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Zein nanofibers via deep eutectic
solvent electrospinning: tunable
morphology with super hydrophilic
properties

Muzamil Khatri!, Zeeshan Khatri%?*?, Sofia El-Ghazali?, Nadir Hussain?,
Umair Ahmed Qureshi?, Shunichi Kobayashi?, Farooq Ahmed? & Ick Soo Kim***

The use of organic solvents for the preparation of nanofibers are challenged due to their volatile and
hazardous behavior. Recently deep eutectic solvents (DES) are widely recognized as non-volatile and
non-hazardous solvents which never been utilized directly for nanofabrication via electrospinning.
Here, we present the preparation of Zein nanofibers using deep eutectic solvents (DES-Zein). The
DES-Zein nanofibers were produced at an optimized polymer concentration of 45% (w/w) with pH
7.3 and electroconductivity 233 mS cm™. DES-Zein nanofibers showed aligned to tweed like cedar
leaf morphology tuned by varying the spreading angle from 0° to 90°. In contrast to hydrophobic
conventional Zein nanofibers, DES-Zein nanofibers showed super hydrophilic character and about
200 nm finer average diameter. The proposed method of preparing Zein nanofibers using DES opens
a new door to continuous electrospinning with tunable morphology, having potential to be used for
environmental and biomedical applications.

With a full background of electrospinning development to project the question is use of several organic solvents
such as Dimethylformamide (DMF), Chloroform?, Trifluoracetic-acid® and Tetra hydro-furan®. Electrospinning
is developing from fluid blending process to fluid coaxial! and side-by-side®, and to tr-fluid coaxial® and other
multi-fluid processes”®. However, all these developments are based on the application of organic solvents for
preparing working fluids, which is harmful to environment and health’.

In contrast, Deep Eutectic Solvents (DES) offers a valuable alternative to overcome the limitations of con-
ventional volatile solvents. DES are widely acknowledged as an ultimate class of Ionic Liquids (ILs) having
distinctive chemical properties'®!!. The prominent applications of DES have initially emerged in the 21st', such
as bioengineering"?, electrochemical synthesis'%, targeted green extraction'®, hydrogen transfer’®, bio-catalysis'’
and Lithium ion batteries'®.

The DES based on Quaternary salt (Choline chloride) as a hydrogen bond acceptor (HBA) and (Furfuryl
alcohol) as a hydrogen bond donor (HBD) has intensively been in the field of green chemistry allowing a cost-
effective synthesis of different green materials and utilization for the extraction of bioactive natural materials'*->*.

Zein has attracted a great deal of attention due to its biocompatibility, biodegradability, non-toxicity and its
wide abundance on earth'®. Electrospinning of Zein has yet been challenged by the limitation of reusability of
the polymer solution and frequent clogging of spinneret when its dissolution occurs in aqueous-ethanol (Aq-
EtOH)**%, or its preparation using hazardous solvents, such as DMF*28,

Direct electrospinning of water stable Zein nanofibers have remained a challenging task, due to post-treat-
ments such as longer exposure to Ultraviolet or higher temperatures have been considered as an unavoidable
step?-3,
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Solution (10-mL) Neat DES | DES-Zein 25% | DES-Zein 35% | DES-Zein 45% | Aq-EtOH | C-Zein 25%

pH 4.8 5.6 6.5 7.3 8.0 5.8

mScm™! 1,770 1,380 450 233 5.7 140

Table 1. Solution properties of neat DES, DES-Zein 25%, DES-Zein 35% and DES-Zein 45%, Aq-EtOH and
C-Zein.

Solvents have direct impact on the morphology of resultant fibers and various morphologies of polymeric
nanomaterials have been investigated recently, by using different solvent types®>*.

The DES have been previously incorporated as a guest molecule used for conveying specific characteristics
into chitin nanofibers only, nonetheless direct electrospinning of Zein nanofibers using DES (DES-Zein) has
not been reported*®.

In this article, we attempted to fabricate Zein nanofiber using DES directly by electrospinning technique and
achieved super hydrophilic Zein nanofibers without any post-treatment. DES used for electrospinning was based
on Choline chloride (HBA) and Furfuryl alcohol (HBD) with a ratio of 1:2 was effectively.

