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ABSTRACT: The morphology and microstructure of electrospun B. mori silk/poly(ethylene oxide) (PEO)
fibers with diameters less than 1 um were characterized using birefringence, wide-angle X-ray diffraction,
differential scanning calorimetry, and atomic force microscopy (AFM). In the as-spun fibers, silk fibroin
is present in a coil conformation due to rapid fiber formation during electrospinning. After treatment
with methanol, the silk fibroin was transformed into a f-sheet-containing structure. Evidence for
nanofibrils within the as-spun fibers was observed by AFM, and the PEO phase was dispersed as small,
elongated islands within the silk fibroin matrix and oriented along the fiber direction. The mechanical
properties of single fibers were characterized by AFM nanoindentation. The results were consistent with
uniaxial tensile tests and with the morphological analysis. After methanol treatment and extraction with
water, the electrospun silk fiber exhibits a lateral modulus of 8.0 GPa, within a factor of 2 of degummed
native silk. The results provide additional insight into the nature of these reconstituted silk fibroin
submicron diameter fibers, which have potential utility in a range of materials science and engineering

applications.

Introduction

Tissue engineering has emerged as an interdiscipli-
nary field that applies the principles of the engineering
and life sciences to develop biological substitutes for
restoring, maintaining, or improving the function of
human tissue.! One of the main challenges in the field
of tissue engineering/biomaterials is to design and
engineer scaffolds or polymeric matrices that mimic the
structure and biological functions of the natural extra-
cellular matrix (ECM). The ECM is composed of a
basement membrane and an interstitial complex con-
sisting of a cross-linked network of multifibril collagens
with diameters ranging from 15 gm down to 5 nm,
interspersed with glycosaminoglycans.>3 Human cells
adhere to and organize around these fibers, including
those with diameters smaller than that of the cells.?
Therefore, processing biocompatible polymers into nanofi-
bers and nanofiber networks can begin to mimic some
aspects of native ECM structure from a physical and
biological perspective.>~7

Electrospinning is an effective method to produce
fibers with diameters ranging from several nanometers
to several micrometers.8~10 A wide variety of polymers
have been electrospun. Our focus here is on electrospun
silk proteins due to their distinctive material and
biological properties, such as high strength in fiber form,
biocompatibility, good oxygen and water vapor perme-
ability in film form, and biodegradability.!! Silk fibroin
film has been shown to exhibit cell attachment and
growth comparable to collagen film.1213 B. mori silk has
previously been electrospun to produce fibers with
diameters as small as 6.5 nm from hexafluoro-2-pro-
panol (HFIP)415 or formic acid solutions.36 We have
previously shown that B. mori silk can be electrospun
as a blend with PEO from aqueous solutions and that

T Massachusetts Institute of Technology.

* Inha University.

§ Tufts University.

* Corresponding author. E-mail: rutledge@mit.edu.

10.1021/ma048988v CCC: $27.50

these electrospun silk protein fibers show promise as
scaffolds for human bone marrow stem cell attachment
and proliferation.”18 In tissue engineering, a scaffold
should be capable of providing mechanical support for
cell growth and migration. The mechanical properties
of electrospun fibers can be manipulated through the
appropriate selection of materials, varying solution
composition, altering processing parameters, or utilizing
postspinning treatments. However, because of the small
diameters of electrospun fibers, the mechanical proper-
ties are usually obtained only for mats or yarns rather
than for individual fibers.1®2° The mechanical properties
measured in this way depend strongly on fiber orienta-
tion within the material, bonding between fibers, and
slip of one fiber over another. Taken together, these
effects can easily mask the material-specific properties
of the nanofibers that compose the mat or yarn. Fur-
thermore, the modulus and strength of the materials
cannot be calculated accurately due to the difficultly in
determining the cross-sectional area of the mat or yarn
due to porosity. Therefore, knowledge of mechanical
properties of single fibers is desirable as a starting point
in optimization of electrospinning conditions for specific
fiber mechanical properties as well as for the design of
useful materials composed of these fibers.

