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Electrospinning of a silk-elastin-like protein (SELP), a repeat sequence protein polymer (RSPP) from
aqueous solution, is reported here. The electrospinning of SELP47K resulted in fibers with a uniform,
ribbon-like morphology. The solution properties of SELP47K provide ideal conditions for electrospinning
and resultant nanoribbons are demonstrated to form self-standing, non-woven fiber meshes. The
mechanical properties of these meshes have also been evaluated, and the ultimate tensile strength was
found to be 30.8 MPa with an average initial modulus of 0.88 GPa. Furthermore, the effect of electro-
spinning parameters, such as solution concentration, applied voltage, collecting distance, and rate of
spinning, on the fiber dimensions and morphology are studied. Within the experimental matrix, the
width of these nanoribbons is found to be between 25 nm and 1800 nm. The secondary structure of
SELP47K nanoribbons is analyzed by FTIR and WAXD and the methanol treatment resulted in
improvements in the crystalline b-sheet structure when compared to as spun electrospun nanoribbons.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The field of advanced functional biomaterials constitutes
a relatively new discipline that blends traditional materials
research with the unique properties inherent to biological mole-
cules. Natural selection and evolution have endowed biological
molecules with an almost unprecedented integration of structure
and function, far beyond what is currently possible through de novo
synthetic techniques. As such, biomolecules represent a novel
toolkit for the fabrication of hybrid materials, with functions which
are not possible to achieve through conventional means. The
continuous efforts from biologists and material scientists are being
made to design biomaterials that can offer self assembly, higher
structural regularities, biocompatibility and catalytic and binding
properties. Synthesizing repeat sequence protein polymers (RSPPs)
of natural protein motifs offers a promising route to develop high
performance polymers from the library of monomers e.g. small
peptide-based RSPPs. Using a bottom up approach, various RSPPs of
natural protein motifs such as elastin (GVGVP, VPGG, APGVGV),
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silk fibroin (GAGAGS), flagelliform silk (GPGGx), dragline silk
(GPGQQ, GPGGY, GGYGPGS), collagen (GAPGAPGSQGAPGLQ,
GAPGTPGPQGLPGSP), and keratin (AKLKLAEAKLELA) are possible.
It is also possible to synthesize their block copolymers to combine
material properties of two or more natural motifs, which can
possess properties not found in either synthetic homoblock RSPPs.
RSPPs have been studied as an alternative material to the natural
analogues for the applications such as controlled drug delivery
systems, tissue replacement and tissue engineering [1–3].

SELP, or silk-elastin-like Protein, is one of the successful series of
genetically-engineered RSPP block copolymers consisting of silk
and elastin protein subunits in defined ratios [4]. The bio-
synthesized block copolymers consist of silk-like (GAGAGS) and
elastin-like (GVGVP) repeating units. The silk-like block mimics its
natural analogue to assemble into tightly packed secondary struc-
tures, b-sheets, imparting strength to the protein polymer. Along
with its inherited rubber like behavior, introduction of periodic
elastin-like blocks reduces overall crystallinity of the system and
increases water solubility. Genetically engineered SELP polymers
are synthesized using recombinant techniques which enable
precise control over molecular weight, sequence and composition
and hence monodispersed polymer architecture with tailored
biological, physicochemical, and material properties are possible.
Several combinations of genetically engineered SELP block poly-
mers which are important for biomedical applications have been
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Fig. 1. Unit blocks of SELP47K, S¼ silk protein sequence, E¼ elastin protein sequence,
K¼ lysine modified elastin protein sequence.

