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ABSTRACT: Gelatin, a naturally-occurring biopolymer, was electrospun in the present contribution. Gelatin solu-

tions were prepared in either single solvent system [i.e., glacial acetic acid (AA)] or mixed solvent systems [i.e., AA/

2,2,2-trifluoroethanol (TFE), AA/dimethyl sulfoxide (DMSO), AA/ethylene glycol (EG), and AA/formamide (F)].

The electrospinning was carried out under a fixed electrostatic field strength of 7.5 kV/7.5 cm and the polarity of

the emitting electrode was positive. The effects of these solvent systems on morphology and/or size of the electrospun

materials were observed by scanning electron microscopy (SEM). Electrospinning of 15–29% w/v gelatin solutions in

AA produced beads, beaded fibers, and smooth fibers, depending on the concentration range. Only smooth fibers were

observed at the concentration range of 21–29% w/v, with their average diameter ranging between 214 and 839 nm. The

addition of TFE as a co-solvent or another modifying liquid of DMSO, EG, or F helped improve the electrospinnability

of the resulting gelatin solution. Among the three modifying liquids, DMSO and EG contributed to the formation of

smooth gelatin fibers with reduced diameters when compared with those obtained from the solution in pure AA.

[doi:10.1295/polymj.PJ2006190]
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Electrostatic spinning or electrospinning is a proc-

ess by which ultrafine fibers with diameters in nano-

meter to sub-micrometer range can be fabricated.1

This process deals with the application of an intense

electrostatic field to a polymer liquid (i.e., solution

or melt) across a finite distance.2–4 When a high elec-

trostatic field is applied, charges accumulate on the

surface of a droplet of the polymer liquid at the

tip of the nozzle. With increasing electrostatic field

strength, the Coulombic repulsion forces destabilize

the partially-hemispherical shape of the droplet into

a conical shape when a critical electrostatic field

strength is reached. Further increasing the electrostatic

field strength causes a charged stream of the polymer

liquid (i.e., the charged jet) to be ejected from the

apex of the cone. The charged jet travels in a straight

trajectory for a short distance before undergoing a

bending instability,5,6 which is thought to be addition-

al mechanism responsible for the further thinning of

the jet during its flight to a grounded collector.

Due to the unique characteristics of electrospun fi-

bers, e.g., high surface area to volume or mass ratio

and high density of pores in sub-micrometer length

scale of the obtained as-spun non-woven mat, these fi-

bers are excellent candidates for various biomedical

applications (e.g., tissue scaffolds, wound dressing

pads, vascular grafts, and carriers for drug deliv-

ery).7–15 Several natural polymers, e.g., silk and colla-

gen, were successfully fabricated into ultrafine fibers

by electrospinning.16–19 Gelatin, a natural polymer de-

rived from collagen, has also been fabricated into

nanofibrous form by electrospinning.20–23 Gelatin so-

lutions in 2,2,2-trifluoroethanol (TFE) with concentra-

tion ranging from 5 to 12.5% w/v were electrospun

into ultrafine fibers with an average diameter ranging

between 100 and 340 nm.22 Moreover, gelatin solu-

tions in 98% formic acid with concentration ranging

from 7 to 12wt.% were electrospun into ultrafine

fibers with an average diameter ranging between 70

and 170 nm.23

In recent years, focuses have been paid on the effect

of solvent system on morphology of the electrospun

fibers. Lee et al.24 found that electrospinnability of

poly("-caprolactone) (PCL) solutions was enhanced

with the addition of N,N-dimethylformamide (DMF)

to methylene chloride (MC). On the other hand, when

toluene was added to MC, the electrospinnability of

the resulting PCL solutions decreased. Lee et al.25

found that electrospun poly(vinyl chloride) (PVC)

fibers from PVC solutions in tetrahydrofuran (THF)

showed a broad distribution of diameters ranging from

about 500 nm to 6 mm, while those from PVC solutions
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in DMF showed diameters of only about 200 nm. Liu

and Hsieh26 studied the effect of solvent system on the

electrospinnability of cellulose acetate (CA) solutions

and reported that while CA solutions in pure solvents

of acetone, acetic acid, and N,N-dimethylacetamide

(DMAc) did not provide the formation of continuous

fibers, blending of DMAc with either acetone or acetic

acid produced suitable electrospinnable systems.