Nanoindentation using atomic force microscopy (AFM)
is a technique that has been used to determine the
mechanical properties of materials on a submicron
scale.?l The use of this technique to measure the
mechanical properties of nanofibers is relatively new.2?
During AFM nanoindentation, the AFM probe tip is first
lowered into contact with the sample, then indented into
the sample surface, and finally lifted off the sample
surface. The speed of indentation can be varied. Tip
deflection is measured as a function of the vertical
motion of the scanner, resulting in a curve that can be
analyzed to provide information about local mechanical
response.

The objective in the present study was to assess the
mechanical properties of electrospun silk fibers using
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the AFM nanoindentation technique as well as changes
in the mechanical properties associated with various
postprocessing treatments. To conduct these studies,
first the morphology and microstructure of electrospun
B. mori silk/poly(ethylene oxide) (PEO) fibers were
assessed, before and after methanol treatment, and then
again after extraction with water. The mechanical
properties of these fibers prepared at different stages
in the processing were determined by AFM nanoinden-
tation. Native B. mori silk fiber was also investigated
for comparison.

Experimental Part

Materials. Cocoons of B. mori silkworm silk were kindly
supplied by M. Tsukada, Institute of Sericulture, Tsukuba,
Japan. PEO with an average molecular weight of 9 x 10° g/mol
(Aldrich) was used in the blends as previously reported.'”:18

Preparation of Regenerated B. mori Silk Fibroin
Solutions. B. mori silk fibroin was prepared using a modifica-
tion of our earlier procedure.l”1® Cocoons were boiled for 30
min in an aqueous solution of 0.02 M Na,CO3 and then rinsed
thoroughly with water to extract the gluelike sericin proteins.
The extracted silk was then dissolved in 9.3 M LiBr solution
at 60 °C, yielding a 20% (w/v) solution. This solution was
dialyzed in water using a Slide-a-Lyzer dialysis cassette
(Pierce, MWCO 3500). The final concentration of aqueous silk
solution was 8.0 wt %, which was determined by weighing the
remaining solid after drying. Silk/PEO blends (80/20 wt %) in
water were prepared by adding 8 mL of 5.0 wt % PEO (900 000
g/mol) into 20 mL of 8 wt % silk aqueous solution generating
7.1 wt % silk/PEO solutions. To avoid the premature formation
of 3-sheet structure during blending of the two solutions, the
solutions were stirred gently at low temperature, 7 °C. Native
silk fibers were prepared by boiling cocoons of B. mori for 30
min in an aqueous solution of 0.02 M Na,COs and then rinsing
thoroughly with water to extract the gluelike sericin proteins.
The fibers were dried at ambient conditions for 24 h and then
in a vacuum at room temperature for another 24 h.

Electrospinning. Electrospinning was performed using a
steel capillary tube with a 1.5 mm inside diameter tip as the
spinnerette, mounted on an adjustable, electrically insulated
stand as described earlier.l”*2 The capillary tube was
maintained at a high electric potential for electrospinning and
mounted in the parallel plate geometry.?® The capillary tube
was connected to a syringe filled with 10 mL of a silk/PEO
blend solution. The electric potential, solution flow rate, and
the distance between the capillary tip and the collection screen
were adjusted so that a stable jet was obtained. By varying
the distance between the capillary tip and the collection screen,
either dry or wet fibers were collected on the screen.

Treatment of Electrospun Mats. Electrospun nonwoven
mats from silk/PEO blend solutions were immersed into a 90/
10 (v/v) methanol/water solution for 10 min at room temper-
ature and then washed with water for 48 h at 37 °C to remove
PEO from the mats. This process was performed in a shaking
incubator at 50 rpm. Three versions of electrospun fibers were
studied for mechanical properties: (a) the as spun fibers, (b)
the fibers after treatment with methanol, and (c) the fibers
after treatment with methanol and extraction with water.