Y. Ner et al. / Polymer 50 (2009) 5828–5836 5829
reported in literature [2,4–6]. These block copolymers have been
reported to have molecular weights between 30 kDa and 250 kDa
and have the ability to self assemble to form films, fibers and
hydrogels. SELP also exhibits irreversible sol-to-gel transitions
induced by heating or by long-term storage at room temperature.
This phase transition can be tuned by temperature, pH, ionic
strength and polymer concentration [7,8] or by varying the block
ratio of silk to elastin [9] e.g SELP block copolymer having four silk-
like (GAGAGS), seven elastin-like (GVGVP) repeating units with one
of the elastin unit is modified with lysine, a.k.a. SELP47K, undergoes
an irreversible sol-to-gel transition when transferred from room
temperature to body temperature. In this composition, the lysine
provides a convenient reactive site for modifications such as cross-
linking. SELPs are biocompatible and have been extensively studied
for encapsulation and controlled release of bioactive agents such as
drugs, proteins, DNA, and adenoviral particles [2,4–6]. The various
SELPs also have the ability to form self-standing films by solvent
evaporation at room temperature, which exhibits high modulus
and strength due to the presence of ordered b-sheets. Mechanical
properties have been reported for films of SELP47K: 1.7 GPa
modulus, 69.9 MPa tensile strength, and 8.4% elongation at break
[10]. These values are similar to those of several high strength
synthetic polymers, including high-density polyethylene and
Nylon-6. The glass transition and decomposition temperatures of
SELP47K are 189 �C and 332 �C respectively. High mechanical
properties, water solubility, and biocompatibility make SELPs
unique materials for bioencapsulation. SELP has also been shown to
form strong interactions with embedded enzymes: glucose oxidase
(GOx) suspended in dried SELP thin films did not leach after 28 h in
a pH 6.5 buffer. At pH 7.6, GOx was released in a controlled manner.
In both cases, no enzyme degradation was observed, and GOx
activity was maintained at initial levels throughout the study [10].
Apart from encapsulation of bioactive/therapeutic agents, it is also
possible to introduce functional peptides in the polymer sequence
for various non-conventional applications of RSPPs [11].

Fibers of SELP polymers can be interesting candidates for appli-
cations in artificial muscles and scaffolds, artificial enzyme fibers,
biosensors, environmental cleanup, wound dressing, drug delivery
and protection materials. In the past, SELP block copolymers have
been drawn into fiber using a solution extrusion technique utilizing
high chaotropic solvents such as hexaflouro-2-propanol (HFIP) or
formic acid as a solvent and various coagulant systems [12]. However,
this results in restrictions for incorporation of a vast variety of func-
tional water stable and soluble biomaterials. Recently, electro-
spinning has been extensively explored to produces fibers from
protein polymers mainly due to its ability to form nanofibers with
very high surface area [13,14]. It also offers control over fiber
morphology, fiber alignment and the incorporation of functional
materials. All these, combined with the simplicity and scalability of
the process makes it ideal for many applications [15–22]. The process
of electrospinning involves charging the polymer solution in a suit-
able solvent to a very high potential. At the threshold potential,
a charged jet forms between the electrodes. Polymer solution travels
along the path of jet, evaporating the solvent, leaving behind poly-
meric nanofibers on one of the electrodes (the collector). Electro-
spinning of several commodity and high performance polymers,
including protein fibers, for a wide range of applications has been
reported in literature [16,23–26]. Silk based electrospun nanofibers
remain as an interest of many scientific studies because of their
potential applications, taking advantage of both unique properties of
silk and high surface area of nanofibers. The nanofibers are success-
fully made from regenerated natural silk [27–30]. However, often, the
use of strong solvents such as hexaflouro-2-propanol (HFIP) or formic
acid is necessary to make the spinning dope used for electrospinning.
This restricts the incorporation of a vast variety of functional, water
stable, and soluble biomaterials. Various other strategies have been
applied to electrospin silk protein from non-malignant solvents. Most
significant among them are dual spinnerets electrospinning [31,32]
and blending another water soluble polymer in the spinning dope to
facilitate spinning procedure, subsequently removing the carrier
polymer by water treatment [33,34]. Using a similar strategy, blends
of natural polymers, keratin, with regenerated silk have also been
used for electrospinning [35]. Regenerated silk fibroins have also been
reported to spin directly from aqueous solutions. However, reported
mechanical properties are not adequate for many potential applica-
tions [35,36]. Another route to obtain high quality protein fiber
utilizes RSPPs such as SELP47K. Genetically-engineered protein
polymers containing silk or elastin-like sequences have been elec-
trospun previously. Stephens et al. electrospun dragline spider silk
analogues using HFIP as a solvent and observed changes in secondary
structure in the electrospun fibers [37]. A (nano-) ribbon-like
morphology was observed upon electrospinning a genetically-engi-
neered elastin-like protein (ELP) polymer at a concentration of 15%
(w/w) in water [38,39]. Recently, Nagarajan et al. reported electro-
spinning of SELP67K using HFIP as a solvent, or at aqueous concen-
trations higher than 7% with addition of surfactants and PEO [40].
Addition of PEO and surfactant leads to polymer micelle formation
and thereby facilitates the process of fiber formation from aqueous
solution. However, to the date no study indicating formation nano-
fibers from aqueous silk based RSPPs is reported.