The prepared solution was utilized for the preparation of bead-free Zein nanofibers using 45% (w/w) polymer
concentration having the extended shelf life for up to three days. Super hydrophilic DES-Zein nanofibers were
compared against the hydrophobic conventional Zein nanofibers (C-Zein) prepared in Aq-EtOH.

DES-Zein nanofibers showed finer average diameter and a unique cedar leaf morphology tuned by varying
the spreading angle between the tip and the collector. Precisely, an increase in angle creates alternate coils that
leads to a cedar leaf morphology®”.

Super hydrophilicity of C-Zein and DES-Zein nanofibers were confirmed by the wicking test and the water
contact angle test***? and effectively utilized for faster adsorption of impurities present in water**-**.

The resultant DES-Zein nanofibers were checked for adsorption capability by removal of the Reactive Black
5 dye. Super hydrophilicity, finer diameter and cedar leaf morphology, all attributed to increased adsorption rate
and adsorption capability of DES-Zein nanofibers giving them an edge over C-Zein nanofibers.

The DES-Zein nanofibers can effectively be utilized where faster adsorption and super hydrophilicity is
required such as biosensor, biomedical strip, controlled drug release, heavy metal and dye adsorption®.

Results

Effect of solution properties of C-Zein and DES-Zein on morphology. Solution properties have
direct impact on the morphology of nanofibers*~*°, more specifically polymer ratio, solvent concentration, pH
and electro-conductivity (EC) have been studied before electropinning.

EC and pH of DES-Zein and C-Zein polymer solutions were studied by varying the concentrations of Zein
in respective polymer solutions, viz. Aq-EtOH, C-Zein, neat DES, DES-Zein 45%, DES-Zein 22.5% and DES-
Zein 15% as given in Table 1.

Neat DES obtained an EC of 1,770 micro-symon/centimeter (mS cm™) and pH 4.8. An EC of DES-Zein 15%
was observed and 1,380 mS cm™ and pH 5.0. DES-Zein 22.5% having an EC of 450 mS cm™ with pH 6.8 and
DES-Zein 45% having an EC of 233 mS cm™ with pH 7.3 which is near to neutral pH.

The influence of each polymer solution on electrospinnability and their morphology is revealed in Fig. 1. DES-
Zein electropun at concentrations (25%, 35% and 45%) with beads, beaded nanofibers and bead-free nanofib-
ers respectively as shown in Fig. 1a-c. On the other hand, Fig. 1d shows bead-free ribbon like morphology of
C-Zein nanofibers electrospun at 25% polymer concentration®. Figure le,f showed average diameter of DES-Zein
nanofibers (350 + 50 nm) and C-Zein nanofibers (550 + 70 nm).

Influence of electrospinning parameters on morphology of DES-Zein nanofibers. The quantita-
tive analyses for the fast preparation of nanofibers via electrospinning is totally depended on the basic param-
eters of the processing which includes, Taylor cone, straight fluid jet and unstable region which are useful for
predicting and manipulating a direct link to the quality of resultant nanofibers*.

Figure 2 shows the SEM images of dimeter distribution graphs of DES-Zein nanofibers prepared at different
tip-collector distances and supplied voltages. Figure 2a—c show the DES-Zein nanofibers prepared at 20 cm,
14 cm and 8 cm tip-collector distance with average diameters 350 50 nm, 400 =70 nm and 450 + 60 respec-
tively, a slight increase in average diameter observed when decreasing the tip-collector distance and minimum
diameter distributions observed at maximum distance 20 cm as revealed in the respective inset images, which
was optimized to carry further experiments. Whereas Fig. 2d-f show that the supplied voltage has no significant
influence on the morphology of DES-Zein nanofibers.

