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Abstract: Electrospinning and post-spun conformations of hydrophobic poly(α-amino acid)s are
described in this study. The poly(α-amino acid)s, poly(Gly), poly(l-Ala), poly(l-Val), and poly(l-Leu)
were synthesized via corresponding N-carboxy-α-amino acid anhydrides. The average molecular
weight and degree of polymerization of these polymers were determined by N-terminus labeling
using 2,4-dinitrofluorobenzene and by viscometry in the case of poly(Gly). These poly(α-amino
acid)s were electrospun from trifluoroacetic acid or trifluoroacetic acid/dichloromethane solutions.
The FT-IR spectroscopy and wide-angle X-ray diffraction indicated that the electrospun poly(l-Ala)
and poly(l-Leu) fibers predominantly adopts α-helical structure, whereas poly(l-Val) and poly(Gly)
fibers exhibited mainly β-strand and random coil structures, respectively.

Keywords: poly(α-amino acid)s; synthesis; electrospinning; conformational analysis;
molecular weight

1. Introduction

Electrospinning is a state-of-the art technology for the production of fibers from a broad spectrum
of polymers including synthetic polymers [1], polysaccharides [2–4], proteins [5–7], and DNA [8].
The parameters for successful electrospinning include applied voltage, tip-to-collector distance, solvent,
conductivity, solution concentration, and viscosity. The electrospun fibers are often collected as the sheet
like non-woven (ESNW) fabrics. The ESNWs are potential materials for applications such as protective
textiles [1,9], scaffolds for tissue engineering [10], air filters [11,12], actuators [13], chemosensors for
detection of metal ions [14], and so on [1,15]. The differences in the fiber properties are mainly due to
the chain conformation of the polymers with respect to the spinning conditions. Therefore, control on
the post-spun structure of the polymer molecular chains is important for better fiber performances.

Synthetic poly(amino acid)s have a backbone structure identical to the natural proteins that adopts
both ordered and/or disordered structures. Thus poly(amino acid)s are key models for understanding
the protein folding as well as the bio-related materials science. Our research group examined
the chain conformations of the poly(γ-benzyl-l-glutamate) (PBLG) in pre- and post-electrospinning
process [15]. The PBLG was electrospun in dichloromethane (DCM) and DCM/trifluoroacetic acid
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(TFA). Even as the pre-spun solution in TFA or DCM/TFA exhibited random chain conformation,
the molecular chains in post-spun PBLG fibers showed α-helical structure. There were very few
succeeding studies so far on electrospinning and post-spun chain conformations of poly(α-amino
acid)s and polypeptides. For example, poly(l-ornithine) [16] and poly(l-glycine-co-l-tyrosine) [17]
in deionized water were electrospun to give fibers having average fiber diameter at micron-scale.
The molecular chains of the post-spun fibers of poly(l-glycine-co-l-tyrosine) were predominantly
β-sheet structure [18]. In a recent study, poly(l-Phe) in hexane/chloroform was electrospun and
demonstrated as a superhydrophobic material [19]. However, studies on synthetic hydrophobic
poly(α-amino acids) such as poly(Gly), poly(l-Ala), poly(l-Val), and poly(l-Leu) for electrospinning
and post-spun chain conformations are not reported.

Therefore, this study was carried out with encompassing the following objectives; (i) synthesis
of hydrophobic poly(α-amino acids) and determination of molecular weight, (ii) electrospinning of
poly(α-amino acids), and (iii) chain conformation analysis of the post-spun fibers. To understand
the behavior of molecular chains, cast film of poly(l-Ala) was also prepared as a comparison to
the poly(l-Ala)-ESNW and analyzed by means of FT-IR and WAXD.

2. Experimental Section

2.1. Materials

Nα-benzyloxycarbonyl-l-alanine (Z-l-Ala), glycine (Gly), phosphorous pentachloride
(PCl5), bis(trichloromethyl)carbonate (TCMC), triethyl amine (TEA), cyclohexyl amine (CHA),
dichloromethane (DCM), dinitrofluoro benzene (DNFB), and benzyloxycarbonyl chloride were
purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. l-Valine (l-Val) and l-leucine
(l-Leu) were purchased from Nippon Rikagakuyakuhin Co., Ltd., Japan. Z-Gly was synthesized
by a method described by Bergmann et al. [20]. 1-butyl-2-methylimidazolium hexafluorophosphate
([BMIM][PF6]) and trifluoroacetic acid (TFA) were purchased from Tokyo Chemical Industries, Co., Ltd.,
Japan, while 1-butyl-2-methyl-imidazolium chloride ([BMIM][Cl]) was obtained from Sigma-Aldrich,
Japan (Tokyo).