With the aim of developing precursors for scaffold and drug
delivery systems from high performance protein polymers, the
present study reports electrospinning of SELP47K directly from
aqueous solution without the addition of any external surface
modifying agent. The electrospinning of SELP47K resulted in quasi-
one dimensional nanoribbons. Electrospinning parameters have
been studied to control the width of the nanoribbons and it has
been demonstrated that protein ribbons with varying width from
20 nm to 1.8 mm can easily be achieved. The mechanical properties
of the resultant ribbons are also evaluated and a breaking strength
of 30.8 MPa and a modulus of 0.88 GPa were obtained. The
secondary structure of the electrospun fibers are also evaluated
using FTIR and WAXD.

2. Experimental

2.1. Materials

Silk-elastin-like protein used in the present study, termed as
SELP47K, is a block copolymer having four silk-like (GAGAGS),
seven elastin-like (GVGVP) repeating units with one of the elastin
units modified with lysine. The letter indicates sequence of amino
acid, G-glycine, A-alanine, S-serine, V-valine, P-proline, K-lysine.
Fig. 1 shows the repeating block structure of SELP47K. The polymer
was obtained from Genencor International and used as received.
The detailed synthetic procedure is described elsewhere [4,11]. The
molecular weight of the polymer is 84,000 Da.

2.2. Electrospinning

For the present study, the experimental set-up similar to our
previous studies was used [41–43]. It consists of 3 mL syringe with
24 gauge blunt tip needle containing SELP47K solution positioned
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above a copper plate collector. Polymer solution was obtained by
mixing appropriate amounts of SELP47K in deionized water (Mil-
lipore 18 MU). After complete dissolution of polymer, the solutions
were stored at 4 �C and allowed to come to room temperature for
30 min before electrospinning. Nanofibers are collected either on
aluminum glass mirrors or aluminum foil by placing these
secondary collectors on the copper plate collector. The temperature
and humidity of the electrospinning chamber was at 23� 2 �C and
55� 5% respectively.
2.3. Design of experiment

‘‘One Factor at a Time’’ approach is followed to determine effect
of electrospinning process variables on fiber morphology and fiber
diameter. Four major factors which determine fiber diameter and
fiber morphology, solution concentration, applied voltage, collect-
ing distance and rate of spinning are considered during the study.
Solution concentrations are varied from 6% to 18% (w/w). The rate
of spinning is controlled by adjusting the flow of the SELP47K
solution using motorized syringe pump between 0.1 mL/h and
Fig. 2. FESEM images of nanoribbons obtained by electrospinning from aqueous solution a
low magnification image at 15% (f), other electrospinning conditions were kept at a constant
– a–e: 1 mm, f: 25 mm).
1.6 mL/h. Distance between collector and syringe needle assembly
is varied between 10 cm and 20 cm. Finally, the applied voltage was
varied from 10 kV to 20 kV.