Recently, Wannatong et al.27 investigated the effect

of six solvents [i.e., acetic acid, acetonitrile, m-cresol,

toluene, tetrahydrofuran (THF), and dimethylform-

amide (DMF)] on morphology and size of the electro-

spun polystyrene (PS) fibers. Fiber diameters decreas-

ed with increasing density and boiling point of the

solvents. A large difference between the solubility pa-

rameters of PS and the solvent was responsible for the

bead-on-string morphology observed. Productivity of

the fibers increased with increasing dielectric constant

and dipole moment of the solvents. In a subsequent

work, Jarusuwannapoom et al.28 investigated the ef-

fects of eighteen solvents and their properties on elec-

tro-spinnability of PS solutions and appearance of the

as-spun fibers. Among the eighteen solvents [i.e., ben-

zene, t-butylacetate, carbontetrachloride, chloroben-

zene, chloroform, cyclohexane, decahydronaphthalene

(decalin), 1,2-dichloroethane (DCE), DMF, 1,4-di-

oxane, ethylacetate (EA), ethylbenzene, hexane, meth-

ylethylketone (MEK), nitrobenzene, THF, 1,2,3,4-

tetrahydronaphthalene (tetralin), and toluene], only

the PS solutions in DCE, DMF, EA, MEK, and THF

produced fibers with high enough productivity.

Instead of using TFE22 and formic acid23 as the sol-

vent for dissolving gelatin, glacial acetic acid (AA)

was used as the solvent in the present work. Mixed

solvents between AA and another solvent or liquid

(i.e., TFE, dimethyl sulfoxide (DMSO), ethylene gly-

col (EG), and formamide (F)] were also used to pre-

pare the gelatin solutions. The effects of either the sin-

gle or the mixed solvent system on morphological

appearance and/or size of the resulting electrospun

gelatin fibers were investigated by scanning electron

microscopy (SEM). The main objective of the present

work was to seek for a wider selection of solvent sys-

tems that could be used to prepare electrospun gelatin

fibers, as some applications, e.g., carriers for drug de-

livery, may call for a wide selection of solvent sys-

tems that can be used to prepare the electrospinnable

spinning solutions of gelatin and the active ingredi-

ent(s) of choice.

EXPERIMENTAL

Materials

Porcine gelatin powder was purchased from Ajax

(Australia). The solvents and the modifying liquids

used in this work were glacial acetic acid [AA;

Labscan (asia) (Thailand)], 2,2,2-trifluoroethanol

[TFE; Labscan (asia) (Thailand)], dimethyl sulfoxide

[DMSO; Sigma-Aldrich (Germany)], ethylene glycol

[EG; Fluka (USA)], and formamide [F; Asia Pacific

Specialty Chemicals (Germany)]. These chemicals

were of analytical reagent grade and used as-received.

The properties of these solvents and the modifying

liquids are summarized in Table I.29

Preparation and Characterization of Spinning Solu-

tions

Gelatin solutions were prepared in AA and some

mixed solvent systems of AA and another solvent or

liquid (i.e., TFE, DMSO, EG, and F) in various com-

positional ratios. Specifically, the compositional ratios

of AA and TFE were 90:10, 80:20, 70:30, 60:40,

50:50, and 40:60 v/v, while the compositional ratios

of AA and another liquid (i.e., DMSO, EG, and F)

Table I. Properties of solvents and liquids used in this work

Solvent Structure
Density

(g�cm�3)

Viscosity

(cP)

Boiling

point

(�C)

Dipole

moment

(D)

Dielectric

constant

Surface

tension

(mN�m�1)

Acetic acid (GAA)
O

HO 1.05 1.12 118 1.68 6.15 26.90

2,2,2-Trifluoroethanol (TFE)