2.2. Synthesis of Poly(α-amino acids)

2.2.1. General Procedure for Synthesis of Poly(α-amino acids)

At first, the N-carboxy-α-amino acid anhydrides (NCA) of Z-l-Ala, l-Val, l-Leu, and Z-Gly were
prepared using TCMC or PCl5 [21]. The NCAs were dissolved in anhydrous benzene, 1,4-dioxane, or
in ionic liquid/DMSO solvent mixture and then the polymerization was initiated by TEA or by ionic
liquids in the case of Gly NCA. The polycondensation reactions were monitored by FT-IR spectroscopy
for the completion of polymerization. The product was precipitated using methanol or diethyl ether
and the precipitate was recovered by filtration. The molecular weight and degree of polymerization of
these poly(α-amino acids) were determined as described in the supplementary information (Table S1).

2.2.2. l-Ala NCA (1)

To a solution of Z-l-Ala (26.8 g, 120 mmol) in anhydrous ethyl acetate (80 mL), PCl5 (25.0 g,
120 mmol) was added on an ice bath. The reaction mixture was concentrated under reduced pressure
and the product was crystallized using anhydrous hexane. The crude crystals were re-crystallized
twice from anhydrous 1,4-dioxane/hexane. Then, the product was dissolved in 1,4-dioxane and passed
through a column packed with activated charcoal. The eluate was condensed and crystallized by
anhydrous hexane to give white crystalline product, l-Ala NCA (1). Yield: 10.8 g, 78.2%. IR: 1751 cm−1

and 1833 cm−1 (νC=O, cyclic anhydride).
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2.2.3. Poly(l-Ala) (2)

l-Ala NCA (1) (2.00 g, 17.4 mmol) was dissolved in 20 mL of anhydrous 1,4-dioxane. A 0.08 eq.mol
of TEA was added to the solution with stirring. The reaction mixture was kept stirring for 1 week at
room temperature and then heated to 80 ◦C to terminate the reaction. The product poly(l-Ala) (2) was
precipitated using diethyl ether and the crystals were collected by filtration. Yield: 1.07 g, 86.8%. IR:
1654 cm−1 (amide I) and 1548 cm−1 (amide II).

2.2.4. l-Val NCA (3)

l-Val (9.00 g, 76.8 mmol) was dissolved in 90 mL of anhydrous 1,4-dioxane; 0.45 g of dry activated
charcoal was added. TCMC (8.36 g, 28.1 mmol) was added to the reaction mixture and stirred for
90 min at 65 ◦C. Then, the charcoal was removed by filtration. The filtrate was condensed under vacuo
and crystallized using anhydrous hexane. The crude product was recrystallized twice from anhydrous
1,4-dioxane/hexane and was purified by a procedure similar to L-Ala NCA (1) to give white crystalline
product, L-Val NCA (3). Yield: 8.00 g, 72.8%. IR: 1837 cm−1 and 1751 cm−1 (νC=O of cyclic anhydride).

2.2.5. Poly(l-Val) (4)

The polymerization of l-Val NCA (3) (3.00 g, 21.0 mmol) in anhydrous benzene (30 mL) was
initiated by TEA (0.02 eq.mol). The reaction mixture was stirred for 7 days at room temperature
followed by termination at 80 ◦C. Then, the product poly(l-Val) (4) was precipitated using diethyl
ether. Yield: 1.53 g, 73.3%. IR: 1637 cm−1 (amide I) and 1540 cm−1 (amide II).

2.2.6. l-Leu NCA (5)

To the solution of l-Leu (9.00 g, 68.6 mmol) dissolved in 90 mL of anhydrous 1,4-dioxane, dry
charcoal (0.45 g) and TCMC (7.45 g, 25.2 mmol) were added and the reaction mixture was stirred at
65 ◦C for 90 min. The charcoal was filtered off and the product was recovered by a similar procedure to
compound 3. Yield: 6.08 g, 56.4%. IR: 1855 cm−1 and 1758 cm−1 (νC=O cyclic anhydride).

2.2.7. Poly(l-Leu) (6)

Similar to 3, l-Leu NCA (5) (3.00 g, 19.3 mmol) was polymerized in anhydrous benzene (30 mL).
Yield: 1.77 g, 80.8%. IR: 1652 cm−1 (amide I) and 1544 cm−1 (amide II).

2.2.8. Gly NCA (7)

Z-Gly (15.0 g, 71.7 mmol) was dissolved in anhydrous ethyl acetate (150 mL) and added PCl5
(14.9 g, 71.7 mmol) on an ice bath. The product was obtained by a similar procedure to compound 1.
Yield: 6.07 g, 83.8%. IR: 1867 cm−1 and 1760 cm−1 (νC=O of cyclic anhydride).

2.2.9. Poly(Gly) (8)

GlyNCA (7) (6.07 g, 60.1 mmol) was polymerized in a mixture of ionic liquids/solvent, [BMIM][PF6]
(5.00 g) and [BMIM][Cl] (5.00 g) and anhydrous dioxane (5 mL) for 21 h at room temperature. The product
poly(Gly) was precipitated using methanol. Yield: 3.00 g, 87.5%. IR: 1647 cm−1 (amide I) and 1559 cm−1

(amide II).

