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Autoclaving as a chemical-free process to stabilize recombinant
silk-elastinlike protein polymer nanofibers
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We report here that autoclaving is a chemical-free, physical crosslinking strategy capable of
stabilizing electrospun recombinant silk-elastinlike protein (SELP) polymer nanofibers. Fourier
transform infrared spectroscopy showed that the autoclaving of SELP nanofibers induced a
conformational conversion of f-turns and unordered structures to ordered f-sheets. Tensile
stress-strain analysis of the autoclaved SELP nanofibrous scaffolds in phosphate buffered saline at
37 °Crevealed a Young’s modulus of 1.02 = 0.28 MPa, an ultimate tensile strength of 0.34 = 0.04
MPa, and a strain at failure of 29% = 3%. © 2011 American Institute of Physics.

[doi:10.1063/1.3604786]

Because of their outstanding mechanical and biocompat-
ible properties, silk proteins from the silkworm silk have
been widely used as biomaterials for use as medical sutures,
drug delivery, and tissue engineering materials." The advent
of recombinant deoxyribonucleic acid technology has
enabled the introduction of structural and/or functional poly-
peptide sequences into silk-based materials, providing useful
properties not obtainable from the native silk proteins alone.”
In particular, a series of silk-elastinlike proteins (SELPs)
consisting of polypeptide sequences derived from silkworm
silk and mammalian elastin have been produced.’ The elas-
tinlike blocks decrease the degree of crosslinking of the silk-
like blocks, rendering SELPs water soluble,4 although native
silks are not soluble in either water, dilute acid, or alkali.'
Consequently, a variety of useful structures, including hydro-
gels,4 ﬁlms,5 and ﬁbers,6 have been prepared from SELP in
aqueous solution. However, cytotoxic chemicals such as
methanol and glutaraldehyde are often used to improve the
mechanical strength of the materials for tissue engineering
applications by enhancing the bonding of the silklike blocks
and/or chemically crosslinking of the SELP micro/nanofib-
ers.”® Here, we report a chemical-free method to stabilize
SELP fibrous structures using autoclaving.

The SELP-47K protein polymer was electrospun into
nanofibers as previously reported” and detailed in a supple-
mentary material.” The generated SELP-47K nanofibers,
which were collected on aluminum foil, were analyzed using
a Hitach-4800s field emission scanning electron microscope
(SEM). The SEM analysis revealed that the resulting SELP
nanofibers possessed an average diameter of 182 nm
[Fig. 1(a)]. Electrospun SELP-47K nanofibers along with the
fiber collector were autoclaved at 134 °C and 29 psi for 60
min (Tuttnauer 2340M autoclaver) and vacuum dried over-
night prior to SEM analysis. The obtained SEM images were
analyzed using the National Institutes of Health (NIH) devel-
oped IMAGEJ software to determine the Feret’s diameters of
the nanofibers and the Feret’s pore sizes of the nanofibrous

@Electronic mail: xwu@email.arizona.edu.

0003-6951/2011/98(26)/263702/3/$30.00

98, 263702-1

scaffolds. The thickness of the nanofibrous scaffolds were
measured using optical microscopy.” Compared to as-spun
scaffolds, autoclaved SELP-47K nanofibrous scaffolds dis-
played comparable fiber diameters (182 = 105 nm versus
180 = 105 nm, n = 194) but a slight reduction in pore size
(1.07 = 0.42 um versus 1.28 £ 0.54 um, n = 137) [Fig. 1(b)].
A pronounced decrease in scaffold thickness, from 200 *= 5
um to 57 = 5 um (n = 5), was also observed after autoclav-
ing. When fully rehydrated in 1x phosphate buffered saline

FIG. 1. SEM images of as-spun (a) and autoclaved SELP-47K nanofibers
(b). Scale bars: 5 um.
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(PBS) at 37 °C, the autoclaved nanofibrous scaffolds were
118.2 = 21.5 um (n = 5) thick, exhibiting a partial recovery
in thickness. Because the scaffolds remained attached to the
collector during the autoclaving process, reduction in their
lateral dimensions was prevented. Accordingly, rehydration
did not lead to any changes in the width and length of auto-
claved nanofibrous scaffolds. In marked contrast to the
water-soluble as-spun nanofibers, the autoclaved SELP-47K
nanofibers were morphologically stable in water. Moreover,
the autoclaved nanofibers displayed inter-fiber bonding [Fig.
1(b)].

To understand the autoclaving-induced changes in fiber
secondary structure and the subsequent improvement in fiber
stability, SELP-47K nanofibers that were autoclaved for spe-
cific times (i.e., 15, 30, and 60 min) were analyzed using
Fourier transform infrared (FTIR) spectroscopy. The FTIR
spectra of as-spun and autoclaved nanofibers were collected
using a Magna-IR 560 Nicolet spectrometer (Madison, WI)
with CO,-free dry air as the purging gas.” For each type of
nanofiber, 400 scans were collected on triplicate specimens
in the spectral range of 4000-800 cm™ "' at the resolution of
4 cm™'. The secondary structures of SELP-47K nanofibers
were determined by curve fitting of the Fourier self-decon-
volved (FSD) amide I bands with Gaussian band profiles
[Fig. 2]. The secondary-derivative method was used to iden-
tify individual characteristic bands of the FSD amide I
bands.'” Areas under individual bands normalized by the
total area of the amide I band represent the percentage con-
tents of secondary structures of the nanofibers.” Specifically,
the band at 1616 cm ™' was assigned to aggregated strands,
while bands at 1624, 1635, 1675, and 1695 cm™ ! were
assigned to f-sheet and sheetlike structure.'® Bands at 1662,
1669, and 1684 cm™' were assigned to f-turns. Bands at
1646 and 1653 cm™' were assigned to unordered structures
and a-helix, respectively.
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FIG. 2. The FSD FTIR amide I spectra of SELP-47K as-spun nanofibers
and nanofibers autoclaved for specific times (i.e., 15, 30, and 60 min) were
fitted with Gaussian band profiles. The solid line and dots represent the FSD
amide I spectra and the fitted curves, respectively.
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TABLE I. Percentages of secondary structure as determined by curve fitting
the FSD amide I bands of SELP-47K nanofibers.