Characterization. Images of electrospun fibers were ob-
tained with a field emission gun scanning electron microscope
(FESEM S-4200, Hitachi). Infrared spectra were measured
with an ATR—FTIR (Bruker Equinox 55) spectrophotometer.
Each spectrum was acquired in transmission mode on a ZnSe
ATR crystal cell by accumulation of 256 scans with a resolution
of 4 cm~* and a spectral range of 4000—600 cm~1. Wide-angle
X-ray diffraction (WAXD) patterns were obtained using an
X-ray diffractometer (Cu Ka) (Bruker D8) at 40 kV and 20
mA with a general area detector diffraction system (GADDS).
The distance between the detector and the sample for WAXD
was 47.0 mm.

Differential Scanning Calorimetry (DSC). The thermal
transitions that occurred in native silk and the three types of
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electrospun fibers were characterized using a Q1000 modu-
lated differential scanning calorimeter (TA Instrument Inc.,
DE). All the sample weights were about 4—6 mg, and all
measurements were carried out under a nitrogen atmosphere.
The specimens were scanned in three continuous thermal
cycles at the same rate, 10 °C/min. In the first cycle, the
specimens were heated from —100 to 140 °C to remove water,
which shows up as a large endotherm around 100 °C, for the
second and third cycles. After cooling to —100 °C, the speci-
mens were heated again to 300 °C to complete the second cycle.
In the third cycle, the specimens were cooled to —100 °C and
then heated again to 300 °C. The thermographs of the second
and third cycles were used for analysis.

Atomic Force Microscopy (AFM). B. mori silk/PEO nonwoven
mats were embedded in a medium grade epoxy resin (London
Resin Company Ltd., England) and cured for at least 72 h at
room temperature. Transverse and longitudinal sections of the
fibers were prepared by sectioning the nonwoven mats embed-
ded in resin using an ultramicrotome (RMC Scientific Corp.,
Tucson, AZ) with a diamond knife. No evidence of knife
damage to the sample was observed. Native B. mori silk fiber
was also studied using the same method for comparison. A
Nanoscope 1V, Dimension 3100 AFM (Digital Instruments,
Santa Barbara, CA), was employed in tapping mode with a
RTESP single-beam silicon probe (Digital Instruments) to
investigate the fibers. According to the manufacturer, the
resonant frequency and force constant of the probe are 280—
361 kHz and 30—40 N/m, respectively.

AFM Nanoindentation. The nanoindentation experiments
were performed using the same AFM as above. A 22° com-
pensation of the probe during the indentation was used to
prevent the cantilever from plowing the surface laterally,
typically along the x direction. Samples were prepared by
sticking the nonwoven mats on a flat metal disk with a thin
layer of epoxy glue. It was important to avoid diffusion of the
glue into the fibers, which would otherwise reinforce the fibers.
To avoid this problem, the epoxy glue was adhered first and
cured for 5 min, almost to completion, before the nonwoven
mats were placed on the material. Avoidance of glue infiltra-
tion into the fibers was confirmed by SEM observation of the
nonwoven mats. The AFM indentation procedure consisted of
three stages. First, the sample was inspected by AFM using
tapping mode to locate the fiber for indentation. Then the scan
area was set to 0 nm. The AFM was switched to force mode
and the indentation performed. Finally, the AFM was switched
back to tapping mode to image the indented area. All indenta-
tions were performed in the radial direction of the fiber.