2.3. Electrospinning of Poly(amino acids)

The pre-spun solutions of poly(l-Ala) (2), poly(l-Val) (4), poly(l-Leu) (6), and poly(Gly) (8) were
prepared in TFA and TFA-DCM solvent mixture at the concentration of 4–25 wt.%. The solvents TFA
and DCM were mixed at the weight ratios TFA:DCM = 10:0, 8:2, 5:5, and 2:8. The electrospinning
experimental set up was assembled similar to our previous reports [3,4,22]. The pre-spun solutions of
each poly(amino acid)s were separately placed into a 1-mL syringe with a tip having 0.6 mm inner
diameter. A copper wire was inserted into the pre-spun solution, which was connected to the positive
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electrode. A copper plate covered with aluminum foil was grounded to earth and used as a collector.
The electric field was generated by a high voltage power supply (HAR-50p2, Matsusada Precision Inc.,
Japan). Electrospinning was carried out at 14–16 kV. The tip to collector distance was 15 cm.

2.4. Preparation of Poly(l-Ala) Film

Thirteen milligrams of poly(l-Ala) (2) was first dissolved in 65 µL of methanesulfonic acid (MSA)
(Sigma), then the volume was made up to 750 µL using TFA. Then, the solution was cast in a glass
Petri dish by hot air to give transparent film of poly(l-Ala). To remove the remaining MSA and TFA,
the film was washed with diethyl ether and then dried in vacuo at room temperature. Approximately,
1 cm2 of the film was cut and drawn axially up to 400% of its original length. The film was kept wet by
dropping diethyl ether onto the film during elongation.

2.5. Wide-Angle X-ray Diffraction (WAXD)

The ESNWs were molded into pellets for WAXD measurement. The instrument was set at 40 kV,
150 mA current and a light source having wavelength of 1.54 Å was used. The diffraction intensity was
measured using a Rigaku Geiger flex instrument (Tokyo, Japan).

2.6. FT-IR Spectroscopy

The ESNWs of poly(amino acids), except poly(Gly), were subjected to FT-IR spectral measurement
in transmission mode at 400 to 4000 cm−1 frequency range. As for the poly(Gly)-ESNW, the attenuated
total reflection (ATR) technique has been employed using a KRS5 ATR prism, as peeling-off of
the poly(Gly)-ESNW from the aluminum foil was difficult.

3. Results and Discussion

3.1. Synthesis of Poly(amino acids)

Scheme 1 shows the synthesis of poly(l-Ala) (2), poly(l-Val) (4), poly(l-Leu) (6), and poly(Gly)
(8). At first, the reactive NCAs were synthesized with purified yields 57–84% and characterized by
FT-IR spectroscopy. PCl5 was used to prepare l-Ala NCA (1) and l-Gly NCA (7). TCMC was used to
prepare l-Val NCA (3) and l-Leu NCA (5). The polycondensation was initiated by triethyl amine to
give poly(l-Ala) (2), poly(l-Val) (4), and poly(l-Leu) (6). Polymerization of Gly NCA (7) was initiated
by the mixture of ionic liquids: [BMIM][PF6] and [BMIM][Cl]. The poly(amino acid)s were synthesized
with yields 73–88% and were confirmed by FT-IR spectroscopy. Recently, Endo et al. [23] first reported
polymerization of γ-benzyl-l-glutamate NCA in ionic liquids using n-butylamine as an initiator. In
this study, poly(Gly) was synthesized in ionic liquids by an amine initiator-free method.

On one hand, the poly(l-Ala) (2), poly(l-Val) (4), and poly (l-Leu) (6) were not soluble in
dichloroacetic acid for conventional viscometric studies. Therefore, the number average molecular
weight (Mn) and degree of polymerization (Dp) of these poly(amino acid)s were determined by
N-terminus labeling and the values were given in Table S1 (see Supporting Information). The average
Dp values for poly(l-Ala) (2) was estimated as DpN = 2570; for poly(l-Val) (4), DpN = 292; and for
poly(l-Leu), DpN = 1550. The average Mn

N were estimated as 184,000 for poly(l-Ala), 28,900 for
poly(l-Val), and 175,000 for poly(l-Leu). On the other hand, the poly(Gly) (8) is highly cohesive and
lesser soluble in common organic solvents, which hindered the molecular weight determination by
N-terminus labeling. Therefore, the average molecular weight of the poly(Gly) (8) was determined
on comparison with the limiting viscosity of poly(l-Val) as described in the Supporting Information.
The limiting viscosity of poly(Gly) (8) was 0.53 fold compared with the poly(l-Val). The value of
limiting viscosity reflects the molecular weight of poly(Gly). The estimated Mn

V and DpV of poly(Gly)
were 15,100 and 502, respectively (Table S2, Supporting Information).
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3.2. Electrospinning

At first, the concentration of poly(amino acids) was optimized to produce continuous,
homogeneous fibers. Most stable streams of the spinning jets were obtained for the pre-spun solutions
of poly(amino acid)s/TFA at the following concentrations; poly(l-Ala) (2) = 12 wt.%, poly(l-Val)
(4) = 12 wt.%, poly(l-Leu) (6) = 4 wt.%, and poly(Gly) (8) = 23–25 wt.%. The electrospinning conditions
were further examined using pre-spun solutions of poly(amino acids) prepared in TFA:DCM = 10:0,
8:2, 5:5, and 2:8. The poly(amino acids) were insoluble in TFA:DCM = 2:8.