OH
F

F

F 1.38 1.24 74 2.52 8.55 —

Dimethyl sulfoxide (DMSO) S

O
1.10 2.00 189 3.90 46.70 43.00

Ethylene glycol (EG) HO
OH 1.11 16.13 197 2.20 37.70 47.00

Formamide (F) OH2N 1.13 3.30 211 3.37 111.00 59.10
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were 97:3, 95:5, 93:7, and 91:9 v/v, respectively. The

solutions of gelatin in AA were prepared in various

concentrations ranging from 15 to 29% w/v, whereas

those of gelatin in mixed solvent systems were fixed at

the concentration of 19% w/v. Prior to electrospin-

ning, all of the as-prepared solutions were measured

for their shear viscosity, surface tension, and conduc-

tivity by a Brookfield DV-III programmable rheome-

ter, a Krüss DSA 10-Mk2 drop shape analyzer, and

a Orion 160 conductivity meter, respectively.

Electrospinning Process

Electrospinning was carried out by first stocking

each of the as-prepared gelatin solutions in a 3-mL

glass syringe. A blunt-ended gauge-20 stainless steel

hypodermic needle was used as the nozzle. A piece

of aluminum (Al) sheet wrapped round a piece of

thick poly(methyl methacrylate) sheet was used as

the screen collector. The emitting electrode of positive

polarity from a Gamma High-Voltage Research D-

ES30PN/M692 DC power supply (Florida, USA)

was attached to the needle and the grounding elec-

trode to the collector. Unless noted otherwise, solu-

tions were electrospun under a fixed electrostatic field

strength (EFS) of 7.5 kV/7.5 cm over a fixed collec-

tion time of about 10min.

Morphological Observation

The morphological appearance of the as-spun prod-

ucts was observed by a JEOL JSM-6400 scanning

electron microscope (SEM). The specimens for SEM

observation were prepared by cutting an Al sheet cov-

ered with the as-spun products and the cut section was

carefully affixed on a copper stub. Each specimen was

gold-coated using a Balzers Union SCD 040 sputter-

ing device prior to SEM observation. Diameters of

the as-spun fibers were measured directly from vari-

ous SEM images taken for each specimen, from which

at least 100 measurements for each specimen were an-

alyzed to obtain an average value as well as the stand-

ard deviation.

RESULTS AND DISCUSSION

Single Solvent System

Both glacial acetic acid (AA) and 2,2,2-trifluoro-

ethanol (TFE) were able to dissolve gelatin powder

into homogeneous solutions, while other liquids such

as dimethyl sulfoxide (DMSO), ethylene glycol (EG),

and formamide (F) were not. Since TFE has recently

been studied as the solvent for electrospinning gelatin

fibers,22 AA was then used as the main solvent in this

work.

Gelatin solutions in AA were prepared at various

concentrations ranging from 15 to 29% w/v to inves-

tigate the effect of the solution concentration on mor-

phology and size of the as-spun gelatin fibers. Prior to

electrospinning, some of the solution properties, i.e.,

shear viscosity, surface tension, and conductivity,

were measured (see Table II). Both the viscosity and

the conductivity of the solutions were found to in-

crease, while the surface tension was found to de-

crease, with increasing solution concentration. The

monotonous increase in the solution viscosity with in-

creasing solution concentration was obviously a result

of the increased molecular entanglements, while the

monotonous increase in the solution conductivity with

increasing solution concentration could be a result of

the increase in the number of charged species result-

ing from the dissolution of gelatin in the acidic condi-

tion of the solutions. On the other hand, the increase in

the solution concentration could adversely affect the

cohesiveness among the water molecules at the liq-

uid/air interface, hence the observed slight reduction

in the surface tension of the solutions.

