at a density of 5 × 104 cells·cm−2 and maintained in CS-C medium, 
which was supplemented with CultureBoost-R™ according to the manufacturer’s instructions, at 37 °C in 
a humidified atmosphere containing 5% CO2. The collagen hydrogel fibres were prepared on a cover slip 
(18 × 24 mm) as described above. As a control scaffold, a collagen type I hydrogel (Cellmatrix®) was prepared on 
a 35-mm dish as per the manufacturer’s instructions.

Microscopy. Samples were fixed with 4% paraformaldehyde for 15 min and permeabilised with 0.05% 
Triton-X (Wako) for 10 min 3 times, washed with Blocking One (Nacalai) twice, incubated with the primary 
antibody, namely, rabbit anti-pig collagen I antibody (1:200 dilution) overnight at 4 °C, washed with 0.05% poly-
oxyethylene sorbitan monolaurate (Tween 20, Wako) for 15 min 3 times at room temperature, and finally treated 
with the secondary antibody, namely, Alexa 488-goat anti-rabbit IgG (1:200 dilution), for 2 h at room tempera-
ture. For cell staining, Alexa 594-conjugated Phalloidin (1:200) and Hoechst 33342 (1:2000) were used. The sam-
ples were observed using an inverted fluorescence microscope (CKX41, Olympus, Tokyo, Japan) and a confocal 
laser scanning microscope (FV1200, Olympus).

Analysis of fibre and cell orientation. The fibre and cell orientation were quantified based on a 
second-order parameter, which was calculated from the power spectrum of the Fourier transform of the images 
using an image processing software (ImageJ; plugin: directionality). The second-order parameter in a 2D plane, 
S, was defined as follows:

θ θ= − = 〈 〉S 2 cos 1 cos22

where θ is the orientation angle and 〈cos2θ〉 is the average of cos2θ27,54.

Statistical analysis. Tukey-Kramer tests were performed using R (Version 3.3.1). p < 0.05 was considered 
statistically significant.
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