The pre-spun solution of poly(l-Ala) in pure TFA was fabricated into poly(L-Ala)-ESNW, which
was composed of fine fibers having average fiber diameter ϕ = 338 ± 50 nm (Figure 1a). Thinner
fibers were obtained from the pre-spun solutions prepared in TFA:DCM = 8:2 and 5:5 which had
average fiber diameters ϕ = 314 ± 77 nm (Figure 1b) and 278 ± 118 nm (Figure 1c), respectively.
Similarly, poly(l-Val)- and poly(l-Leu)-ESNWs were prepared by the same spinning procedure for
the poly(l-Ala)-ESNW. The average fiber diameters for poly(l-Val)-ESNWs are ϕ = 356 ± 175 nm (pure
TFA, Figure 2a), 360 ± 249 nm (TFA:DCM = 8:2, Figure 2b), 369 ± 207 nm (TFA:DCM = 5:5, Figure 2c);
for poly(l-Leu)-ESNWsϕ = 338± 50 nm (pure TFA, Figure 3a), 316± 87 nm (TFA:DCM = 8:2, Figure 3b),
362 ± 119 nm (TFA:DCM = 5:5, Figure 3c).
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Figure 3. Fibrous networks of poly(l-Leu) (magnification, ×5000) prepared from the pre-spun solutions
in TFA:DCM = 10:0 (a), 8:2 (b), and 5:5 (c) at 4 wt.%.

In the case of poly(Gly)-ESNW, the thinnest fibers, having average fiber diametersϕ= 208± 108 nm
(pure TFA, Figure 4a), 183 ± 115 nm (TFA:DCM = 8:2, Figure 4b), were obtained, but a small fraction of
beads were also observed along the fiber axis. Despite the fact that the poly(Gly) have low molecular
weight compared to other poly(amino acid)s, it gave fibers that have smaller diameters ranging from
nano- to sub-micron scale. This phenomenon is attributed to the existence of strong cohesive forces
that prevent solubility in the spinning solvent during electrospinning, which is the driving force for
solidification of the thin fibers.
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Figure 4. Morphologies of poly(Gly)-ESNWs (magnification, ×5000) prepared from pre-spun solutions
in TFA:DCM = 10:0 (a) and 8:2 (b) at 23–25 wt.%.

3.3. Analysis of Internal Structures in Poly(amino acid)-ESNWs

The wide-angle X-ray diffractogram of poly(l-Ala)-ESNWs are shown in Figure 5a.
The poly(l-Ala)-ESNW prepared from pre-spun solution in TFA:DCM = 10:0 exhibited diffraction
peaks at 2θ = 11.7◦, 20.8◦, and 23.8◦. The poly(l-Ala)-ESNWs prepared from pre-spun solution in
TFA:DCM = 8:2, 5:5 showed diffraction peaks at 2θ = 11.9◦, 20.8◦, and 23.8◦. The intense diffraction
peak observed at 2θ = 11.7o (sum of Miller indices, Shkl = 1; d-spacing, d = 7.55 Å) for poly(l-Ala)
(TFA:DCM = 10:0), indicated high degree of crystallinity and orientation in the fibers. The FT-IR
spectroscopy for poly(l-Ala)-ESNWs exhibited amide I and amide II bands at 1654 cm−1 and 1550 cm−1

(Figure 5a, inset, curve 1), respectively, corresponding to an α-helical conformation [24]. Therefore,
the most intense diffraction peaks at 2θ = 11.7◦ and 11.9◦ could be assigned to the α-helical chain
conformation in the fibers. The low intense diffraction peaks at 2θ = 20.8◦ (Shkl = 3, d = 4.35 Å) and
23.8◦ (Shkl = 4, d = 3.77 Å) suggested for the presence of smaller fractions of chain conformations
other than those ordered structure observed for the predominant peaks at 2θ = 11.7◦ and 11.9◦. In
FT-IR spectra, the overlapped adsorption bands at ca. 1638 cm−1 and 1539 cm−1, respectively, may be
due to β-sheet conformation. Upon increasing the DCM content to 20% and 50%, the intensities of
all the diffraction peaks increases, where no band shifts for amide I and amide II were observed in
FT-IR spectra (Figure 5a, inset, curves 2 and 3), indicating that the α-helix content in the post-spun
poly(l-Ala) fibers induce the higher crystallinity.



Polymers 2020, 12, 327 10 of 15

Polymers 2020, 12, 327  10  of  15 

 

 

 

Figure 5. Cont.



Polymers 2020, 12, 327 11 of 15

Polymers 2020, 12, 327  11  of  15 

 

 

 

Figure 5. Cont.