The electrospinning of these solutions was carried

out at a fixed applied electrostatic field strength

(EFS) of 7.5 kV/7.5 cm (i.e., 1 kV/cm) over a fixed

collection time of about 10min. Figure 1 shows se-

lected SEM images of the as-spun products from gel-

atin solutions of varying concentration (ranging be-

tween 15 and 29% w/v). At low solution concentra-

tions (i.e., between 15 and 19% w/v), the presence

of beads, either as discrete beads or beads on beaded

fibers, was observed along with the presence of

smooth fibers which were fused to one another at

touching points. The beads disappeared altogether

when the concentration of the solutions was between

about 21 and 29% w/v. Furthermore, the diameters

of the as-spun gelatin fibers increased monotonically

with increasing concentration of the solutions (see

Table II), while the number of the as-spun fibers per

unit area was found to decrease (results not shown).

For beaded fibers, only the diameters of the fiber sec-

tions between beads were measured. Specifically, the

Table II. Viscosity, surface tension, and conductivity

of gelatin solutions in acetic acid and diameters of the resulting

as-spun fibers as a function of the solution concentration

Solution

concentration

(% w/v)

Viscosity

(cP)

Surface

tension

(mN�m�1)

Conductivity

(mS�cm�1)

Fiber

diameter

(nm)

15 114 26:70� 0:04 167 214� 0:06

17 180 26:22� 0:15 205 220� 0:06

19 250 26:75� 0:72 224 271� 0:11

21 400 26:00� 0:05 254 337� 0:09

23 594 25:92� 0:06 296 413� 0:08

25 699 25:80� 0:05 304 502� 0:06

27 1217 25:72� 0:05 317 616� 0:05

29 1586 24:68� 0:09 342 839� 0:09
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average diameter of the as-spun gelatin fibers increas-

ed from about 214 nm at the solution concentration of

15% w/v to about 839 nm at the solution concentra-

tion of 29% w/v. Comparatively, electrospinning of

5–12.5% w/v gelatin solutions in TFE produced fibers

with an average diameter ranging between 100 and

340 nm22 and that of 7–12wt.% gelatin solutions in

98% formic acid produced fibers with an average

diameter ranging between 70 and 170 nm.23

The formation of beaded and smooth fibers could

be explained based on the interplay among the three

major forces, that are Coulombic force, viscoelastic

force, and surface tension.27 At low solution concen-

trations, the viscoelastic force, in comparison with

both the electrostatic and the Coulombic stretching

forces, was not enough to prevent either partial or to-

tal breakup of the charged jet and, as a result of the

surface tension, either discrete beads or beaded fibers

were formed.30,31 With increasing concentration of

the solutions, the viscoelastic force was high enough

to counter both the electrostatic and the Coulombic

stretching forces, preventing both the partial and the

total breakup of the charged jet. The monotonous in-

crease in the viscoelastic force in comparison with

both the electrostatic and the Coulombic stretching

forces was also responsible for the monotonous in-

crease in the fiber diameters with increasing solution

concentration.

 

(a)

 

(c)

 

(e)

 

(g)

(b) 

(d) 

(f)

(h) 

Figure 1. Selected SEM images (magnification = 5000x; scale bar = 1 mm) of as-spun materials from gelatin solutions in glacial

acetic acid of varying concentration: (a) 15, (b) 17, (c) 19, (d) 21, (e) 23, (f) 25, (g) 27, and (h) 29% w/v, under a fixed electrostatic field

strength of 7.5 kV/7.5 cm.
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In order to observe the effect of EFS on morpholo-

gy and size of the as-spun products, the EFS was var-

ied (i.e., 7.5, 15.0, and 22.5 kV/7.5 cm). Despite the

variation in the applied electrical potential, the mor-

phology of the as-spun products was similar to that

shown in Figure 1. In addition, the diameters of the

obtained as-spun gelatin fibers, at a given solution

concentration, were also quite similar at all EFS val-

ues investigated (results not shown).

Mixed-Solvent Systems

The second solvent or liquid was mixed with AA to

investigate the effect of its addition on some proper-

ties of the resulting gelatin solutions as well as the

morphology and/or size of the as-spun gelatin fibers.

