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Electrospinning of gelatin nanofiber scaffolds with
mild neutral cosolvents for use in tissue engineering

Hiroyoshi Aoki, Hiromi Miyoshi and Yutaka Yamagata

Electrospun gelatin nanofibers are effective tissue engineering scaffolds with high biocompatibility and cell adhesion activity.

In gelatin electrospinning, fluorinated alcohols, which are irritants, and acidic organic solvents are used as solvents to prevent

gelation. This study established a technique to embed protein reagents into the nanofibers using mild solvents. From 22

mixtures of 50% organic solvent–50% H2O, less denaturing neutral dipolar aprotic solvents (specifically N,N-dimethylacetamide,

N,N-dimethylformamide and N-methyl-2-pyrrolidone), were screened to assess their suitability for use in electrospinning of

gelatin nanofiber scaffolds by their ability to maintain gelatin in a sol state at room temperature. By selecting the solvents and

their concentrations, gelatin nanofibers were electrospun with different structures from a thick, wide, porous nanofibrous

structure to a thin, fine, nanofibrous mesh structure. Swiss 3T3 fibroblasts grew well on the gelatin nanofibers. In particular,

some cells showed in vivo-like spindle morphologies on the thick porous nanofibers using N,N-dimethylacetamide. Additionally,

as a model protein reagent, alkaline phosphatase was embedded in the gelatin nanofibers while maintaining high activity.

Considering these results, the gelatin nanofibers in this study are expected to provide effective structural and chemical cues and

will be useful for tissue engineering and regenerative medicine.
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INTRODUCTION

In the field of regenerative medicine, one general strategy is to implant
cells into tissue engineering scaffolds and then incorporate these into
the patient’s body.1–4 The tissue engineering scaffolds must be made
from biocompatible materials. Additionally, the scaffolds are required
to provide mechanical support for transplanted cells until newly
formed tissues are structurally stabilized. Furthermore, the scaffolds
should be designed to regulate cellular processes, such as proliferation,
differentiation and secretion of hormones and growth factors. Both
structural and chemical cues provided by the extracellular matrix
(ECM) are critical for tissue development with appropriate
functions.5,6 Electrospun nanofibers have been widely recognized as
an excellent synthetic ECM that can provide mechanical support and
structural cues to adherent cells.7,8 Concerning the chemical cues, the
nanofibers must be designed so that embedded protein reagents, such
as growth factors and cytokines,9 will be gradually released through
degradation of the nanofibers in vivo.10

Electrospinning has been extensively studied to fabricate
thin films,11 highly precise electrostatic micropatterns,12,13 and
nanofibers.7,8,14,15 In nanofiber electrospinning, a polymer solution
is continuously supplied to a thin metallic needle by a pump.7,8,15 The
polymer solution is electrostatically sprayed from the needle tip by
applying a high voltage. The electrospun polymer jet is further split
into fine nanofibers through a Coulomb explosion. The nanofibers are
immediately dried and deposited on a conductive substrate, forming a
non-woven fabric. The electrospinning process can be controlled by

many experimental conditions, such as the voltage, the polymer flow
rate, the distance between the needle and the substrate, and the
polymer solution.7,8,15 The polymer solution conditions include the
viscosity, surface tension, electric conductivity, polymer molecular
weight and solvent volatility. Adjustment of these conditions enables
control of the morphology of the fabricated nanofibrous structure.
Gelatin, which is solubilized from collagen in animals, has been

actively studied to fabricate biocompatible nanofiber scaffolds for
tissue engineering.16–21 In electrospinning, gelatin is dissolved in
solvents that allow it to be maintained in a sol state. These solvents
include fluorinated alcohols16,17 and acidic organic solvents.18–21 The
fluorinated alcohols (for example, 1,1,1,3,3,3-hexafluoro-2-propanol,
denoted as HFP, and 2,2,2-trifluoroethanol) are volatile denaturing
protein solubilizers.22 Without a denaturant, heat-dissolved gelatin
immediately forms gel at the needle tip at room temperature.
The formation of this gelatin gel at the tip prevents it from being
electrospun into nanofibers by the electrostatic force. Because the
fluorinated alcohols highly denature gelatin to prevent gelation, the
gelatin that is dissolved in the fluorinated alcohols can be easily
electrospun into nanofibers.16,17

The gelatin nanofibers are also electrospun using acidic organic
solvents (for example, acetic acid-ethyl acetate-H2O

19,21 and formic
acid-ethanol-H2O

20). Fluorinated alcohols and acidic organic solvents
are appropriate solvents for fabricating a well-defined nanofibrous
structure. Unfortunately, they have a tendency to denature protein
reagents, such as growth factors and cytokines. Thus, to fabricate
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nanofibers that provide chemical cues by diffusion and degradation of
the nanofibers in vivo, a technique using less denaturing, neutral
solvents compared with fluorinated alcohols and acidic organic
solvents is desired.
Electrospinning while heating the gelatin sol in water is a safer

alternative approach.23 However, heating leads to denaturing of the
protein reagents.24–26 In addition, heating significantly affects the
gelatin viscosity, which is a critical parameter determining the gelatin
nanofiber morphology. Thus, precise heating control is important to
fabricate a well-defined gelatin nanofibrous structure23 that can
provide adequate structural cues for controlling cellular processes.
In this study, we established a simple and sophisticated process to

fabricate gelatin nanofibers that can effectively provide both structural
and chemical cues. We screened gelatin nanofiber fabrication condi-
tions with less denaturing, neutral pH solvents at room temperature.
The structural parameters of the gelatin nanofibrous structure,
specifically the nanofiber diameters and the pore size between the
fibers, were controlled by the electrospinning solvent conditions. The
conditions of gelatin nanofiber fabrication with neutral pH solvents at
room temperature highly conserved the activity of the protein reagent
embedded in the nanofibers.