The spreading angle during electrospinning of DES has a significant influence on nanofiber's morphology
with a very unique and interestingly different than what usually obtained in conventional electrospinning. There-
fore, we set different angles at 90°, 45° and 0° to investigate the extent of tunability of nanofibers morphology
during electrospinning. Figure 3a illustrates that how nanofiber morphology from straight to coiled can directly
be formed by tuning spreading angle from 0° to 90°, coil-less morphology obtained at 0°, semi-coil morphology
observed at 45° and at 90° a coiling morphology was achieved. In contrast, the DES-Zein nanofibers, C-Zein did
not demonstrate any change in morphology by variation of spreading angle.

Furthermore, Fig. 3b shows the coiling configuration of coil shaped morphology of DES-Zein nanofibers hav-
ing a gap of 85+ 5 um between two neighboring coils. Figure 3¢ shows microscopic image of the consistent coil
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Figure 1. SEM images of (a) DES-Z 25%, (b) DES-Z 35%, (c) DES-Z 45%, (d) C-Zein 25%, diameter
distribution graphs of (e) DES-Zein 45% and (f) C-Zein 25%.

formation in different directions from a divergent point ultimately resulting a cedar leaf effect. Figure 3d shows
coil shaped nanofibers collected on a stationary collector. Figure 3e shows the image of electrospun DES-Zein
nanofibers over a stationery metallic collector that resulted in a “tweed like” structure and further prolonged
corrugation of four hours resulted into a 3D cedar leaf morphology as shown in Fig. 3f,g. The probable reason
for coils formation during electrospinning was due to a-helix of amino acid series present in the native Zein,
the DES with the hydrogen bonding assistance actually preserves the a-helix configuration of Zein during
electrospinning of DES-Zein nanofibers. Another reason for coil formation may be the higher conductivity of
DES due to the presence of Choline chloride as a salt that may create gaps at the perpendicular collector angle
for electrospinning*.

Chemical structure of C-Zein and DES-Zein. Figure 4 shows the FTIR spectrum of electrospun C-Zein
and DES-Zein nanofibers. C-Zein showed a significant peak at 3,289 cm™ due to -NH stretching, while DES-
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Figure 2. SEM images of DES-Z 45% with voltage 17 kV at tip-collector distance (a) 20 cm, (b) 14 cm and (c)
8 cm, The DES-Z 45% at tip-collector distance 20 cm and voltage (d) 10 kV, (e) 17 kV and (f) 19 kV.

Zein showed intensive and broad stretching peak at 3,303 cm™ due to the strong hydrogen bonding between
-OH from Choline chloride/furfuryl-alcohol moiety and -NH from Zein polymer'>!¢2,

The intense bands at 2,875 cm™ and 2,960 cm™ due to the asymmetric and symmetric C-H stretching in
the spectrum of DES-Zein nanofibers, which may be due to the induced dipole moment caused by the change
in solvent polarity comparing to C-Zein nanofibers. Peaks at 1,647 cm™ and 1,661 cm™ clearly show the amide
I (C=0) stretching, the bands at 1,540 cm™" in both C-Zein and DES-Zein may be due to presence of amide I
(angular deformation vibration of -NH bond).

The band at 1,240 cm™ in DES Zein and 1,170 cm™" in C-Zein reveal the axial deformation of C-N vibration
and no peaks found in C-Zein at 1,662 cm™', 1,631 cm™ and 1,614 cm™.

Zein nanofibers obtained either from a conventional solvent or a DES, do not have any profound difference
in chemical composition as shown in Supplementary Fig. Sla, wide scan XPS spectrum of electropun nanofib-
ers was obtained for both samples (C-Zein and DES-Zein), which contain C1s (284 eV), N1s (399 eV) and Ols
(530 eV). Peak fitting of every component showed a similar composition as C-Zein nanofibers obtained from
conventional solvents®.

Supplementary Fig. S1b shows the deconvolution of Cl1s peak from DES-Zein revealing three main com-
ponents C-C, C-N and O=C-N at 284 eV, 285 eV and 287 eV respectively. Supplementary Fig. S1c shows the
deconvolution of Ols indicating two different peaks at 529.3 eV and 529.9 eV indicating the presence of O-C and
O=C-N respectively. Furthermore, Supplementary Fig. S1d shows the deconvolution of N1s revealing the pres-
ence of N in three chemical states N-C, N-C=0 and -NH at 398 eV, 399 eV and 400 eV, respectively. This finding
suggests that the DES solvent do not bring any substantial changes to the chemical composition of Zein polymer.