Based on the results obtained on the single solvent

system, 19% w/v of the gelatin solution was chosen

to further investigate the effect of these mixed-solvent

systems because the viscosity of the solution at the

particular concentration in AA was high enough to al-

low the formation of beaded fibers with less beads

when the solution was electrospun. Another important

reason for choosing this particular concentration was

to observe whether the addition of the second solvent

or liquid was able to totally suppress the formation of

beads (on the beaded fibers). Table III summarizes

some of the solution properties, i.e., shear viscosity,

surface tension, and conductivity, of the gelatin solu-

tions in various mixed solvent systems. The property

values of the gelatin solution in AA were also listed

for comparison.

Glacial Acetic Acid and 2,2,2-Trifluoroethanol.

AA and TFE are both good solvents for gelatin. Being

chosen based on the fact that fluorinated alcohols,

such as TFE and hexafluoroisopropanol (HFIP),

though very expensive, are known good solvents for

polypeptides, such as collagen,19 TFE was used as

the solvent for successful electrospinning of gelatin

(porcine skin; type A).22 Here, AA and TFE were

mixed at the compositional ratios of 90:10, 80:20,

70:30, 60:40, 50:50, and 40:60 v/v, respectively.

These mixtures were able to dissolve gelatin powder

into clear solutions. Some of the solution properties,

i.e., shear viscosity, surface tension, and conductivity,

of the as-prepared gelatin solutions are summarized in

Table III. Evidently, both the shear viscosity and the

conductivity of the gelatin solutions in the mixed sol-

vents increased with increasing TFE content, a direct

result of the greater viscosity and dielectric constant

values of TFE in comparison with those of AA (see

Table I) that were responsible for the observed in-

crease in both the property values of the gelatin solu-

tions with increasing TFE content. On the contrary,

the surface tension decreased with increasing TFE

content.

Figure 2 shows selected SEM images of the as-spun

Table III. Viscosity, surface tension, and conductivity of gelatin solutions (19% w/v)

in various mixed solvent systems and morphology and diameters of the resulting

as-spun fibers as a function of the composition of the solvent mixture

Mixed solvent

system

(v/v)

Viscosity

(cP)

Surface

tension

(mN�m�1)

Conductivity

(mS�cm�1)
Morphology

Fiber

diameters

(nm)

AA 100 250 26.75 224 Smooth and beaded 271� 0:11

fibers

AA 90/TFE 10 294 24.24 350 Fused fibers n/a

AA 80/TFE 20 423 22.41 411 Fused fibers n/a

AA 70/TFE 30 469 21.23 476 Fused fibers n/a

AA 60/TFE 40 510 20.02 491 Smooth fibers 282� 0:06

AA 50/TFE 50 543 19.02 502 Smooth fibers 500� 0:07

AA 40/TFE 60 560 18.42 537 Smooth fibers 634� 0:13

AA 97/DMSO 3 290 24.79 256 Smooth fibers 185� 0:03

AA 95/DMSO 5 317 25.64 301 Smooth fibers 187� 0:03

AA 93/DMSO 7 397 25.99 347 Smooth fibers 225� 0:06

AA 91/DMSO 9 408 26.54 383 Smooth fibers 230� 0:03

AA 97/EG 3 287 27.37 287 Smooth fibers 225� 0:04

AA 95/EG 5 317 27.64 277 Smooth fibers 228� 0:07

AA 93/EG 7 357 27.84 250 Smooth fibers 264� 0:04

AA 91/EG 9 365 28.08 210 Fused fibers n/a

AA 97/F 3 340 27.70 426 Fused fibers n/a

AA 95/F 5 400 27.98 457 Fused fibers n/a

AA 93/F 7 465 28.17 480 Fused fibers n/a

AA 91/F 9 515 28.35 490 Fused fibers n/a
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fibers from the gelatin solutions in mixed solvents of

AA and TFE. While electrospinning of the 19% w/v

gelatin solution in pure AA produced a combination

of smooth and beaded fibers which fused to one anoth-

er at touching points (see Figure 1b), electrospinning

of the gelatin solutions in AA/TFE at the same con-

centration only resulted in the formation of smooth

fibers. Interestingly, when the TFE content was lower

than or equal to 30 vol.%, the obtained fibers ap-

peared to fuse to one another at touching points as

well. The fusing of the fibers at touching points was

due to the incomplete evaporation of AA before the

charged jet deposited on the Al screen. The tendency

for complete evaporation of the solvent increased with

the addition of TFE, due primarily to the much lower

boiling of this solvent in comparison with AA (i.e.,

74 �C for TFE versus 118 �C for AA; see Table I).