Aggregated Unordered
strands ~ ff-sheet f-turn  structure  o-helix
As-spun 3 31 37 23 7
Autoclaved for 15 min 9 43 29 8 11
Autoclaved for 30 min 8 44 30 9 9
Autoclaved for 60 min 13 50 21 7 9

The quantitative analysis of the FSD amide I spectra of
the as-spun SELP-47K nanofibers revealed 37.0% f-turns
and 22.8% unordered structures (Table I). When autoclaved
for 15 min, the f-turns and unordered structures in SELP-
47K nanofibers decreased from 37% to 28.4% and from
22.8% to 8.3%, respectively. Consequently, f-sheets and
sheet-like structures increased from 30.5% to 43.6%. Aggre-
gated strands, which were more extensively hydrogen-
bonded, increased from 3.0% to 8.6%. FTIR analysis thus
produced an autoclaving-induced conformational conversion
of less ordered structures (e.g., f-turns, unordered structures)
to ordered f-sheets and aggregated strands in SELP-47K
nanofibers. Increasing the autoclaving time from 30 to 60
min only slightly enhanced this conversion.
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FIG. 3. (a) Representative mechanical preconditioning behavior of auto-

claved SELP-47K nanofibrous scaffolds. (b) Resilience of autoclaved SELP-

47K nanofibrous scaffold as a function of the number of preconditioning

cycles. Data and error bars represent measurements conducted on five repli-
cate samples.
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Silk-based materials often exist in two distinct forms:
silk T comprised of less ordered conformations (e.g., f-turns,
unordered structures) and silk IT largely consisting of ordered
B-sheets.'" The conversion of silk I to silk II in insects via
concurrent shear deformation and water removal establishes
the basis for the superior mechanical properties of silk
fibers.'” Nevertheless, it remains a daunting challenge to re-
capitulate this natural fiber forming process for engineering
robust silk-based micro/nanofibers.!® Instead, silk-based
materials are often stabilized by exposure to cytotoxic, non-
solvents such as methanol.'? Previously, we reported that
methanol treatment indeed induced the conversion of silk I
to silk II in SELP-47K films® and nanofibers,’ leading to the
formation of mechanically robust structures. Here, we dem-
onstrate that autoclaving of SELP-47K nanofibers can induce
the same conformational conversion, providing a green pro-
cess for producing stable fibers.

It has been reported that immersing silk fibroin films in
water above 80 °C resulted in the conversion of unordered
structures to insoluble f-sheets, although the crystallization
temperature of dry silk fibroin resided at about 200 °C.'* A
speculation is that water as a plasticizer provides the silklike
blocks conformational flexibility, lowering their crystalliza-
tion temperature. To examine the role of water in this confor-
mational conversion, SELP-47K nanofibers were baked at
134 °C overnight in a dry oven. No noticeable change in
morphology was observed in the baked nanofibers. In
marked contrast to the nanofibers that were rendered water
insoluble by autoclaving, the baked SELP-47K nanofibers
completely dissolved in water.

To analyze the fiber strength, uniaxial stress-strain analy-
sis was conducted on SELP-47K nanofibrous scaffolds,
which were autoclaved for 60 min. Five replicate samples of
3 mm in gauge length (between the clamps) were equilibrated
in 1 x PBS at 37 °C for 1 h, mounted on a PerkinElmer
dynamic mechanical analyzer, and immersed into a jacketed
beaker filled with 1x PBS at 37 °C. Samples were cyclically
stretched to 20% strain for 6 cycles, before they were extended
to break at around 30% strain (Fig. 3). Displacements were
applied at a fixed rate of 0.25 mm/min. The thickness and
width of the specimens were measured using optical micros-
copy’ for the calculation of the cross-sectional area and engi-
neering stress. Mechanical analysis of the autoclaved
nanofibers yielded a Young’s modulus of 1.02 %= 0.28 MPa,
an ultimate tensile strength of 0.34 = 0.04 MPa, and a strain at
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failure of 29% = 3%. Notably, the autoclaved SELP-47K
nanofibrous scaffolds displayed Young’s modulus compara-
ble to native elastin.'> After 6 cycles of mechanical precon-
ditioning, the autoclaved nanofibrous scaffolds exhibited an
excellent resilience of 90.7% * 3.4%, matching or exceed-
ing native elastin.'®

In summary, autoclaving of SELP-47K nanofibers
causes their conversion to water-insoluble, stable materials
with excellent mechanical properties suitable, for example,
as tissue engineering materials. Our results indicate that
autoclaving promotes the formation of ordered f-sheets,
functioning as physical crosslinks for the nanofibers. Thus,
autoclaving can be used as a chemical-free strategy to physi-
cally crosslink recombinant SELP nanofibers.
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