Results and Discussion

Electrospinning. The pure silk solution (8 wt %) was
not suitable for producing electrospun fibers, tending
to break up into an electrospray instead. The addition
of PEO (MW 900 000) to the silk fibroin solutions (8%)
at the ratio of 1:4 by weight resulted in a solution whose
viscoelasticity and surface tension were suitable for fiber
formation, as we have previously reported.”8 The dis-
tance between the tip and the collector and the flow rate
of the fluid were set at 21.5 cm and 0.03 mL/min, res-
pectively, during electrospinning. As the voltage was
gradually increased to 12.5 kV (E = 0.6 kV/cm), the drop
at the end of the capillary tip elongated from a hemi-
spherical shape into a cone shape and a jet was ejected
from the tip of the cone. The jet then underwent a whip-
ping instability to reduce the diameter dramatically
before depositing on the collecting plate as a nonwoven
mat.

The morphology and diameters of the electrospun
fibers, before and after methanol treatment and after
water extraction, were examined using SEM (Figure 1).
The silk fibroin/PEO solution produced fine uniform
fibers with 800 nm + 50 average diameter.
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Figure 1. SEM images of B. mori silk/PEO fibers: (a) as-
electrospun fiber (scale bar, 5 um); (b) methanol-treated
electrospun fiber (scale bar, 2.5 um); (c) water-extracted
electrospun fiber (scale bar, 2 um).

Characterization of Electrospun Silk/PEO Fi-
bers. The native silk spinning process by B. mori
silkworm has been studied extensively.?426 Silk fibroin
is synthesized in the posterior region of the gland and
moves along in shearing flow to the anterior region of
the gland with increasing concentration and speed. The
fibroin solution in the anterior region forms a nematic
liquid crystal phase prior to spinning, from which a silk
filament is spun into air. The silk undergoes elongation
after exiting the spinneret at a rate of 36—48 cm/min.
The shearing and elongational flow during the spinning
facilitates the orientation of the silk fibroin chains and
the conversion of the soluble silk solution in the gland
to the f-sheet found in the spun silk fiber.?” In an
analogous fashion, electrospinning of fibroin solutions
results in a shear flow in the tube and capillary. After
exiting the capillary, the jet experiences a whipping
instability and is elongated up to 100 000 times in a
short distance (up to 30 cm) in less than a second. The
elongation rate can reach up to 10* s71.828 The shear
flow and high elongation rate during the electrospinning
process are somewhat analogous to the native process
in silkworm spinning. However, the rapid evaporation
of the solvent and the short travel time of the jet in air
(milliseconds) before deposition on the collecting device
limits the time allowed for molecular rearrangement
and crystallization. Thus, the degree of orientation and
crystallization in electrospun nanofibers?® could still be
lower than in the case of native silk. In their work with
silk fiber electrospun from HFIP, Zarkoob et al. reported
that the fiber exhibited diffuse electron diffraction. After
annealing, an oriented crystalline diffraction pattern
was observed, but the silk fibers tend to degrade upon
annealing at high temperature.’*1> Figure 2 shows
optical micrographs of both native silk and electrospun
silk fibroin/PEO fibers under cross-polarized light. The
detailed structure of native silk fibroin was reported by
Marsh et al.’% By rotating the fibers under cross-
polarized optical microscopy, birefringence was observed
for both fibers, indicating the presence of chain orienta-
tion and/or crystallization.31.32

Figure 3 shows WAXD diffraction patterns for the
native silk fiber and the three different electrospun
fibers. The WAXD patterns of as-spun fibers exhibit
intense and sharp diffractions at 20 = 19° and 23°,
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(b)

Figure 2. Birefringence of the fibers: (a) as-spun silk/PEO
fiber (50x magnification, average diameter is 800 nm); (b)
degummed native silk fiber (20x magnification, average
diameter is 5 um).