The average diameter of the fibers that were spun

from gelatin solutions in 60:40, 50:50, and 40:60 v/v

AA/TFE was about 280, 500, and 630 nm, respective-

ly. Obviously, in the presence of TFE, the as-spun fi-

bers appeared to be larger, a direct result of the ob-

served increase in the viscosity and the conductivity

of the resulting solutions (see Table III).

Though not shown, electrospinning of the gelatin

solutions in AA/TFE when the TFE content was low-

er than or equal to 30 vol.% at a different EFS of

15 kV/15 cm (still the same ratio between the applied

electrical potential and the collection distance to that

of 7.5 kV/7.5 cm) resulted in the formation of smooth

fibers with average diameter in the range of 250

to 270 nm, while electrospinning of the solutions

AA/TFE when the TFE content was greater than

30 vol.% (but not more than 60 vol.%) produced the

as-spun products similar to those shown in Figure 2.

When the TFE content was lower than or equal to

30 vol.%, the ejected jet could not dry during its flight

from the nozzle to the collector at the collection dis-

tance of 7.5 cm; therefore, with an increase in the col-

lection distance to 15 cm, the ejected jet had more

time to ‘dry’ prior to deposition on the collector. On

the contrary, when the TFE content was greater than

30 vol.%, the increase in the collection distance to

15 cm had no obvious effect as the jet was able to

(a)

(c)

(e)

(b) 

(d) 

(f)

Figure 2. Selected SEM images (magnification = 5000x; scale bar = 1 mm) of as-spun materials from 19% w/v gelatin solutions in a

mixture between glacial acetic acid (AA) and 2,2,2-trifluoroethanol (TFE) under a fixed electrostatic field strength of 7.5 kV/7.5 cm. The

volumetric ratio between AA and TFE was varied: (a) 90:10, (b) 80:20, (c) 70:30, (d) 60:40, (e) 50:50, and (f) 40:60.
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‘dry’ completely even at the shorter collection dis-

tance of 7.5 cm.

Glacial Acetic Acid and Dimethyl Sulfoxide.

DMSO is not a solvent for gelatin, but the reason

for it being chosen as a modifying liquid was due to

its moderately high dielectric constant, in comparison

with that of AA (see Table I). Due to it being a

non-solvent for gelatin, as much as 9 vol.% of DMSO

was mixed with AA to produce the mixed solvents at

the compositional ratios of 97:3, 95:5, 93:7, and

91:9 v/v (AA/DMSO), respectively. These mixtures

were still able to dissolve gelatin powder into clear

solutions. Some of the solution properties, i.e., shear

viscosity, surface tension, and conductivity, of the

as-prepared gelatin solutions are summarized in

Table III. Evidently, all of the property values of the

gelatin solutions in the mixed solvents were greater

than those of the gelatin solution in pure AA and were

found to increase with increasing DMSO content, a

direct result of the greater viscosity, surface tension,

and viscosity values of DMSO in comparison with

those of AA (see Table I).

Figure 3 shows selected SEM images of the as-spun

fibers from the gelatin solutions in mixed solvents of

AA and DMSO. While electrospinning of the 19%

w/v gelatin solution in pure AA produced a combina-

tion of smooth and beaded fibers which fused to one

another at touching points (see Figure 1b), electro-

spinning of the gelatin solutions in AA/DMSO at

the same concentration produced only smooth fibers.

Despite the obviously high boiling point of DMSO

(189 �C; see Table I), the as-spun fibers did not fuse

to one another at touching points. Interestingly, the

as-spun fibers from the gelatin solutions in the mixed

solvents appeared to be smaller than those from the

solution in pure AA. However, with increasing DMSO

content, the average diameter of the obtained fibers

was found to increase, most likely a direct result of

the observed increase in both the viscosity and the

conductivity of the resulting solutions (see Table III).