EXPERIMENTAL PROCEDURE

Materials
Gelatin (from bovine bone, gel strength 210–250 g cm− 2), glycine, acetone,
1,3-butandiol, 1,2-dimethoxyethane, N,N-dimethylacetamide (DMA), 1,3-
dimethyl-2-imidazolidinone (DMI), N,N-dimethylsulfoxide (DMSO), 1,4-
dioxane, ethanol, 2-ethoxyethanol, glycerol, HFP, 2-methoxyethanol,

N-methyl-2-pyrrolidone (NMP), sulfolane, tetrahydrofuran, t-butyl alcohol
and pNPP (p-nitrophenyl phosphate) were obtained from Wako (Tokyo,
Japan). Ethylene glycol, methanol and N,N-dimethylformamide (DMF) were
purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). Triethyleneglycol,
1,5-pentanediol and 4% (w v− 1) osmium tetroxide were obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Isopropanol (IPA) was purchased
from Kokusan Chemical Co., Ltd. (Tokyo, Japan). Twenty-five percent (w v− 1)
glutaraldehyde (GA) solution (Grade I, for electron microscopy), penicillin-
streptomycin (100× concentration), alkaline phosphatase (ALP, from bovine
intestinal mucosa) and a BCIP/NBT Liquid Substrate System were purchased
from Sigma Aldrich (St Louis, MO, USA). The GA solution was stored at
− 20 °C until use. Minimum essential medium alpha and fetal bovine serum
were obtained from Gibco (Grand Island, NY, USA). A LIVE/DEAD Viability/
Cytotoxicity Kit was purchased from Life Technologies (Carlsbad, CA, USA).

Screening of non-denaturing, neutral organic solvents for
electrospinning of gelatin nanofibers
Water-miscible organic solvents were screened for their ability to maintain
gelatin in a sol state. Gelatin was dissolved in water at a concentration of
20% (w v− 1) by autoclaving at 121 °C for 15min and was then kept at 45 °C
until mixing. After equal volumes of the gelatin solution and the polar organic
solvents (Figure 1) were mixed in microtubes and left for 1 h at room
temperature, the states of the mixtures were observed by the naked eye. The
existence of the gelatin gels was confirmed by tilting the tubes and observing
nonflowing meniscuses.27

The gelatin states in the 50% polar organic solvents were further quantified
by their turbidity and solubility (Figure 1). The turbidity of the 10% (w v− 1)
gelatin–50% (v v− 1) polar organic solvent–50% (v v− 1) H2O in a 96-well
microtiter plate (BD Falcon, Franklin Lakes, NJ, USA) was measured at 595 nm
using a microplate reader (Model 550, Bio-Rad, Hercules, CA, USA)
(Figure 1a). A gelatin-polar organic solvent mixture with absorbance at
595 nm of ⩾ 0.5 was defined as gelatin gel. The data in this study are
presented as the mean ± s.d.
Gelatin gels or sols were further characterized by their solubility in H2O.

H2O (1ml) was added to 200 μl of the gelatin gel or sol in a microtube and,
gently mixed by inverting. The solubility was assayed by the gelatin concentra-
tion in the supernatant with Coomassie Plus Protein Assay Reagent (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The solubility was calculated as
Cs/Cc × 100 (%), where Cs and Cc are the gelatin concentrations in the sample
and the heat-dissolved gelatin sol control, respectively. Solubility values o60%
and ⩾ 60% were defined as gels and sols, respectively. HFP and water were
used as controls to form gelatin sol and gel states, respectively (Figure 1b).
The gelatin states were evaluated by the dielectric constants,28 dipole

moments29–32 and Hansen solubility parameters (HSPs)33–37 of the polar
organic solvents. The HSP consists of polar (δp), hydrogen bonding (δh) and
dispersion (δd) parameters. The HSP of a polar aprotic solvent-H2O mixture
(δpm, δhm and δdm) was calculated as follows:

dpm; dhm; ddm
� � ¼ a ´ dps þ b ´ dpw

� �
; a ´ dhs þ b ´ dhwð Þ; a ´ dds þ b ´ ddwð Þ� �

100
ð1Þ

The HSPs of the polar organic solvent and H2O are presented as (δps, δhs,
δds) and (δpw, δhw, δdw), respectively.

36 The percentages (v v−1) of the polar
organic solvent and H2O are shown as a and b. The collagen HSP33 was used
for estimating gelatin HSP (δpg, δhg, δdg). The HSP distance between gelatin and
a solvent (Ra) was calculated as follows:

Ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dpg � dps
� �2 þ dhg � dhs

� �2 þ 4´ ddg � dds
� �2q

ð2Þ
For the polar aprotic solvent-H2O mixtures, (δpm, δhm, δdm) was used instead

of (δps, δhs, δds).