corresponding to 4.7 and 3.9 A, respectively, which are
characteristic of PEO crystals.3® No group of diffraction
peaks characteristic of the crystalline -sheets of silk
were observed, which indicates that the silk fibroin is
amorphous in the as-spun fibers. This can be explained
by the slow rate of crystallization for silk fibroin from
water when compared to PEO. Fiber formation in
electrospinning was completed in microseconds, allow-
ing insufficient time for rearrangement of silk fibroin
chains to form S-sheet crystals.3* After methanol treat-
ment, the PEO peaks disappeared, indicating that the
PEO crystals were dissolved or disrupted by methanol
at room temperature.3> A broad Bragg reflection near
260 = 19.80° (crystalline spacing of 4.43 A) was observed
for the silk/PEO fibers after methanol treatment and
water extraction. This peak is a characteristic feature
of silk fibroin fiber with -sheet structure and matches
the native silk fiber (Figure 3d).%6 The rings observed
in the WAXD data for the electrospun fibers are indica-
tive of the random orientation of fibers in the nonwoven
material, in contrast to the aligned sample of native silk
fiber. FTIR data (Figure 4) confirm the conversion of
silk from coil (1652.1, 1540.2, and 1521.0 cm™) to
B-sheet structure (1698.0, 1627.7, 1621.2, 1523.5, 1513.2
cm~1) after methanol treatment.37:38

The thermograms of the fibers from the second
heating cycle are compared in Figure 5. A large endo-
therm at 250 °C was observed in all samples and is
attributed to the destruction of the silk fibroin. For the
native silk fiber, a transition was observed around 200
°C, which is attributed to a glass transition of the silk
fibroin.3%40 B. mori native silk is a semicrystalline
material, and the percentage of crystallinity is about
65—70%.%1 For the silk/PEO as-spun fibers, a large
endotherm was observed at ~60 °C, which is attributed
to the melting of the PEO crystals. Another transition
was observed at 175 °C followed by a small exotherm.
The transition is attributed to the glass transition of
the silk fibroin and the small exotherm to cold crystal-
lization of S-crystallites from the coil silk fibroin.4243
These results are consistent with the conclusions from
WAXD that the PEO is partially crystallized and the
silk uncrystallized in the as-spun silk/PEO fibers. For
both the fibers treated with methanol and the fibers
treated with methanol and subsequently extracted with
water, no transitions were observed upon heating to the
degradation point, as shown in Figure 5. The disap-
pearance of the endotherm around 60 °C indicates that
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Figure 3. Wide-angle X-ray diffraction (WAXD) pattern of electrospun fiber mats from silk/PEO (80/20 wt %) solution: (a) as-
spun fiber, (b) methanol-treated fiber, (c) PEO-extracted fiber, and (d) native silk fibers.
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Figure 4. FTIR-ATR spectra of electrospun fiber from silk/
PEO (80/20 wt %) solution: as-spun fiber (solid line); methanol-
treated fiber (dotted line). The inset figure shows detail in the
1450—-1750 cm™! range, showing the transformation from
peaks characteristic of the coil to those characteristic of the
f-sheet (random coil: 1540.2 and 1521.0; silk I: 1652.1; silk
1l: 1697.1, 1627.7, 1621.2, 1523.5, and 1513.2 cm™).

the PEO crystals were dissolved or disrupted by the
methanol treatment. The disappearance of the glass
transition around 175 °C indicates that the noncrystal-
line silk component has been modified, most likely due
to additional crystallization. These results are also
consistent with the WAXD results. Figure 6 shows the
thermograms of the fibers from the third heating cycle.
An endothermic peak was observed at about 50 °C in
all samples, which is attributed to the melting of the
PEO crystals. The decreasing enthalpy of the peaks
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Figure 5. DSC thermographs of fibers from the second
heating cycle: (a) as-electrospun fiber, (b) methanol-treated
fiber, (c) water-extracted fiber, and (d) degummed native silk
fiber.

indicates the lower percentage of the PEO phase within
the as-spun, methanol-treated, and water-extracted
fibers, in that order. After water extraction, a small
amount of PEO was still left within the fibers.