Glacial Acetic Acid and Ethylene Glycol. Like

DMSO, EG is not a solvent for gelatin, but it was

chosen as a modifying liquid because its dielectric

constant is marginally greater than that of AA (see

Table I). Since it is not a solvent for gelatin, as much

as 9 vol.% of EG was mixed with AA to produce the

mixed solvents [i.e., 97:3, 95:5, 93:7, and 91:9 v/v

(GAA/EG)] that were still able to dissolve gelatin

powder into clear solutions. Some of the solution

properties, i.e., shear viscosity, surface tension, and

conductivity, of the as-prepared gelatin solutions are

summarized in Table III. Evidently, both the shear

viscosity and the surface tension of the gelatin solu-

tions in the mixed solvents were greater than those

of the gelatin solution in pure AA and were found

to increase with increasing EG content, a direct result

of the greater viscosity and surface tension values of

EG in comparison with those of AA (see Table I).

On the other hand, the small amount of EG (i.e.,

3 vol.%) increased the conductivity of the solution

markedly, but, with further increase in the EG content,

the conductivity was found to decrease, with the prop-

erty value of the solution containing 9 vol.% EG

being lower than that of the solution in pure AA.

(a)

(c) 

(b) 

(d) 

Figure 3. Selected SEM images (magnification = 5000x; scale bar = 1 mm) of as-spun materials from 19% w/v gelatin solutions in a

mixture between glacial acetic acid (AA) and dimethyl sulfoxide (DMSO) under a fixed electrostatic field strength of 7.5 kV/7.5 cm. The

volumetric ratio between AA and DMSO was varied: (a) 97:3, (b) 95:5, (c) 93:7, and (d) 91:9.
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Figure 4 shows selected SEM images of the as-spun

fibers from the gelatin solutions in mixed solvents of

AA and EG. While electrospinning of the 19% w/v

gelatin solution in pure AA produced a combination

of smooth and beaded fibers which fused to one anoth-

er at touching points (see Figure 1b), electrospinning

of the gelatin solutions in AA/EG when EG content

was lower than or equal to about 7 vol.% at the same

concentration produced only smooth fibers. Despite

the considerably high boiling point of EG (197 �C;

see Table I), the as-spun fibers did not fuse to one an-

other at touching points. However, when the EG con-

tent was 9 vol.%, the as-spun fibers fused completely

to form a thin film on the Al screen. A likely explan-

ation for this could be based on the competitive evap-

oration of the two solvents. Since the boiling point of

AA is much lower than that of EG (i.e., 118 �C for

GAA versus 197 �C for EG; see Table I), the evapora-

tion of AA from the charged jet could occur in a much

faster rate, causing the volumetric ratio between EG

and AA to increase over time. At 91:9 of the mixed

solvent, the ratio between the two components might

be just right such that the amount of EG was just

enough to keep the fibers in their wet state, causing

them to fuse completely to one another.

Similar to the case of the mixed solvents between

AA and DMSO, the as-spun fibers from the gelatin so-

lutions in the mixed solvents of AA and EG appeared

to be smaller than those from the solution in pure AA.

However, with increasing EG content, the average di-

ameter of the obtained fibers was found to increase,

likely a direct result of the observed increase in the

viscosity of the resulting solutions (see Table III).

Glacial Acetic Acid and Formamide. Similarly to

the cases of DMSO and EG, F is not a solvent for

gelatin, but it was chosen as a modifying liquid be-

cause of its extremely high boiling point, dielectric

constant, and surface tension values (see Table I).

Since it is not a solvent for gelatin, as much as

9 vol.% of F was mixed with AA to produce the

mixed solvents [i.e., 97:3, 95:5, 93:7, and 91:9 v/v

(GAA/F)] that were still able to dissolve gelatin

powder into clear solutions. Some of the solution

properties, i.e., shear viscosity, surface tension, and

conductivity, of the as-prepared gelatin solutions are

summarized in Table III. Like DMSO, all of the prop-

erty values of the gelatin solutions in the mixed sol-

vents were greater than those of the gelatin solution

in pure AA and were found to increase with increasing

F content, a direct result of the greater viscosity, sur-

face tension, and viscosity values of F in comparison

with those of AA (see Table I).