Electrospinning of gelatin nanofibers using the dipolar aprotic
solvents
Electrospinning of gelatin nanofibers was optimized using the dipolar aprotic
solvents. Gelatin (5, 10 and 20%, w v− 1) was dissolved in the 50% organic

Figure 1 Screening of less denaturing polar neutral organic solvents for
electrospinning of gelatin nanofibers. (a) Gelatin precipitates in 50% polar
organic solvent–50% H2O mixtures were quantified based on their turbidity
at an absorbance of 595 nm (n=3). The polar organic solvents are indicated
as follows. Precipitates: (1) acetone, (2) 1,2-dimethoxyethane, (3) 1,4-
dioxane, (4) 2-ethoxyethanol, (5) tetrahydrofuran, (6) sulfolane, (7)
isopropanol and (8) 1,5-pentanediol. Gels: (9) water (gel-state control), (10)
methanol, (11) ethanol, (12) 1,3-butanediol, (13) 2-methoxyethanol, (14)
ethylene glycol, (15) glycerol and (16) triethylene glycol. Sols: (17) HFP
(sol-state control), (18) DMA, (19) DMF, (20) DMI, (21) DMSO and (22)
NMP. (b) Gelatin gels and sols in 50% polar organic solvents were evaluated
by their solubility in H2O, as described in the Experimental procedure
(n=3). A gelatin gel using H2O and a heat-dissolved gelatin sol were used
as gelatin gel (0% solubility) and sol (100% solubility) controls, respectively.

Gelatin nanofibers using mild neutral solvents
H Aoki et al

268

Polymer Journal



solvents–50% H2O. The organic solvents used were DMA, DMF, DMI, DMSO,
NMP and HFP. A syringe equipped with a 21G metal needle (Musashi
Engineering, Inc., Tokyo, Japan) was filled with the gelatin solution containing
the organic solvent in an electrospinning apparatus (model ES-2000, Fuence,
Saitama, Japan).38 The needle was placed above aluminum foil on a conductive
collector, and the distance between the tip and the foil was approximately
130mm. The gelatin solution was electrospun for 10min, and the electrospun
gelatin nanomaterials were electrostatically collected on the aluminum foil
through a square hole (30mm×30mm) in a Teflon mask. The Coulomb
explosion plume was monitored based on its scattered light by illuminating it
with a laser in the apparatus (Supplementary Figure S1). The electrostatic
voltage (10–14 kV) and the pump speed (1–5 μl min− 1) were manually
controlled to maintain the continuous plume and to prevent gelatin droplets
from falling onto the aluminum foil (Supplementary Figure S1 and
Supplementary Table S1). The electrospun gelatin deposits were sputter-
coated with gold for 30 s three times, and their morphologies were observed
using a scanning electron microscope (SEM, model VE-7800, Keyence
Corporation, Osaka, Japan).

Effect of the concentration of the dipolar aprotic solvents on gelatin
nanofiber electrospinning
The effects of the dipolar aprotic solvent concentration on the gelatin solubility
and electrospinning were evaluated. After gelatin (0.8 g) was dissolved in
20–100% DMA, DMF and NMP solvents by autoclaving at 121 °C for 15min,
the gelatin solutions were filled with up to 20% (w v− 1) with the solvents. The
gelatin solubility in the solvents was evaluated as described above. Because the
boiling point (bp) of HFP is 58 °C, 20% gelatin in 20–100% HFP was dissolved
at 50 °C overnight. The mixtures of dipolar aprotic solvent-H2O showing
greater than 60% gelatin solubility, which were 20–50% DMA, DMF, NMP and
20–100% HFP, were used for 20% gelatin electrospinning. The nanofiber
morphologies were observed using SEM. The gelatin nanofiber diameters were
measured based on the SEM images using ImageJ (US National Institute of
Health, Bethesda, Maryland).39

Evaluation of the gelatin viscosities and morphologies of the
crosslinked gelatin nanofibrous structure
The viscosities of 20% gelatin in the electrospinning solvents using 50% DMA,
DMF, NMP and HFP were analyzed using a viscometer (model SV-1A, A & D
Company, Tokyo, Japan) after 30min at room temperature.
After the gelatin solutions were electrospun as described above, the gelatin

nanofibers were insolubilized by chemical GA crosslinking,40 and the cross-
linked morphologies were evaluated. The gelatin nanofibers were cut into
approximately 12-mm square pieces, after which they were crosslinked with
2.5% (w v− 1) GA-IPA at room temperature for 1 h and subsequently washed
three times with IPA. The residual GA in the gelatin nanofibers was blocked by
submerging them in 0.5 M glycine at room temperature for 1 h. Although GA is
widely used in various fields, including as a crosslinker for biomedical materials,
antigenicity deactivation of heart valves, and sterilization of medical devices,
free GA is highly cytotoxic.40 Therefore, GA was completely removed from the
crosslinked gelatin nanofibers by washing three times in phosphate-buffered
saline for 2 h each. The crosslinked gelatin nanofibers were glued onto
coverslips (No. 1, 18-mm square, Matsunami Glass Ind., Ltd., Osaka, Japan)
using epoxy adhesive (Araldite Rapid, Huntsman Corporation, The Woodlands,
TX, USA).
The crosslinked gelatin nanofibers were observed using a field-emission SEM

(model JSM-6330F, JEOL Ltd., Tokyo, Japan) at the Materials Characterization
Support Unit at the RIKEN Center for Emergent Matter Science. The nanofiber
diameters and the pore sizes between the fibers were measured based on the
SEM images using ImageJ. The experiment was repeated three times.