2.4. Methanol treatment of electrospun mats

As-spun SELP47K non-woven fiber meshes were immersed in
a methanol solution for 10 min. After treatment the fiber mesh was
dried at room temperature for 24 h, before any characterization.

2.5. Polarized Light Microscopy (PLM)

The PLM experiments were performed on the fibers deposited
on the plain glass slide using an Olympus BX51P microscope.

2.6. Mechanical properties of nanofiber meshes

Stress–strain properties of SELP47K nanofiber meshes were
measured with a TA Instruments Dynamic Mechanical Analyzer
(DMA2980) in the tensile (film) mode at 23 �C. As-spun self-
t various concentrations of SELP47K 6% (a), 9% (b), 12% (c), 15% (d), 18% (e) (w/w) and
applied voltage (20 KV), collecting distance (15 cm) and flow rate (0.1 mL/h). (Scale bar



Fig. 3. Flat ribbon width distribution at various concentrations (w/w) 12% (a), 15% (b) and 18% (c).
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standing non-woven meshes were cut into rectangular strips
(10� 30 mm) and mounted on a paper template which is used to
provide a stronger gripping surface during the test. The tests were
carried out at test speed of 1 mN/min. Sample thicknesses were
measured using a Zygo 3-D Optical Scanning Interferometer. The
reported results are average values from 3 test samples.
Fig. 4. Birefringence of SELP47K nanoribbons observed und
2.7. Field Emission Scanning Electron Microscope (FESEM)

The electrospun fibers were collected on aluminum foil and
sputtered coated for 2 min prior to imaging using the JEOL 6335F
FESEM. The average fiber diameter and its distribution were
determined based on analysis of 100 randomly selected fibers from
er cross polarized light by rotating the sample by 45� .



Fig. 5. Stress–strain behavior of electrospun SELP47K self standing nanoribbons
meshes prepared from 15% (w/w) aqueous solution.
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at least 10 images obtained from each spinning condition using
ImageJ image processing program. For all samples, time of spinning
was kept constant at 2 min and for imaging 5� 5 mm pieces from
the center of the aluminum foil collector were used.
Fig. 6. Effect of electrospinning parameters on the nanoribbons morphology from 18% aque
(0.1 mL/h) (a), Effect of applied voltage 10 kV (b), 15 kV (c), Effect of collecting distance 10
2.8. FTIR

IR characterization was carried out using Nicolet Magna 560
FTIR spectrometers with microscope attachment. Fibers were
collected on the aluminum mirror surface and were analyzed in
reflectance mode. Using FTIR-microscopy, The IR beam was posi-
tioned at a known position in the fiber samples. All spectra were
acquired by adding 64 scans with a resolution of 4 cm�1 between
the spectral range of 4000–650 cm�1.

2.9. X-ray diffraction

WAXD experiments were performed on Xcalibur PX Ultra
diffractometer (Oxford Diffraction) with sample to Onyx CCD
detector distance of 65 mm using the CuKa radiation (wavelength
l¼ 0.154 nm).

3. Results and discussion

3.1. Electrospinning and fiber morphology

Initial experiments of the electrospinning of SELP47K aqueous
solution is carried out by varying solution concentration of the
spinning dope. Although the protein polymer is highly water
soluble, it has a tendency to form a gel irreversibly. Gelation of the
protein polymer solution may cause problems in the electro-
spinning process. The rate of gelation of the SELP polymers can be
ous solution, Control applied voltage (20 kV), collecting distance (15 cm) and flow rate
cm (d), 20 cm (e), Effect of flow rate 0.8 mL/h (f) and 1.6 mL/h (g) (Scale bar �1 mm).



Table 1
Statistical analysis of the nanofiber ribbons obtained from the FESEM images (sample size¼ 100 fibers for each condition).