Polymers 2020, 12, 327 12 of 15
Polymers 2020, 12, 327  12  of  15 

 

 

Figure 5. Wide‐angle X‐ray diffraction patterns and FT‐IR spectra (inset, amide I and amide II region) 

for poly(L‐Ala)‐ESNWs  (a), poly(L‐Val)‐ESNWs  (b), poly(L‐Leu)‐ESNWs  (c), poly(Gly)‐ESNWs  (d) 

prepared  from pre‐spun  solutions  in TFA:DCM = 10:0  (Curves, 1), 8:2  (2), and 5:5  (3).  (e) WAXD 

pattern of poly(L‐Ala)‐film before (curve 1) and after (2) uniaxial stretching. 

The poly(L‐Leu)‐ESNW prepared from TFA:DCM = 10:0 solution exhibited two diffraction peaks 

at 2θ = 7.9° (Shkl = 1, d = 11.08 Å) and 18.3° (Shkl = 6, d = 4.58 Å) (Figure 5c). Similar to poly(L‐Ala) fibers, 

for poly(L‐Leu) fibers also predominant α‐helical conformation was suggested by FT‐IR spectroscopy, 

in which amide I and amide II bands were observed at 1650 cm−1 and 1543 cm−1 (Figure 5c, inset). The 

diffraction peaks for ordered structure in poly(L‐Val)‐ESNWs were observed at 2θ = 8.5° (Shkl = 1, d = 

10.4 Å) and 19.0° (Shkl = 5, d = 4.67 Å) (Figure 5b). The poly(L‐Val) molecules adopted mainly β‐strand 

structure  [18], which was  insisted by  the amide  I and amide  II bands at 1637 cm−1 and 1541 cm−1 

(Figure 5b, inset).   

The WAXD  pattern  for  poly(Gly)‐ESNWs  prepared  in  TFA:DCM  =  10:0  and  8:2  showed 

diffraction peaks at 2θ = 11.9° (Shkl = 1, d = 7.33 Å) and 21.0° (Shkl = 3, d = 4.23 Å), respectively (Figure 

5d). The ATR‐IR spectra of poly(Gly)‐ESNW (TFA:DCM = 10:0) exhibited amide I and amide II bands 

at 1650 cm−1 and 1544 cm−1 (Figure 5d, inset, curve 1) suggesting the random coil nature of the polymer 

along with a smaller fraction of poly(Gly)‐II (PGII) structure [24]. The amide II band for poly(Gly)‐

ESNW prepared in TFA/DCM appeared at higher frequencies (1653 cm−1) than those prepared in pure 

TFA (1650 cm−1), which may contain a mixture of PGI, PGII, and amorphous structures. 

Figure 5e illustrates the change in crystallinity of the uniaxially drawn poly(L‐Ala)‐film. The X‐

ray diffractogram of poly(L‐Ala)‐film before and after stretching showed peaks corresponding to an 

ordered structure at 2θ = 11.7° and 22.8° (Figure 5e). The amide I and amide II bands for the drawn 

poly(L‐Ala)‐film appeared at 1651 cm−1 and 1537 cm−1 (Figure 5e, inset, curve 1) indicated the existence 

of molecular chains in α‐helical structure [24]. The pre‐drawn film exhibited amide I and amide II 

bands at 1643 cm−1 and 1535 cm−1, respectively, for which the conformation was unidentifiable. The 

drawn film showed circular diffraction pattern (Figure S1) along with the drawing axis. This indicates 

that the molecular chains are oriented along with the drawing axis by the applied mechanical energy. 

The WAXD and FT‐IR results for poly(L‐Ala)‐ESNWs and films insisted that the polymer molecules 

were mainly α‐helices, though a smaller fraction of other conformations may exist. 

Figure 5. Wide-angle X-ray diffraction patterns and FT-IR spectra (inset, amide I and amide II
region) for poly(L-Ala)-ESNWs (a), poly(L-Val)-ESNWs (b), poly(l-Leu)-ESNWs (c), poly(Gly)-ESNWs
(d) prepared from pre-spun solutions in TFA:DCM = 10:0 (Curves, 1), 8:2 (2), and 5:5 (3). (e) WAXD
pattern of poly(L-Ala)-film before (curve 1) and after (2) uniaxial stretching.

The poly(l-Leu)-ESNW prepared from TFA:DCM = 10:0 solution exhibited two diffraction peaks
at 2θ = 7.9◦ (Shkl = 1, d = 11.08 Å) and 18.3◦ (Shkl = 6, d = 4.58 Å) (Figure 5c). Similar to poly(l-Ala) fibers,
for poly(l-Leu) fibers also predominant α-helical conformation was suggested by FT-IR spectroscopy,
in which amide I and amide II bands were observed at 1650 cm−1 and 1543 cm−1 (Figure 5c, inset).
The diffraction peaks for ordered structure in poly(l-Val)-ESNWs were observed at 2θ = 8.5◦ (Shkl = 1,
d = 10.4 Å) and 19.0◦ (Shkl = 5, d = 4.67 Å) (Figure 5b). The poly(l-Val) molecules adopted mainly
β-strand structure [18], which was insisted by the amide I and amide II bands at 1637 cm−1 and
1541 cm−1 (Figure 5b, inset).