Culture of Swiss 3T3 fibroblasts on the gelatin nanofiber scaffolds
Swiss 3T3 fibroblasts (RIKEN BioResource Center, Tsukuba, Ibaraki, Japan)
were used as a model cell line in this study. These fibroblasts were cultured on
the crosslinked gelatin nanofiber scaffolds and their morphologies were
analyzed. The top and bottom sides of the gelatin nanofiber scaffolds were
sterilized in ϕ 35-mm plastic dishes with a UV lamp for 30min each. The

gelatin nanofiber scaffolds were immersed in minimum essential medium alpha
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.
Swiss 3T3 fibroblasts were seeded onto the gelatin nanofiber scaffolds at a
density of approximately 2.8 × 103 cell mm− 2. They were cultured in 5% CO2

at 37 °C overnight. A plastic dish and a 20% gelatin-H2O gel that was
crosslinked with GA were used as control substrates. Cell viabilities on the
gelatin nanofiber scaffolds were evaluated using the LIVE/DEAD Viability/
Cytotoxicity Kit with the three substrates.
For SEM observation of the Swiss 3T3 cells on the crosslinked gelatin

nanofiber scaffolds, the cells were sequentially subjected to 2.5% GA fixation,
2% (w v− 1) osmium tetroxide fixation, stepwise 25–100% ethanol drying, and
t-butyl alcohol drying.41 After Pt-Pd sputtering for 30 s, obliquely from the
upper left- and right sides, the cells were observed using the field-emission
SEM. The experiment was repeated three times.

Evaluation of protein activity in the gelatin nanofibers
Using ALP as a model protein, protein stabilities were evaluated in the gelatin-
electrospinning solvents and the electrospun gelatin nanofibers after GA
crosslinking.
First, ALP (1mgml− 1 final concentration) was mixed with 20% gelatin in

the 50% DMA–50% H2O (pH 7.0), the 50% DMF–50% H2O (pH 7.0), and the
50% NMP–50% H2O (pH 7.0) solvents. Conventional electrospinning solvents,
such as 50% HFP–50% H2O (pH 5.0) and 48% acetic acid–32% ethyl acetate–
20% H2O (pH 1.0),19 were also used as controls. After the mixtures were
incubated at 37 °C for 10min, they were diluted 10-fold in 50mM Tris-HCl
(pH 9.0). The residual ALP activities were colorimetrically detected using a
pNPP assay as follows.42

Briefly, 200 μl of diluted ALP containing 2mM pNPP-100mM Tris-HCl (pH
9.0)-2M NaCl was incubated at 37 °C for 10min, and then the ALP reaction
was stopped by adding 100 μl of 0.5M NaOH. The resulting p-nitrophenol
concentration was measured at an absorbance of 420 nm using a spectrometer
(model V-530, JASCO, Tokyo, Japan) and the delta absorbance was obtained by
subtracting absorbance of a blank. Residual activities of ALP in the gelatin-
electrospinning solvents were calculated as Δs/Δc × 100 (%), where Δs and Δc
are the delta absorbances of the gelatin-electrospinning solvents and that of the
water, respectively.
Second, the stability of ALP in the GA-crosslinked gelatin nanofibers was also

assayed as follows. ALP-embedded gelatin nanofibers were fabricated by
electrospinning 1mgml− 1 of ALP–20% gelatin–50% DMA, DMF, HFP or
NMP–50% H2O according to the method described above. As described in the
above section, the electrospun nanofibers were crosslinked with GA and then
fixed on coverslips. The ALP activities in the gelatin nanofiber using NMP
(negative control) and the ALP-embedded gelatin nanofibers were assayed at
37 °C for 10min by submerging the nanofibers in a BCIP/NBT Liquid
Substrate System. The ALP reactions were stopped by washing the nanofibers
in water three times.

RESULTS

Dipolar aprotic solvents maintaining the gelatin-sol state at
room temperature
Mixtures of neutral polar organic solvents and H2O (50%:50%) were
screened for their ability to maintain gelatin in a sol state during
electrospinning. After heat dissolved, 20% (w v− 1) gelatin-H2O was
mixed with an equal volume of the polar aprotic solvents, gelatin was
precipitated, gelatinized or maintained in a sol state by the solvents
at room temperature. Hydrophobic polar organic solvents
(acetone, ethers and some hydrophobic alcohols) precipitated gelatin
(Figure 1a), whereas hydrophilic protic solvents (water, some hydro-
philic alcohols, glycols and glycerol) formed gelatin gels (Figure 1b).
Interestingly, a gelatin sol was maintained by some dipolar aprotic
solvents, specifically, DMA, DMF, DMI, DMSO and NMP, as well as
the HFP gelatin sol-state control (Figure 1b).
Because the intermolecular hydrogen bonds of gelatin contribute to

the formation of a gel,43,44 the polarities of the organic solvents are
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important for the gelatin states in the solvents. Therefore, the gelatin
states in the organic solvent-H2O mixtures were compared according
to the dielectric constants28 and dipole moments29–32 of the organic
solvents, which are representative polar parameters (Figure 2). The
gelatin-precipitating solvents and the gelatin-gel-forming solvents are
widely distributed in terms of having low and high levels of dielectric

constants and dipole moments, respectively. Due to the carbonyl
group, the dipolar aprotic solvents that allowed a gelatin-sol to form
show high dielectric constants and dipole moments, which are
narrowly distributed (approximately 38.9 and 3.93 D, respectively).
The gelatin states in the organic solvent-H2O mixtures were also

evaluated based on the HSP.33–37 The HSP represents a substance’s
solubility as polar (δp), hydrogen bonding (δh) and dispersion (δd)
cohesion parameters. An HSP distance between two substances (Ra)
represents their solubility similarity: low Ra suggests high solute
solubility in a solvent. Notably, the Ra between 50% gelatin-sol-
forming dipolar aprotic solvents and gelatin was lower than those of
50% gelatin-precipitating and gel-forming solvents (Table 1; Figure 3).
These results suggest that hydrophilic dipolar aprotic cosolvents
maintain gelatin in a sol state at room temperature, and the HSP
would be useful for selecting cosolvents that maintain gelatin in the
sol state.