Comparison of crystallinity between DES-Zein and C-Zein nanofiber. Figure 5 shows the XRD
patterns of C-Zein and DES-Zein nanofibers. C-Zein shows intensive peak at 9.5° with d-spacing (9.3 A) and
some small peaks at angles 16.6°,18.3°, 22.04°, 22.8° with d-spacing (5.3 A), (4.8 A), (4.0 A), (3.8 A) respectively,
whereas DES-Zein shows intensive peaks at 8.7° with d-spacing (10.2 A ) and some highly intensive peaks at
19.8°, 20.1°, 20.9° with d-spacing (4.48 A), (4.42 A), 42 A) respectively and an additional small peak also
observed at 35.9° with d-spacing (2.4 A).

Hydrophilicity of DES-Zein nanofibers. Water contact angle (WCA) of C-Zein and DES-Zein is dem-
onstrated in Fig. 6. The WCA of in Fig. 6a shows, C-Zein takes 70+3 s to reach the angle from 115°+10° to
2°+£2°, whereas, Fig. 6b shows that DES-Zein takes only 3+ 1 s to decrease in angle from 122°+10° to 0°.

Hydrophobic behavior of C-Zein and super hydrophilic behavior of DES-Zein nanofibers further confirmed
by rate of wicking as shown in Fig. 7a. C-Zein shows the wicking height of 2 mm at initial dipping into dye
solution and no more wicking observed until 90 s. However, DES-Zein reached the wicking height of > 16 mm
in first 30 s and slowly reached to the wicking height of 20 mm within 75 s, confirming the super hydrophilic
behavior of DES-Zein nanofibers.

Dye adsorption capability of DES-Zein nanofibers. Figure 7b shows the dye removal efficiency of
DES-Zein nanofibers. Reactive black 5 dye was used to check the dye removal capability of DES-Zein nanofibers
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Figure 3. (a) Tunability of morphology by varying the spreading angle, microscopic images of (b) helical loops,
(c) multiple alternative helical loops, (d) multilayered nanofibers, (e) multilayered nanofibers with branches, (f)
photograph of branched nanofibers growth, (g) cedar leaf morphology of DES-Zein.

because C-Zein has been previously well studied for selective removal of reactive black 5 dye?. This study reveals
UV-Vis spectrophotometry in which absorbance values of dye solutions were individually checked at different
time intervals after dye adsorption on DES-Zein. Increase in dye adsorption on DES-Zein was the result of
decreased absorption peaks of UV spectrophotometer with respect to time. DES-Zein nanofibers have capability
to remove 60% of the dye within first 3 min, whereas the C-Zein nanofiber have a slower removal capability with
45% in the same time, which confirms the rapid adsorption of DES-Zein.

The removal efficiency of DES-Zein observed 98.29 + 1% within 18 min and (99+1) % in 20 min, whereas
the removal efficiency of C-Zein observed 97.19+ 1% in 20 min which is lesser than the removal efficiency of
DES-Zein achieved within 18 min. Increased dye removal efficiency was achieved by DES-Zein at pH 3.9-7.3 as
compared to the dye removal efficiency C-Zein at pH 2-6.
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Figure 5. XRD Comparison of C-Zein and DES-Zein.
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Figure 7. (a) Wicking profile of DES-Zein and C-Zein (b) adsorption efficiency graph with inset UV-Vis
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Discussion

DES can directly be utilized for electrospinning of Zein at optimized concentration 45% (w/w) at pH 7.3 having
an EC of 233 mS cm™, offering the solution stability for further electrospinning up to three days. The EC values
decreased with increasing Zein concentration into DES and the pH was increased due to the protonation of Zein
in acidic medium (DES) which can be stabilized through salt bridges of Choline chloride.

On contrary, the addition of Zein polymer into Aq-EtOH resulted increased EC 140 mS cm™ and decreases
pH in comparison to the Aq-EtOH solution, the obvious reasons for this is because of the less free hydrogens of
C-Zein and polyelectrolytic behavior of Aq-EtOH after solubilizing Zein polymer in it***°.