Microstructural Characterization. Figure 7 con-
tains AFM images of B. mori silk fibroin/PEO as-spun
fibers and the degummed native silk fiber. The diam-
eters of the fibers and degummed native silk fiber are
about 800 nm and 5 um, respectively. The elliptical
shape of the cross section of the silk/PEO fiber was due
to the slanting of the embedded fiber within the epoxy
resin relative to the cutting surface. Fine globular
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Figure 6. DSC thermographs of fibers from the third heating
cycle: (a) as-electrospun fiber, (b) methanol-treated fiber, and
(c) water-extracted fiber.

microstucture was observed in the cross section of both
the as-spun silk/PEO fiber and the degummed silk fiber
(Figure 7a,c). The diameter of the globular features is
about 50 nm in the silk/PEO fiber and 120 nm in native
silk fiber. Putthanarat et al. reported the width of silk
fibrils in native silk fiber ranging from 90 to 170 nm.**
In the longitudinal section of the fiber (Figure 7b) a
feature diameter of 50 nm was observed. These mor-

(a) R b
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phological features probably relate to the recently
reported mechanism of fibril formation during silk
processing.?> The fibroin molecules form micelles in
solution due to chain folding and hydrophobic interac-
tions. As the concentration of fibroin increases, the
micelles coalescence and form globules. Elongation and
alignment of globules and interactions among globules
is promoted by shear during the spinning process,
leading to fibrillar structures in the native silk fiber.
The presence of nanofibrils in the electrospun fiber
suggests that silk fibroin molecules in the silk/PEO
solution during the electrospinning process undergo a
similar mechanism, even though the solution is not in
a liquid crystal phase prior to electrospinning.

Figure 8 contains SEM images of cross sections of
electrospun fibers, which were fractured after immer-
sion in liquid nitrogen for 1 h. No macroscopic phase
separation was observed in the as-spun silk/PEO fibers
(Figure 8a). The methanol-treated fibers are visualized
in Figure 8b, which indicates the brittleness of the fibers
after the treatment. In the water-extracted fibers, post
methanol treatment, most of the PEO was removed,
based on the DSC data as well as our prior X-ray
photoelectron spectroscopy data.l”18 After extraction of
the PEO, a continuous phase fibroin fiber with a porous
core structure was observed, indicating that the PEO
phase was dispersed within this continuous fibroin
matrix (Figure 8c,d). Figure 9a,b shows AFM images of
the transverse and longitudinal sections of a silk/PEO

(©)
Figure 7. AFM investigation of the sections of fibers: (a) transverse section of silk/PEO fiber (size: 1 x 1 um, color column:
0—200 nm); (b) longitudinal section of silk/PEO fiber (size: 1 x 1 um, color column: 0—300 nm); (c) transverse section of degummed
native silk fiber (size: 1 x 1 um, color column: 0—200 nm).
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(c) (d)
Figure 8. Cross-section images of electrospun fibers from silk/PEO (80/20 wt %) solutions: (a) as-spun fiber (scale bar, 1 um);
(b) methanol-treated fiber (scale bar, 2.5 um); (c, d) PEO-extracted fiber (scale bar, 1 um and 500 nm).

(©)
Figure 9. Close AFM images of the sections of silk/PEO fiber: (a) transverse section of fiber after methanol treatment (size:
200 x 200 nm, color column: 0—50 nm); (b) longitudinal section of fibers after methanol treatment (size: 200 x 200 nm, color
column: 0—50 nm); (c) transverse section of fiber after water extraction (size: 200 x 200 nm, color column: 0—30 nm).
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Figure 10. AFM phase image of the cross section of methanol-
treated fiber (size: 2 x 2 um, color column: 30°).

fiber. The PEO phase is dispersed as small, elongated
islands along the long axis (fiber direction) within the
silk fibroin matrix. After extraction with water, most
of the PEO phase has disappeared (Figure 9c).