Electrospinning of gelatin nanofibers using dipolar aprotic solvents
The gelatin nanofiber-forming properties of the screened dipolar
aprotic solvents were investigated using HFP as a conventional control.
Five percent (w v− 1) gelatin in the 50% dipolar aprotic solvents–50%
H2O was electrospun on aluminum foils. Electrospun deposits of 5%
gelatin in 50% DMA, DMF, NMP and HFP–50% H2O were very dry,
and these electrospinning solvents completely vaporized during
the electrospinning process (Figure 4a). In contrast, using 50%

Figure 2 Relationship between the gelatin states in 50% polar organic
solvent–50% H2O mixtures and the organic solvent polarity. Dielectric
constants (relative permittivity, ε) and dipole moments (D) in Debye units (1
D =1.33564×10−30 C m) of the polar organic solvents are plotted in
Figure 1. Gelatin as a precipitate, a gel or a sol of gelatin is indicated by a
cross, a filled circle, or an open circle, respectively. Solvent numbers are the
same as in Figure 1.

Table 1 Hansen solubility parameters (HSPs) of gelatin and the polar organic solvents

δp δh δd Ref.

Gelatin 20.3 23.6 16.0 33

Gelatin state Polar organic solvent 50% 100%

δp δh δd Ra δp δh δd Ra

Precipitate Acetone 9.9 26.6 15.9 10.9 3.7 10.9 16.3 20.9 34

1,2-Dimethoxyethane 11.0 24.2 15.5 9.4 6.0 6.0 15.4 22.7 35

1,4-Dioxane 8.9 24.9 17.3 11.7 1.8 7.4 19.0 25.3 34

2-Ethoxyethanol 12.6 28.3 15.9 9.0 9.2 14.3 16.2 14.5 35

Isopropanol 11.1 29.4 15.7 10.9 6.1 16.4 15.8 15.9 34

1,5-Pentanediol 14.1 32.6 14.7 11.2 12.2 22.8 13.9 9.2 36

Sulfolane 16.3 24.9 17.0 4.6 16.6 7.4 18.4 17.3 34

Tetrahydrofuran 10.9 25.2 16.2 9.6 5.7 8.0 16.8 21.4 34

Gel Ethanol 12.4 30.9 15.7 10.7 8.8 19.4 15.8 12.2 34

2-Methoxyethanol 12.6 29.4 15.9 9.6 9.2 16.4 16.2 13.2 35

1,3-Butanediol 13.0 31.9 16.1 11.1 10.0 21.5 16.6 10.6 34

Ethylene glycol 13.5 34.2 16.3 12.6 11.0 26.0 17.0 9.8 34

Glycerol 14.1 35.8 16.5 13.7 12.1 29.3 17.4 10.4 34

H2O 16.0 42.3 15.5 19.2 16.0 42.3 15.5 19.2 34

Methanol 14.2 32.3 15.3 10.7 12.3 22.3 15.1 8.3 34

Triethylene glycol 14.3 30.5 15.8 9.2 12.5 18.6 16.0 9.3 34

Sol N,N-Dimethylacetamide (DMA) 13.8 26.3 16.2 7.1 11.5 10.2 16.8 16.1 34

N,N-Dimethylformamide (DMF) 14.9 26.8 16.5 6.4 13.7 11.3 17.4 14.2 34

1,3-Dimethyl-2-imidazolidinone (DMI) 13.3 26.0 16.8 7.6 10.5 9.7 18.0 17.5 37

N,N-Dimethylsulfoxide (DMSO) 16.2 26.3 17.0 5.2 16.4 10.2 18.4 14.8 34

1,1,1,3,3,3-Hexafluoro-2-propanol (HFP) 10.2 28.5 16.4 11.3 4.3 14.7 17.2 18.5 34

N-Methyl-2-pyrrolidone (NMP) 14.2 24.8 16.8 6.4 12.3 7.2 18.0 18.7 34

The HSP of polar (δp), hydrogen bonding (δh) and dispersion (δd) parameters (MPa1/2) is shown. The HSP of the polar organic solvents evaluated in Figure 1 is indicated as 50% concentration–50%
H2O mixtures and 100% concentrations. Ra values (MPa1/2) are the HSP distances between gelatin and the polar organic solvents, as described in the Experimental procedure. Lower Ra suggests
higher gelatin solubility in the solvent.
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DMSO–50% H2O and 50% DMI–50% H2O, the deposited gelatin was
wet and did not form nanofibrous structure (data not shown).
Solvents containing 5, 10 and 20% (w v− 1) gelatin mixtures were

electrospun, and their morphologies were evaluated. In previous
reports, the electrospun polymer morphologies changed from nano-
particles to beads and threads, and then to nanofibers by increasing
the polymer concentration and viscosity.7,15 Consistent with these

previous findings, 5, 10 and 20% gelatin solutions were deposited as
nano- or micro-particles, beads and threads, and nanofibers, respec-
tively (Figure 4b). In the following experiments, 20% gelatin was used
for electrospinning. The gelatin nanofibers using DMA, DMF,
NMP and HFP were named GNF-DMA, GNF-DMF, GNF-NMP
and GNF-HFP, respectively.