The WAXD pattern for poly(Gly)-ESNWs prepared in TFA:DCM = 10:0 and 8:2 showed diffraction
peaks at 2θ = 11.9◦ (Shkl = 1, d = 7.33 Å) and 21.0◦ (Shkl = 3, d = 4.23 Å), respectively (Figure 5d).
The ATR-IR spectra of poly(Gly)-ESNW (TFA:DCM = 10:0) exhibited amide I and amide II bands at
1650 cm−1 and 1544 cm−1 (Figure 5d, inset, curve 1) suggesting the random coil nature of the polymer
along with a smaller fraction of poly(Gly)-II (PGII) structure [24]. The amide II band for poly(Gly)-ESNW
prepared in TFA/DCM appeared at higher frequencies (1653 cm−1) than those prepared in pure TFA
(1650 cm−1), which may contain a mixture of PGI, PGII, and amorphous structures.

Figure 5e illustrates the change in crystallinity of the uniaxially drawn poly(l-Ala)-film. The X-ray
diffractogram of poly(l-Ala)-film before and after stretching showed peaks corresponding to an
ordered structure at 2θ = 11.7◦ and 22.8◦ (Figure 5e). The amide I and amide II bands for the drawn
poly(l-Ala)-film appeared at 1651 cm−1 and 1537 cm−1 (Figure 5e, inset, curve 1) indicated the existence
of molecular chains in α-helical structure [24]. The pre-drawn film exhibited amide I and amide
II bands at 1643 cm−1 and 1535 cm−1, respectively, for which the conformation was unidentifiable.
The drawn film showed circular diffraction pattern (Figure S1) along with the drawing axis. This
indicates that the molecular chains are oriented along with the drawing axis by the applied mechanical
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energy. The WAXD and FT-IR results for poly(l-Ala)-ESNWs and films insisted that the polymer
molecules were mainly α-helices, though a smaller fraction of other conformations may exist.

3.4. Ordered Structure Content

The content of ordered structure (C, cps/mg) was determined based on the following equation
(Equation (1)),

C = Imax/W (1)

where Imax is the maximum diffraction intensity (cps), and W is the sample weight (mg) of the ESNW.
Table 1 summarizes the content of ordered structure transition due to the changes in the composition

of the electrospinning solvent. Regardless of the poly(amino acids), for the ESNWs spun from pre-spun
solutions having DCM composition more than 20%, the ordered structure content increased to 4–6-fold
compared with the system using pure TFA.

Table 1. Content of ordered structure in poly(amino acid)-ESNWs.

Title TFA:DCM 2θ (o) Imax (cps) (a) W (mg) (b) C (cps/mg) (c)

Poly(l-Ala)-ESNW 10:0 11.5 29200 56.0 521
8:2 11.7 44100 21.3 2070
5:5 11.7 42100 19.7 2140

Poly(l-Val)-ESNW 10:0 8.5 15200 74.0 205
8:2 8.5 13200 11.5 1150
5:5 8.5 19200 22.3 861

Poly(l-Leu)-ESNW 10:0 7.9 34800 128 272
8:2 7.9 36400 36.3 1000
5:5 7.9 33000 36.0 917

(a) Imax—maximum diffraction intensity (in cps); (b) W—sample weight (in mg); (c) C—content of ordered structure
(in cps/mg).

In electrospinning process, the rapid solidification of the polymers due to the evaporation of
the spinning solvent prevents the formation of highly ordered structures in the ESNWs. From the above
discussion, it becomes clear that at any electrospinning conditions studied for poly(l-Ala), poly(l-Val),
poly(l-Leu), and poly(Gly), the molecular chains form ordered secondary structures, which could
be controlled by selection of different solvents. Tanioka et al. [25] has recently reported the highly
oriented structures of electrospun PBLG fibers prepared from biphasic solutions. The results showed
that the PBLG fibers had a uniaxially oriented structure, α-helices in their internal structures. Similarly,
by employing appropriate spinning solvent and technique poly(amino acid)-ESNWs having highly
oriented structures could be produced by conventional electrospinning technique.

4. Conclusions

A series of results presented in this study showed that the hydrophobic poly(α-amino acid)s,
poly(l-Ala), poly(l-Leu), poly(l-Val), and poly(Gly) could be conveniently electrospun in TFA and
TFA/DCM solvent mixtures. Poly(Gly) gave most thinnest fibers, which had average diameters in
the range between 68–306 nm. The post-spun chain conformational analyses revealed that poly(l-Ala)-
and poly(l-Leu)-fibers exhibit predominant α-helical structure, and poly(Gly) possessed random
coil structures. Even as the preceding researches suggested that the electrospun poly(amino acid)-,
polypeptide-fibers primarily adopted α-helical conformation, for the first time in this study, whereas
poly(l-Val)-fibers possessed mainly the β-strand structure. The estimation of ordered structure
content implied that upon careful selection of appropriate electrospinning solvent, the conformation of
the molecular chains in the fibers could be controlled. These electrospun poly(amino acids)-ESNWs
are expected to inspire novel applications of great potential from the view point of materials chemistry.