Concentration Applied voltage
(kV)

Flow rate
(mL/h)

Collecting distance
(cm)

Average fiber
width (nm)

Standard
deviation

Maximum fiber
width (nm)

Minimum fiber
width (nm)

12% 20 0.1 15 238 72 391 92
10 0.1 15 No fiber obtained
15 0.1 15 255 103 629 56
20 0.1 10 No data collected
20 0.1 20 221 87 473 25
20 0.8 15 No data collected
20 1.6 15 216 78 399 68

15% 20 0.1 15 472 129 800 197
10 0.1 15 No fiber obtained
15 0.1 15 557 155 882 177
20 0.1 10 473 140 967 60
20 0.1 20 432 162 774 75
20 0.8 15 490 150 735 79
20 1.6 15 530 159 1383 220

18% 20 0.1 15 535 144 963 247
10 0.1 15 833 243 1805 383
15 0.1 15 675 175 1099 265
20 0.1 10 574 154 976 80
20 0.1 20 503 186 977 162
20 0.8 15 533 189 1092 184
20 1.6 15 584 216 1593 271

Fig. 7. FTIR spectra of SELP47K nanoribbons as spun fibers (dashed line) and after
methanol treatment (dotted line).
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decreased either by decreasing the solution concentration or by
lowering the storage temperature. However, lowering polymer
concentration can hamper formation of a stable Taylor cone, which
is required for the formation of uniform fibers. At higher concen-
trations, the rate of gelation is faster and may lead to solutions that
cannot be electrospun. Considering these aspects, the experiments
are carried out with the solution concentrations varied between 6
and 18% (w/w). In this concentration range, SELP47K solution can
be stored at room temperature for at least 3 h without any
observable gelation.

Fig. 2 shows representative FESEM images of the fiber
morphology of SELP47K fibers at various concentrations from 6%
(w/w) to 18% (w/w). In all cases, other electrospinning parameters
i.e. applied voltage (20 kV), collecting distance (15 cm) and flow
rate (0.1 mL/h) are kept constant. Irrespective of the solution
concentration, electrospinning of SELP47K resulted in flat, ribbon-
like morphology. The flat ribbon formation can be described by the
formation of thin skin around the electrospinning liquid jet due to
rapid evaporation of the solvent from the surface as compared to
the fiber core. This results in polymeric tubes carrying solution
which collapse at the collector to form a flat, ribbon-like
morphology [44,45]. It has been observed previously that polymers
having tendency to form strong intra- and inter-chain interactions
can form semi-crystalline microgel particles in their solutions and
electrospinning of these solutions can result in flat fibers. The
formation of gel domains may be accelerated during solvent
evaporation [46]. In the case of SELP47K aqueous solutions, silk-like
blocks can crystallize to form b-sheets, surrounded by solvated
elastin blocks. This may explain the formation of nanoribbons even
at low solution concentrations.

At low concentrations, 6% and 9%, very often fiber splitting is
also observed, which results in triangle-shaped bifurcated fibers.
The fiber splitting is a result of ejection of smaller jets from the
primary jet comparable to the ejection of a primary jet from the
charged droplet. During the travel of the primary jet towards the
collector, both the charge density and local polymer concentration
changes resulting in local instabilities. These instabilities can be
minimized by ejecting smaller jets resulting in branched fibers. The
tendency to form branched fibers has been observed to decrease
with increasing concentration. At higher concentration, the
secondary jet ejection can be prevented by higher local concen-
tration of polymer chains in the primary jet minimizing local
instability by avoiding solvent congregation [44,45,47,48]. Upon
increasing the concentration, above 12%, uniform morphology and
continuous flat ribbons are formed. Thus, the viscosity and surface
tension of SELP47K aqueous solution are suitable to generate the
uniform Taylor cone that is required for continuous spinning.

Fig. 2F shows a low magnification image of the electrospun
SELP47K mat; the ribbons are distributed uniformly across the
surface. Fig. 3 depicts the fiber size distribution, resulting from
image analysis of 100 random nanoribbons from the non-woven
mesh of SELP47K spun at concentration of 12%, 15% and 18% (w/w).
Under the experimental conditions, the average fiber diameter was
found to be 238 nm, 472 nm and 535 nm respectively. With
increasing solution concentration, broader fiber size distributions
are observed.