Effects of dipolar aprotic solvent concentrations on gelatin
solubility, electrospinning and nanofiber morphology
DMA, DMF, NMP and HFP concentrations were evaluated for
electrospinning of gelatin nanofibers. Before electrospinning, the
gelatin solubility was assayed in 20–100% polar organic solvent-H2O
mixtures. Twenty percent gelatin was completely dissolved in 20–40%
DMA, DMF and NMP, as well as in 20–80% HFP (Figure 5a).
Polar organic solvent-H2O mixtures, which were 20–50% DMA,

DMF and NMP, as well as 20–100% HFP, were investigated in terms
of whether gelatin in the solvents was electrospun into nanofibers.
Gelatin in 20–50% DMA, DMF and NMP-H2O was electrospun into
nanofibers, although gelatin in 20% DMA and DMF showed bead-
and-thread morphologies to a small extent (Figure 5b). Reductions of
the polar aprotic solvents thinned the nanofibers (Figures 5b and c).
Although 20 and 100% HFP caused gelatin nanoparticles and clogging
of the needle tip due to the highly viscous gelatin, respectively, 40–
80% HFP was able to electrospin gelatin nanofibers. In the following
experiments, 50% DMA, DMF, NMP and HFP–50% H2O were
selected for gelatin electrospinning.

Figure 3 Relative gelatin solubility estimated by the HSP in the
precipitating, gel-forming and sol-allowing solvents. The Ra values between
gelatin and the precipitating, gel-forming and sol-allowing solvents are
plotted for the 50% polar organic solvents. The symbols are the same as in
Figure 2.

Figure 4 Morphologies of electrospun gelatin nanomaterials fabricated using screened dipolar aprotic solvents. (a) Chemical structures and bp of the solvents
that allowed gelatin in a sol state to form. Whether the deposit was dry or wet is indicated at the top. (b) SEM images of electrospun gelatin nanomaterials
formed by using different gelatin concentrations (5, 10 and 20%, w v−1) in 50% organic solvents–50% H2O. All of the images are shown at the same
magnification. Bar: 10 μm.
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Morphological control of the crosslinked gelatin nanofibrous
structure by the selection of dipolar aprotic solvents
The water-soluble gelatin nanofibers were insolubilized by GA cross-
linking for cell culture. Because the morphologies of crosslinked
gelatin nanofibers would affect cell growth,8 the fiber diameters and
the scaffold pore sizes of the GA-crosslinked gelatin nanofibers were
analyzed. The nanofibrous structures of GNF-DMA, GNF-DMF and
GNF-NMP were well maintained after GA crosslinking, although
GNF-HFP shrunk in the hydrophobic GA-IPA (Figure 6a). The fiber
diameters of the GA-crosslinked gelatin nanofibers using the dipolar
aprotic solvents increased in the order of GNF-DMA, GNF-DMF and
GNF-NMP (Figure 6b).
Because polymer viscosity is reported to affect the nanofiber

morphology,7,15 the viscosities of the gelatin-electrospinning solvents
were measured. The viscosities of the gelatin-electrospinning solvents
were greater in the order of DMA4DMF4NMP4HFP. In the

dipolar aprotic solvents, those with a higher dipole moment showed a
lower gelatin viscosity (Figure 7a). The fiber diameter of the
GA-crosslinked gelatin nanofibers using the dipolar aprotic solvents
increased with the gelatin-electrospinning solvent viscosity (Figure 7b).
Although the viscosity of 20% gelatin in the HFP electrospinning
solvent was the lowest of the tested gelatin solutions, the diameter of
GNF-HFP was thicker than those of GNF-DMF and GNF-NMP.
Because HFP is more volatile (bp 58 °C) than the dipolar aprotic
solvents (bp 153–202 °C, Figure 4a), the electrospun jets of the gelatin-
HFP would rapidly dry before expanding into thinner nanofibers
compared with the other nanofibers.
The porous structure of the gelatin nanofibers using the dipolar

aprotic solvents was conserved after GA crosslinking. The pore size of
the crosslinked gelatin nanofibrous structures using the dipolar aprotic
solvents was in the order of GNF-DMA4GNF-DMF4GNF-NMP, as
shown in Figures 6b and 7c. The pore size of the gelatin nanofibrous

Figure 5 Effects of the concentration of dipolar aprotic solvents in gelatin nanofiber electrospinning. (a) Gelatin solubility in 20–100% DMA, DMF, NMP and
HFP-H2O. The gelatin solubility was assayed as in Figure 1b (n =3). (b) Electrospun gelatin nanofibers with different concentrations of DMA, DMF, NMP
and HFP. Gelatin nanofibers using DMA, DMF, NMP and HFP are termed GNF-DMA, GNF-DMF, GNF-NMP and GNF-HFP, respectively. All of the images are
shown at the same magnification. Bar: 10 μm. (c) The diameters of the gelatin nanofibers in (b) are presented (n =50).
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structure using the dipolar aprotic solvents positively correlated with
the nanofiber diameter. Meanwhile, the GNF-HFP structure did not
show this tendency due to vertical shrinking by aggregation on the
aluminum foil in the hydrophobic GA-IPA solution. Thus, the
nanofiber diameter and the pore size between the gelatin nanofibers
fabricated with the dipolar aprotic solvents could be controlled based
on the gelatin-sol viscosities, depending on the electrospinning
solvents used.

Viabilities and morphologies of Swiss 3T3 fibroblasts in the gelatin
nanofiber scaffolds
The gelatin nanofiber scaffolds of various diameters and pore sizes
were evaluated in regard to their effects on cell viability and
morphology. Swiss 3T3 fibroblasts grew well on the gelatin nanofiber
scaffolds, as well as on the plastic dish and the GA-crosslinked gelatin
gel control substrates (Figure 8; Table 2). The Swiss 3T3 fibroblasts
showed a thin, flat morphology on the gelatin nanofibers. However,
on the thick, porous GNF-DMA, some cells grew along the nanofibers
with in vivo-like spindle shapes.45 Considering these results, the
nanofiber diameter and the pore size between the fibers affected the
entire cell morphology of Swiss 3T3 fibroblasts.