Polymers 2020, 12, 327 14 of 15

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/327/s1,
Figure S1: WAXD pattern for pre-drawn (a) and drawn (b) films of poly(L-Ala), Table S1: Determination of Dp and
Mn by N-terminus labeling, Table S2: Determination of Dp and Mn of poly(Gly) by limiting viscosity comparison.

Author Contributions: Conceptualization, S.N. and K.O.; Funding acquisition, S.S., I.Y. and K.O.; Investigation,
K.D., S.N., I.Y. and K.O.; Resources, S.S.; Supervision, I.Y. and K.O.; Validation, S.S. and K.O.; Writing—original
draft, K.D. and K.O.; Writing—review & editing, S.S., I.Y. and K.O. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by Grants in Aid No. 17H02080, the Ministry of Education, Culture, Sports,
Science, and Technology, Japan, and by Clinical and Translational Sciences Program Grant Number: UL1 TR000141,
The UC Irvine Institute for Clinical and Translational Science.

Acknowledgments: The corresponding author thanks to Institute for Fiber Engineering for financial support to
promote open access publication of present work.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Huang, Z.M.; Zhang, Y.Z.; Kotaki, M.; Ramakrishna, S. On polymer nanofibers by electrospinning and their
applications in nanocomposites—A review. Compos. Sci. Tech. 2003, 63, 2223–2253. [CrossRef]

2. Kang, Y.S.; Kim, H.Y.; Ryu, Y.J.; Lee, D.R. Manufacturing the cellulose web by using electro-spinning and
in vitro behaviour of oxidized cellulose web. J. Korean Fiber Soc. 2002, 39, 14–20.

3. Ohkawa, K.; Cha, D.; Kim, H.; Nishida, A.; Yamamoto, H. Electrospinning of chitosan. Macromol. Rapid
Commun. 2004, 25, 1600–1605. [CrossRef]

4. Ohkawa, K.; Hayashi, S.; Nishida, A.; Yamamoto, H.; Ducreux, J. Preparation of pure cellulose nanofiber via
electrospinning. Text. Res. J. 2009, 79, 1396–1401. [CrossRef]

5. Li, M.; Mondrinos, M.J.; Gandhi, M.R.; Ko, F.K.; Weiss, A.S.; Lelkes, P.I. Electrospun protein fibers as matrices
for tissue engineering. Biomaterials 2005, 26, 5999–6008. [CrossRef]

6. Ohgo, K.; Zhao, C.; Kobayashi, M.; Asakura, T. Preparation of non-woven nanofibers of Bombyx mori silk,
Samia cynthia ricini silk and recombinant hybrid silk with electrospinning method. Polymer 2003, 44, 841–846.
[CrossRef]

7. Sukigara, S.; Gandhi, M.; Ayutsede, J.; Micklus, M.; Ko, F. Regeneration of Bombyx mori silk by electrospinning,
part 1: Processing parameters and geometric properties. Polymer 2003, 44, 5721–5727. [CrossRef]

8. Fang, X.; Reneker, D.H. DNA fibers by electrospinning. J. Macromol. Sci. Part B 1997, 36, 169–173. [CrossRef]
9. Lyons, J.; Ko, F.K. Encyclopedia of Nanoscience and Nanotechnology. Nanofibers 2004, 6, 727–738.
10. Wu, T.; Ding, M.; Shi, C.; Qiao, Y.; Wang, P.; Qiao, R.; Wang, X.; Zhong, J. Resorbable polymer electrospun

nanofibers: History, shapes and application for tissue engineering. Chin. Chem. Lett. 2019. [CrossRef]
11. Zhu, M.; Han, J.; Wang, F.; Shao, W.; Xiong, R.; Zhang, Q.; Pan, H.; Yang, Y.; Samal, S.K.; Zhang, F.; et al.

Electrospun nanofibers membranes for effective air filtration. Macromol. Mater. Eng. 2017, 302, 1600353.
[CrossRef]

12. Lv, D.; Zhu, M.; Jiang, Z.; Jiang, S.; Zhang, Q.; Xiong, R.; Huang, C. Green electrospun nanofibers and their
application in air filtration. Macromol. Mater. Eng. 2018, 303, 1800336. [CrossRef]

13. Li, L.; Hadi, B.; Shaohua, J.; Holger, S.; Seema, A. Composite polymeric membranes with directionally
embedded fibers for controlled dual actuation. Macromol. Rapid Commun. 2018, 39, 1800082. [CrossRef]
[PubMed]

14. Zhang, N.; Qiao, R.; Su, J.; Yam, J.; Xie, Z.; Qiao, Y.; Wang, X.; Zhong, J. Recent advances of electrospun
nanofibrous membranes in the development of chemosensors for heavy metal detection. Small 2017, 13,
1604293. [CrossRef] [PubMed]