Fig. 8. WAXD pattern of SELP47K, as spun electrospun mat (a), film (b), methanol treated electrospun mat (c) and methanol treated film (d).
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The RSPP SELP47K has been designed to carry functions from
both constituting blocks of the native protein into the recombinant
derivative. Silk blocks and elastin blocks are expected to assemble
into regular secondary structures in the fibers. Fig. 4 shows optical
micrographs of SELP47K nanofibers under cross polarizer observed
by clockwise rotating sample by 45�. The fibers demonstrate bire-
fringence, indicating the presence of regularity owing to chain
orientation. The change in dark and bright segment was also
observed by clockwise rotating the sample by 45�. In previous
studies, the triblock copolymer styrene-butadiene-styrene showed
similar behavior [49]. Fig. 4 also shows a view of several bent
nanoribbons resulting from an electrically driven bending
instability.

3.2. Mechanical properties of nanoribbons

A characteristic uniaxial stress–strain curves of dried SELP47K
nanoribbons with average sample thickness of 20 mm are shown in
Fig. 5. The average ultimate tensile strength of samples is found to
be 30.8 MPa, with an average initial modulus of 0.88 GPa; strain
values are 7.9%. The values reported here are for dried samples and
can be significantly improved by methanol treatment or by cross-
linking [34,36].

3.3. Controlling fiber dimensions

Several factors such as solution properties, environmental
factors, and electrospinning process parameters can play a major
role in determining fiber morphology, size and distribution. Within
the experimental matrix of the present study, electrospinning
process parameters such as flow rate, collecting distance and
spinning voltage are considered as the major determinants of the
ribbon size and distribution. This experimental matrix is expected
to provide information for achieving controlled fiber diameter
which can be crucial for designing fibers for specific target appli-
cations, e.g. encapsulation of proteins with varied sizes. Fig. 6
shows SELP47K nanofiber ribbons spun from 18% aqueous solution
under various electrospinning conditions. Table 1 represents the
experimental matrix and the statistical analysis of the nanofiber
ribbons obtained from the FESEM images. Within the set of
experiments, nanoribbons with diameters ranging from 25 nm to
1805 nm were obtained. As explained earlier, increasing solution
concentration resulted in an increase in fiber width. Increasing
solution feed rate also resulted in an increase in the fiber width.
This can be explained on the basis of increases in the spinnable
protein solution volume at the needle tip [50,51]. Increasing col-
lecting distance has two simultaneous effects which can play role in
determining fiber dimensions: decreasing field strength and
increasing time of flight of the fiber. In our case, the ribbon width is
found to decrease with increasing collecting distance. At lower
concentrations, 12% and 15%, no significant fiber formation is
observed at low voltage (10 kV). Increasing the voltage from 10 kV
to 15 kV, holding all other parameters constant at 12% and 15%
concentration, resulted in a stable Taylor cone and thereby
formation of uniform nanoribbons on the collector. At 18%
concentration, formation of a uniform Taylor cone even at a lower
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voltage, 10 kV, was observed. Within all experimental conditions,
flat nanoribbons are formed and, in general, increasing voltage
decreased the nanoribbons width. Both solution concentration and
applied voltage have a dominant role in controlling nanoribbon
width. The effect of gelation and solvent might be crucial in terms
of deciding both fiber morphology and dimension; no attempts
have been made to study these effects. However, compared to
previous approaches for spinning SELP family proteins from water
by adding surface modifying agents such as PEO and surfactants
[40], our study indicates that with proper selection of the protein
polymer and electrospinning parameters, high quality protein
fibers can be obtained without the addition of any external agents.
Furthermore, efforts are also being made to understand the role
taken by solution properties and by the protein polymer on ribbon
formation.