Conservation of ALP activity in the gelatin nanofiber scaffolds using
the dipolar aprotic solvents
Chemical, mechanical and structural cues are important for control-
ling cellular function and development.5,6,46,47 To investigate the
possibility that protein reagents, such as growth factors and cytokines,
embedded into the gelatin nanofibers maintain their activities, the
protein stabilities in the nanofibers using the neutral aprotic solvents
were evaluated. ALP was used as a model reagent in this study because
it can be quantitatively detected using a colorimetric method and is
also used for bone tissue engineering.48

First, the ALP activities in the gelatin-electrospinning solvents were
evaluated. Conventional electrospinning solvents, which were 50%
HFP and 48% acetic acid-32% ethyl acetate, reduced the ALP activities
to only 5± 2% and 2± 1%, respectively (Figure 9). However, 50%
DMA, DMF and NMP drastically conserved the ALP activities to levels
of 100± 0%, 94± 10% and 100± 0%, respectively.
Next, ALP-embedded gelatin nanofibers were fabricated, and their

ALP activities were compared. The ALP-embedded GNF-DMA,
GNF-DMF and GNF-NMP showed high ALP activities, whereas the
ALP-embedded GNF-HFP clearly showed less ALP activity
(Figure 10). This result also indicates that the ALP activity in the
gelatin nanofibers was maintained even after electrospinning,
drying and GA crosslinking in hydrophobic IPA. Thus, GNF-DMA,
GNF-DMF and GNF-NMP would be effective for embedding protein
reagents while maintaining their activities.

DISCUSSION

Mild neutral dipolar aprotic solvents, DMA, DMF and NMP, were
found to allow a gelatin-sol state to form at room temperature
(Figures 1 and 2). Gelatin forms a gel by establishing intermolecular
hydrogen bonds; however, this gelation is inhibited by substances such
as 1,3-benzenediol,43 formamide44 and ethanolamine49 by their direct
hydrogen bonding with gelatin. The dipolar aprotic solvents lack a
hydrogen bond donor and have carbonyl groups as electronegative
acceptors, which are associated with high dielectric constants and
dipole moments (Figures 2 and 4a).50,51 Interestingly, the higher
dipole moment reduced the viscosity of gelatin (Figure 7a). Therefore,
the carbonyl group of the dipolar aprotic solvents would allow a
gelatin-sol state with the disruption of intermolecular hydrogen bonds
by solvating the gelatin.
The molecular polarities of dipolar aprotic solvents are reflected in

their HSP.34 The carbonyl groups and the lack of a hydrogen bond
convey a high δp and a low δh to the dipolar aprotic solvents,

Figure 6 Gelatin nanofibers using the dipolar aprotic solvents maintained their nanofibrous porous structure after GA crosslinking. (a) Representative SEM
images of gelatin nanofibers before and after GA crosslinking (experiment No. 3). All of the images are shown at the same magnification. Bar: 10 μm.
(b) Fiber diameters (left panel) and pore sizes (right panel) of the gelatin nanofiber scaffolds after the GA crosslinking. The fiber diameters and the pore sizes
of first, second and third experiments (Exp. 1–3) (n =50, each) are indicated as open, diagonal and cross-hatched bars, respectively. The mean and
standard deviation of the three experiments (mean, n =3) are also represented as filled bars.
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respectively (Table 1). As a result, the dipolar aprotic solvents were
calculated to have lower Ra values than gelatin-precipitating and gel-
forming solvents at 50% in H2O (Figure 3). Thus, the HSP will be
useful to screen electrospinning solvents that allow the formation of a
gelatin-sol state.
Through electrospinning optimization, the screened DMA, DMF

and NMP enabled the fabrication of gelatin nanofibers (Figure 4).
DMA and DMF are milder than HFP, which is an irritant, although
their toxicities are higher than that of NMP (Supplementary
Table S2).52,53 Thus, DMA and DMF were dried from the electrospun

gelatin jets by traveling through air. The residual DMA and DMF in
the gelatin nanofibers were desalted in phosphate-buffered saline after
GA crosslinking. Because NMP has a low toxicity given its biodegrad-
ability (Supplementary Table S2) and high solubility for both
hydrophilic and hydrophobic drugs, it has been used in clinical
applications.54–56 Therefore, GNF-NMP will be particularly appro-
priate for safe drug delivery. Thus, DMA, DMF and NMP will be safer
electrospinning solvents than conventional HFP.
The diameter and pore size between fibers of the gelatin nanofibers

using the dipolar aprotic solvents were controlled by appropriate
selection of the solvent and its concentration (Figures 4b–7). In the
Coulomb explosion, the fine splitting of the highly viscous polymer jet
by the electrostatic repulsive force is difficult.7,8,15 Therefore, the
diameter of the gelatin nanofiber using the dipolar aprotic solvents
had a positive correlation with the gelatin viscosity in the electrospin-
ning solvent (Figure 7b).
The pore sizes of the gelatin nanofiber scaffolds were closely