Figure 5 shows selected SEM images of the as-spun

fibers from the gelatin solutions in mixed solvents of

AA and F. While electrospinning of the 19% w/v gel-

atin solution in pure AA produced a combination of

smooth and beaded fibers which fused to one another

at touching points (see Figure 1b), electrospinning of

the gelatin solutions in AA/F at the same concentra-

tion resulted only in the formation of fused fibers,

most likely a result of the extremely high boiling point

of F in comparison with that of AA (i.e., 118 �C for

AA versus 211 �C for F; see Table I). As previously

noted, during the transport of the charged jet to the

(a) 

(c) 

(b) 

(d) 

Figure 4. Selected SEM images (magnification = 5000x; scale bar = 1 mm) of as-spun materials from 19% w/v gelatin solutions in a

mixture between glacial acetic acid (AA) and ethylene glycol (EG) under a fixed electrostatic field strength of 7.5 kV/7.5 cm. The volu-

metric ratio between AA and EG was varied: (a) 97:3, (b) 95:5, (c) 93:7, and (d) 91:9.
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Al screen collector, competitive evaporation of the

solvents resulted in an increase in the actual content

of F, due to the much faster evaporation of AA in

comparison with F. Clearly, the fusing of the as-spun

gelatin products was more pronounced, when the con-

tent of F in the mixed solvents increased. Similar to

the case of electrospinning of the gelatin solutions

in AA/TFE, electrospinning of the gelatin solutions

in AA/F at the EFS of 15 kV/15 cm produced smooth

fibers with relatively thinner fibers. These fibers were

not fused as the solvents appeared to ‘dry’ more read-

ily at increased collection distance, except for the fi-

bers that obtained from the solution with the highest

content of F that still fused to one another.

CONCLUSION

The present contribution reported the effect of

either single or mixed solvent system on the electro-

spinning of gelatin fibers. The single solvent system

was based on glacial acetic acid (AA), while the

mixed solvent systems were based on mixtures be-

tween AA and another solvent or modifying liquid,

i.e., 2,2,2-trifluoroethanol (TFE), dimethyl sulfoxide

(DMSO), ethylene glycol (EG), and formamide (F).

Among these, only AA and TFE were good solvents

for gelatin. The effects of these solvent systems on

morphology and/or size of the electrospun materials

were observed by scanning electron microscopy

(SEM). The electrospinning was carried out under

a fixed electrostatic field strength of 7.5 kV/7.5 cm

and the polarity of the emitting electrode was positive.

Electrospinning of 15–29% w/v gelatin solutions in

AA produced beads, beaded fibers, and smooth fibers,

depending on the concentration range. Only smooth

fibers were observed at the concentration range of

21–29% w/v. The obtained fibers exhibited the aver-

age diameter in the range of 214–839 nm, with the

value being found to increase with increasing solution

concentration. The addition of TFE as a co-solvent or

another modifying liquid of DMSO, EG, or F helped

suppress the bead formation, likely a result of the

observed increase in the viscosity and/or the con-

ductivity of the resulting gelatin solutions. Due to

their being non-solvents for gelatin, only as much as

9 vol.% of DMSO, EG, and F could be mixed with

AA to result in a mixture that was still able to dissolve

gelatin into a clear solution. Among the three modify-

ing liquids, DMSO and EG helped improve the

electrospinnability of the gelatin solution and the ob-

tained fibers were smaller in their diameters in com-

parison with those obtained from the gelatin solution

in pure AA.
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Figure 5. Selected SEM images (magnification = 5000x; scale bar = 1 mm) of as-spun materials from 19% w/v gelatin solutions in a

mixture between glacial acetic acid (AA) and formamide (F) under a fixed electrostatic field strength of 7.5 kV/7.5 cm. The volumetric ratio

between AA and F was varied: (a) 97:3, (b) 95:5, (c) 93:7, and (d) 91:9.
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