No difference in DES-Zein nanofiber morphology was observed by varying voltage supply of 10-19 kV during
electrospinning, above 19 kV the charges induced were so high that did not allow the polymer solution to pass
through the tip, therefore no nanofiber formation observed. Therefore, the lowest 10 kV was selected as opti-
mized voltage for electrospinning of DES-Zein, on the other hand preparation of C-Zein in Aq-EtOH requires
voltage supply of 22-25 kV for nanofabrication which is quite higher than the voltage required for preparation
of DES-Zein nanofibers.

The average diameter of DES-Zein nanofibers (350 + 50 nm) was observed as around 200 nm finer than the
average diameter of C-Zein nanofibers (550 £ 70 nm). Also, in contrast to cedar leaf tunable morphology of
DES-Zein nanofibers, C-Zein did not demonstrate any change in morphology by variation of spreading angle.

The basic reason for unique morphology was helices and branched coil formation of DES-Zein during elec-
trospinning at angle 90°, the probable reason for coils formation during electrospinning was due to a-helix of
amino acid series present in the native Zein, the deep eutectic solvent with the hydrogen bonding assistance
actually preserves the a-helix configuration of Zein during electrospinning of DES-Zein nanofibers.

Another reason for coil formation may be the higher conductivity of DES due to the presence of Choline
chloride as a salt that may create gaps at the perpendicular collector angle for electrospinning***.

The chemical spectra of FTIR also proposed some chemical changes of protonation of Zein due to inter/intra
hydrogen bonding between -NH groups in the Zein polymer when dissolved in DES®'. No peak was found in
C-Zein at 1662 cm™, 1631 cm™ and 1614 cm™ which clearly reveals a major presence of a helices in DES-Zein
rather than P sheets or B turns®. a helices in the chemical structure of DES-Zein can be one of the reasons for
the tweed-like morphology formed during electrospinning.

Evidently, DES-Zein showed increased crystallinity compared to C-Zein due the bulk presence of -OH bonds
as supported by FTIR results, which was the reason of decreased distance between the molecules in the molecu-
lar chain and increased diffraction angles®. The d-spacing of ~4.5 A is considered to be the average backbone
distance within the a-helix of Zein structure. However, in parallel the larger d-spacing of ~ 10 A is believed to be
the spacing of the inter-helix packing or the mean distance approach to the neighboring helices®®*2.

The increase in its intensity implies the irruption of DES-Zein molecular aggregation because of increased
d-spacing and more inter-helix packing of DES-Zein*’. The faster adsorption achieved by DES-Zein was due to
the electrostatic interactions between the -NH and ~OH and their abundancy on surface of nanofibers resulted
from the protonation by DES®.

WCA and wicking confirmed the super hydrophilic nature of DES-Zein nanofibers in contrast to hydropho-
bic conventional Zein, due to presence of more amines and hydrogen bonds on the surface of ribbons, that was
the reason that DES-Zein nanofibers showed faster and increased dye removal efficiency, Hence, DES-Zein can
potentially be considered for the applications where faster adsorption is required such as biosensors and selective
adsorption of impurities present in environment.

Conclusion

Zein nanofibers were successfully electrospun using DES. The optimized parameters to produce bead free
nanofibers were 45% (w/w) polymer concentration with pH 7.3 and EC 233 mS cm™". The resultant DES-Zein
nanofibers showed aligned to tweed like cedar leaf morphology tuned by varying the spreading angle from 0°
to 90°. The average diameter of DES-Zein nanofibers was 350 + 50 nm, about 200 nm finer than the average
diameter of C-Zein nanofibers 550 + 70 nm. In contrast to hydrophobic C-Zein nanofibers, DES-Zein nanofibers
showed super hydrophilic character confirmed by WCA, the drop from 122°+10° promptly sunk to 0° within
3 5. Additionally, DES-Zein nanofiber showed higher wicking rate, thanks to the cedar leaf morphology and the
abundant presence of -NH and -OH groups on the surface of DES-Zein nanofibers, which allow it to be used
where super hydrophilicity is required.