15. Minato, K.I.; Ohkawa, K.; Yamamoto, H. Chain Conformations of poly (γ-benzyl-L-glutamate) pre and post
an electrospinning process. Macromol. Biosci. 2006, 6, 487–495. [CrossRef]

16. Khadka, D.B.; Haynie, D.T. Insoluble synthetic polypeptide mats from aqueous solution by electrospinning.
Appl. Mater. Interfaces 2010, 2, 2728–2732. [CrossRef]

17. Khadka, D.B.; Cross, M.C.; Haynie, D.T. A synthetic polypeptide electrospun biomaterial. ACS Appl.
Mater. Interfaces 2011, 3, 2994–3001. [CrossRef]

18. Haynie, D.T.; Khadka, D.B.; Cross, M.C. Physical properties of polypeptide electrospun nanofiber cell culture
scaffolds on a wettable substrate. Polymers 2012, 4, 1535–1553. [CrossRef]

http://www.mdpi.com/2073-4360/12/2/327/s1
http://dx.doi.org/10.1016/S0266-3538(03)00178-7
http://dx.doi.org/10.1002/marc.200400253
http://dx.doi.org/10.1177/0040517508101455
http://dx.doi.org/10.1016/j.biomaterials.2005.03.030
http://dx.doi.org/10.1016/S0032-3861(02)00819-4
http://dx.doi.org/10.1016/S0032-3861(03)00532-9
http://dx.doi.org/10.1080/00222349708220422
http://dx.doi.org/10.1016/j.cclet.2019.07.033
http://dx.doi.org/10.1002/mame.201600353
http://dx.doi.org/10.1002/mame.201800336
http://dx.doi.org/10.1002/marc.201800082
http://www.ncbi.nlm.nih.gov/pubmed/29675885
http://dx.doi.org/10.1002/smll.201604293
http://www.ncbi.nlm.nih.gov/pubmed/28422441
http://dx.doi.org/10.1002/mabi.200600066
http://dx.doi.org/10.1021/am1006657
http://dx.doi.org/10.1021/am200498r
http://dx.doi.org/10.3390/polym4031535


Polymers 2020, 12, 327 15 of 15

19. Hiroaki, Y.; Kazuhiro, Y. Creation of superhydrophobic poly(L-phenylalanine) nonwovens by electrospinning.
Polymers 2018, 10, 1212.

20. Bergmann, M.; Zervas, L.; Ross, W.F. Synthesis of peptides of L-lysine and their behavior with papain. J. Biol.
Chem. 1935, 111, 245–260.

21. Bamford, C.H.; Elliot, A.; Hanby, W.E. Synthetic Polypeptides—Preparation, Structure and Properties; Academic
Press Inc.: New York, NY, USA, 1956; p. 48.

22. Ohkawa, K.; Minato, K.I.; Kumagai, G.; Hayashi, S.; Yamamoto, H. Chitosan nanofiber. Biomacromolecules
2006, 7, 3291–3294. [CrossRef] [PubMed]

23. Mori, H.; Iwata, M.; Ito, S.; Endo, T. Ring-opening polymerization of
γ-benzyl-L-glutamate-N-carboxyanhydride in ionic liquids. Polymer 2007, 48, 5867–5877. [CrossRef]

24. Parker, F.S. Proteins and Polypeptides, in Applications of Infrared Spectroscopy in Biochemistry, Biology, and Medicine;
Plenum Press: New York, NY, USA, 1973; pp. 188–231.

25. Tsuboi, K.; Marcelletti, E.; Matsumoto, H.; Ashizawa, M.; Minagawa, M.; Furuya, H.; Tanioka, A.; Abe, A.
Preparation of poly(γ-benzyl-l-glutamate) nanofibers by electrospinning from isotropic and biphasic liquid
crystal solutions. Polymer 2012, 44, 360–365. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/bm0604395
http://www.ncbi.nlm.nih.gov/pubmed/17096563
http://dx.doi.org/10.1016/j.polymer.2007.08.009
http://dx.doi.org/10.1038/pj.2011.137
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Synthesis of Poly(-amino acids) 
	General Procedure for Synthesis of Poly(-amino acids) 
	l-Ala NCA (1) 
	Poly(l-Ala) (2) 
	l-Val NCA (3) 
	Poly(l-Val) (4) 
	l-Leu NCA (5) 
	Poly(l-Leu) (6) 
	Gly NCA (7) 
	Poly(Gly) (8) 

	Electrospinning of Poly(amino acids) 
	Preparation of Poly(l-Ala) Film 
	Wide-Angle X-ray Diffraction (WAXD) 
	FT-IR Spectroscopy 

	Results and Discussion 
	Synthesis of Poly(amino acids) 
	Electrospinning 
	Analysis of Internal Structures in Poly(amino acid)-ESNWs 
	Ordered Structure Content 

	Conclusions 
	References