correlated with their fiber diameters (Figure 7c). Because the same
amount gelatin was deposited, the number of thick gelatin nanofibers
was less than that of thin nanofibers; therefore, the pore size increased
with the fiber diameter. However, the porosity of GNF-HFP was
reduced upon shrinking of the scaffold by nanofiber aggregation in the
hydrophobic GA-IPA, whereas the porosities of the gelatin nanofibers
using the dipolar aprotic solvents were preserved (Figure 6a). The less
denaturing dipolar aprotic solvent would partially form gel in the
nanofiber after electrospinning, which would strengthen the nanofi-
bers against shrinking. However, the fiber strength of GNF-HFP
would be weak due to the prevention of gel formation by the HFP
denaturant. Therefore, the electrospinning cosolvents may affect the
strength and the porosity change of the nanofiber after GA cross-
linking. Thus, the porous structures of gelatin nanofibers using the
dipolar aprotic solvents demonstrated the positive correlation between
the fiber diameters and the pore sizes (Figure 7c).
The structural parameters of the gelatin nanofiber scaffolds affected

the morphologies of Swiss 3T3 fibroblasts (Figure 8). The fiber
diameter and porosity of the ECM affects the cell function and
fate.57 For example, the differentiation, morphology and growth of
neural stem/progenitor cells are affected by the nanofiber diameter.58

Swiss 3T3 fibroblasts showed flat shapes on the fine nanofibrous
structures (GNF-DMF, GNF-NMP and GNF-HFP), and some cells
grew along with the thick sparse gelatin nanofibers (GNF-DMA) with
in vivo-like spindle morphology.45 Thus, the fiber diameters and the
pore sizes of the gelatin nanofiber scaffolds would affect the Swiss 3T3
fibroblast morphology. In ECM, collagen fibrils, which provide
physical strength and act as a cell growth scaffold, were shown to
have various diameters from several tens to several hundreds of
nanometers in the human body.59–61 Because the diameter of gelatin
nanofibers using the dipolar aprotic solvents was controlled from
66 nm (GNF-NMP using 20% NMP) to 488 nm (GNF-DMA using
50% DMA) by selecting the solvent conditions (Figures 5–7), the
gelatin nanofiber scaffolds using the dipolar aprotic solvents will be
excellent to provide structural cues closely mimicking an in vivo ECM
structure of target cells in regenerative medicine.
As a model protein, ALP was embedded in the gelatin nanofibers

using the dipolar aprotic solvents with high activity (Figures 9 and 10).
For drug delivery with nanofibers, protein reagents mixed in electro-
spun polymer are superior in terms of long-term release.62 However,
protein reagents are denatured by hydrophobic synthetic polymers and
nonpolar organic solvents. Because gelatin and the 50% dipolar
aprotic solvent–50% H2O mixtures are hydrophilic, they maintain
the activities of protein reagents embedded in the nanofibers. Because

Figure 7 The gelatin viscosity in 50% dipolar aprotic solvent affected the
gelatin nanofiber morphology. (a) The viscosities of the 20% (w v−1) gelatin
in the 50% dipolar aprotic solvents–50% H2O are plotted against the dipole
moments of the solvents. The scattered plots of (b) the diameters of
GA-crosslinked gelatin nanofibers (n=3) and their mean viscosities and
(c) the scaffold pore sizes (n=3) and their fiber mean diameters are also
plotted. Filled rectangles, triangles and circles represent GNF-DMA, GNF-
DMF and GNF-NMP, respectively. The open rectangle indicates GNF-HFP as
a conventional control. The fiber diameters and the scaffold pore sizes of
gelatin nanofibers are from Figure 6.
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the nanofiber scaffolds have high permeability,7,8 the ALP-embedded
nanofiber would enhance the enzyme reaction by diffusion through
the substrate (Figure 10). The high permeability of the gelatin
nanofiber scaffolds will also be effective for releasing embedded
protein reagents from the nanofibers for drug delivery. Thus, the
electrospinning solvents using the dipolar aprotic solvents are

considered to be suitable for the fabrication of active growth factor-
embedded gelatin nanofibers.

CONCLUSION

This study demonstrates a simple and sophisticated strategy to
fabricate gelatin nanofiber scaffolds to provide well-defined structural

Figure 8 Swiss 3T3 fibroblasts on the gelatin nanofiber scaffolds. Swiss 3T3 fibroblast cells grown on GNF-DMA, GNF-DMF GNF-NMP, and conventional
GNF-HFP were observed using SEM at 500- (Exp. 1) and 3000-fold magnifications (Exp. 1–3). Representative images at each magnification are shown at
the same scale. Bars in the 500- and 3000-fold magnifications represent 50 and 5 μm, respectively. The plastic dish and the gelatin gel were used as the
conventional control substrates. The diameters of the gelatin nanofibers in close contact with the Swiss 3T3 fibroblast cells are shown below each image
(n=10). The scaffold pore sizes close to the cells are shown in parentheses (n=5).
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cues and sustained delivery of chemical cues that are critical for tissue
engineering. In our strategy, gelatin nanofibers were electrospun using
less toxic, less denaturing, neutral dipolar aprotic solvents, namely,
DMA, DMF and NMP. We clarified that two important structural
parameters, the nanofiber diameter and the pore size between the
fibers, can be designed by selecting an adequate solvent based on the
viscosity of the gelatin solution used for electrospinning. Furthermore,
the dipolar aprotic solvents conserved the activity of an embedded
protein reagent in the nanofibers. In conclusion, the gelatin nanofiber
scaffolds fabricated using these neutral dipolar aprotic solvents can be
used for sustained delivery of a protein reagent by providing chemical
cues concomitantly with physical cues. Therefore, these scaffolds will
be useful in regenerative medicine.
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