Materials and methods

Zein produced from maize having a melting point of (266-283 °C), Choline chloride (>98%) with molecular
weight 139.62 g mol™! and Furfuryl alcohol (98%) with molecular weight 98.10 g mol™* were supplied by Sigma-
Aldrich, USA. Ethanol (99.8%) with molecular weight 46.07 g mol™ was supplied by Merck, Japan. CI reactive
black 5 bis(sulphatoethylsulphone) (Mw=991.82 g mol™) purchased from Sumitomo Chemical Co., Ltd., Japan.

Preparation of DES-Zein nanofibers. Zein Nanofibers were prepared separately in conventional and
deep eutectic solvent using (Har-100*12, Matsusada Co., Tokyo, Japan) Electrospinning machine. Zein 25%
(w/v) in 80% of Aq-EtOH was stirred for 2 h at 80 °C?'. The DES was prepared by mixing Choline chloride and
Furfuryl alcohol with molar ratio 2:1 and stirred well until a clear transparent solution was obtained. Zein poly-
mer was then added into DES solution with different concentrations (20, 25, 30, 35, 40, 45, 50 and 55% w/w) and
well stirred up to 2 h at 80 °C. Each electrospinning solution was poured into a syringe of 5 mL attached to a tip
of 0.6 mm internal diameter and the flow rate was set to 0.2 mL h™'. Copper wire was used as an anode dipped
into the Zein solution, and the ground collector was connected as a cathode. The electrospinning parameters
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were optimized to produce uniform and consistent DES-Zein nanofibers. The voltages supplied for electrospin-
ning of DES-Zein and C-Zein were optimized as 10 kV and 25 kV respectively and the distances between the
tip and the collector for DES-Zein and C-Zein were optimized as 14 cm and 17 cm respectively. The DES-Zein
nanofibers were consistently deposited on a stationary collector at different angles between the tip and the col-
lector from 0° to 90°. After electrospinning, the obtained samples were dried overnight at room temperature to
remove residual solvents before subjecting to other characterizations.

Characterizations. Polymer solution properties of DES-Zein such as pH and conductivity were assessed
using (WTW MultiLine IDS multi-parameter portable meter). The surface morphology examined under SEM
(S-3000N by Hitachi, Japan), C-Zein and DES-Zein were sputtered with Pb-Pt under vacuumed environment
prior to take SEM images and the average diameter of was calculated using Image]J software.

The chemical structure of DES-Zein was assessed through Fourier Transform Infrared (FTIR) spectroscopy
(IR Prestige-21 by Schimadzu, Japan) using ATR mode and Xray Photoelectron spectroscopy (XPS) by AXIS
Ultra (Schimadzu) with dual-anode X-ray source Al/Mg, HSA hemispherical sector analyzer and the detector,
vacuum pressure was maintained at 1.4 x 10~ torr, and Mg Ka X-ray source (1,253.6 eV) was used.

Wide-angle Xray diffractometer (WAXD) Rigaku Miniflex 300 from Japan was used to compare the crystallin-
ity of C-Zein and DES-Zein where the range was 10-80° at the scanning speed 20 = 2° min™'. The WCA test was
carried on FACE model CA-VP, Kyowa interface science, Japan, five readings were assessed from each sample.
The wicking behavior of DES-Zein nanofibers was checked by previously reported methods*".

Adsorption studies. The residual values of reactive black 5 after adsorption on DES-Zein nanofibers were
analyzed by using Lambda 35 UV-Vis spectrophotometer from Perkin Elmer USA. The absorbance values were
taken at A, 590 nm. The average-thickness of DES-Zein nanofibers was 35 um. The DES-Zein nanofiber sam-
ples were checked for dye adsorption capability, 50 g L™! Reactive black 5 was used to check the dye adsorption
on novel DES-Zein. The mass 40+ 0.2 mg of DES-Zein nanofibers was shacked in glass tube filled with 5 mL of
Reactive black 5 dye solution at room temperature. Dye adsorption values were then checked at different inter-
vals (0, 5, 8, 12, 15, 18, 20, and 25) min**°.
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