3.4. Secondary structure of electrospun SELP47K ribbons

Previous studies have shown that electrospun silk based fibers
prepared both from aqueous [34,36] or organic solvents [27]
resulted in amorphous structure with predominantly a random coil
conformation. This was attributed to the slower crystallization rate
of the silk b-sheet compared to the rapid evaporation of the solvent
during electrospinning limiting the molecular rearrangement
required for crystallization. Subsequent methanol treatment of
electrospun nanofiber mats resulted in improved b-sheet structure.
FTIR is often utilized to characterize the major conformations of
silk, including- random coils (silk I) and b-sheets (silk II). The
characteristic FTIR absorption bands for amorphous random coils
are at 1655 (amide I), 1540 (amide II), and 1235 cm�1 (amide III),
and b-sheet conformation is characterized by absorption bands at
1628 (amide I), 1533 (amide II), and 1265 cm�1 (amide III) [52].
Fig. 7 shows FTIR spectra of the as-spun SELP47K fibers compared
to methanol treated fibers. In the case of SELP47K, as spun fibers
show adsorption bands at 1651, 1528 and 1230 cm�1, attributed to
the presence of random coil conformations. Upon methanol treat-
ment, the fiber mats show strong absorption bands at 1622, 1520
and 1261 cm�1, indicating improvement in the b-sheet content.

These results were confirmed by wide-angle X-ray diffraction
(WAXD), Fig. 8, where as-spun nanoribbons, and methanol treated
nanoribbons are compared to thin films of same composition and
treatment. In the case of as-spun ribbons and thin films, a broad
distributed pattern with a peak at 2q¼ 16.1� was observed. This
might be due to the predominant presence of random coil confor-
mation. However, this cannot be attributed to the rapid evaporation
of the solvent during electrospinning as films which are prepared at
slower rates of evaporation also showed similar behavior. Upon
methanol treatment for 10 min, both films and fibers showed sharp
Bragg reflection peaks at 2q¼ 20.1�, clearly indicating formation of
the b-sheet structure. Thus, the native structure of the SELP47K in
aqueous solution is preserved during electrospinning. It might be
interesting to investigate effects of solvent on the secondary
structure, as SELP47K can be spun either from aqueous solution or
from organic solvents. However, this is beyond the scope of our
interest, which is directed towards utilizing SELP47K for encapsu-
lating biological agents or using these nanofibers for scaffold
applications.

4. Conclusions

In conclusion, we have shown that SELP47K can be electrospun
from aqueous solutions without the addition of any external agent.
This is a significant advance, in that it enables the incorporation of
water-soluble or dispersible compounds that are otherwise
unstable in organic solvents into protein nanofibers. The
electrospinning of aqueous SELP47K solution shows typical elec-
trospinning behavior of nanoribbon forming polymers wherein at
lower spin dope concentrations the formation of triangle-shaped
bifurcated fibers is observed. The formation of nanoribbons could
result in a significant strategic advantage for encapsulation of
enzymes and other quasi-one dimensional flat structures, where
their activity is detected by maximum surface contact with the
analytes. Interestingly, Hou et al. reported improved optical prop-
erties of microbelts over nanofibers and attributed to increase in
surface area along with nearly defect free structure of one dimen-
sional ribbons [53].

Within the experimental matrix of the present study, the width
dimension of SELP47K nanoribbons can be controlled from a few
nanometers to a few microns. This enables us to choose spinning
parameters to produce nanostructures with the desired dimen-
sions, and it is also possible to produce fibers that are orders of
magnitude smaller than most natural fibers (w2–5 mm). The
mechanical properties, along with the biocompatibility and self
standing nature of the SELP47K nanoribbons are sufficient enough
to use for tissue engineering applications [25]. The post treatment,
such as cross-linking of pendant lysine group, alcohol treatment for
enhancing b-sheet content could impart water insolubility as well
as enhanced mechanical properties to these ribbons. In all, this
study strengthens our efforts for constructing and utilizing bio-
logically based nanofibers for encapsulating enzymes, proteins and
therapeutic agents.
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