It is interesting to note that the AFM phase image of
the cross section of some of the methanol-treated silk
fibroin/PEO fibers shows a skin-core structure (Figure
10). A series of AFM nanoindentation tests were per-
formed across this cross section. The indentation results
show that the fiber has a soft core and a hard shell. The
hard shell is attributed to the crystallization of silk
fibroin. This indicates that the methanol-induced crys-
tallization proceeds gradually into the center of the
fibers, as has been previously reported for reconstituted
silkworm fibroin films used in enzyme-based sensors.*~47

AFM Nanoindentation. The elastic modulus of the
fiber was evaluated using AFM nanoindentation ac-
cording to the formula*t~-5!

S

dP *(A)UZ "

= AAZ, Prec —

where S is the slope of the unloading curve at Pmax, P
is the applied load, A is the contact area, AZ; is the
indentation depth, and E* is the effective Young's
modulus of the contact, as defined by

1—v2
_ s t

In eq 2, Es and E; are the elastic moduli, and vs and v¢
the Poisson ratios, of the sample and the tip, respec-
tively. E¢ and v for the diamond tip are assumed to be
130 GPa and 0.2, respectively, corresponding to the bulk
values for diamond.51~53 AFM nanoindendation is ap-
plicable here due to the fact that the diameters of the
fibers (=800 nm) are much larger than the diameter of
the contact area (<10 nm).

The AFM indentation system is force controlled, as
opposed to displacement controlled. Pmax can be con-
trolled to +1% or better accuracy by setting an ap-
propriate trigger set point of the deflection signal. In
these experiments, the maximum trigger set pointis 1
V for all the indentations. All indentations were made
using the same loading/unloading rate, 1 Hz, to avoid
the effects of rate-dependent deformation. Mica, with
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Figure 11. Representative loading and unloading curves of
fibers: (@) as-spun fiber; (b) methanol-treated fiber; (c) water-
extracted fiber.

an elastic modulus of ~171 GPa and Poisson ratio of
~0.3,517%3 was used as a standard to evaluate the
penetration depth of the sample. For each sample, a
minimum of 20 individual force curves was obtained.

Figure 11 shows representative curves of indentation
depth into the sample vs deflection of cantilever for
three different electrospun fibers. Table 1 shows the
indentation data for the three different fibers. AZ; is the
displacement recovered from P = Py to P = 0. Z; is
the total indentation depth, including the inelastic and
elastic deformation of the material. Z; measures the
penetration of the tip into the sample surface. Assuming
the unloading recovery, AZ;, is purely elastic,5* the
sequence of the elastic modulus of the three fibers, from
highest to lowest, is E water extracted > Emethanol treated >
Eas-spun. This result is consistent with the results from
the uniaxial tensile testing of nonwoven mats.'® The
mechanical properties of silk/PEO fibers are determined
by the degree of orientation and crystallinity within the
fibers. As with the WAXD and DSC analyses, the silk
fibroin crystallinity of as-spun fibers is low due to the
rapid fiber formation process during electrospinning.
For this reason, the modulus is relatively low. Methanol
treatment induces the transition of the silk fibroin from
random coil into $-sheet crystals, and the modulus of
the fiber increases. After extraction, most of the PEO
phase was removed, which otherwise functioned as a
plasticizer within the fiber, so the modulus of the fibers
increases further.

The uncertainties on the cantilever stiffness and tip
geometry of the AFM probe prevent calculating the
absolute magnitude of moduli directly from eq 1.5° To
circumvent this problem, a reference flat sample of
epoxy was indented using the same probe and param-
eters. The elastic modulus of the epoxy sample was
determined independently using a Triboindenter with
Berkovich-type indentation tip (Hysitron, Inc.). As
shown in Figure 11, the slopes of the top portions of the
unloading curves are constant, indicating the constant
contact area at the initial portion of recovery. Thus, the
unloading slope was computed by performing a linear
fit of the top portion of the unloading curves.56-58
However, it is noted that the unloading slope measure-
ment depends on the portions of the curves used to
create the linear fit. For this reason, it is very important
to use the same number of data points in the linear
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Table 1. AFM Nanoindentation Data of Fibers

PEO/silk
as-spun methanol-treated water extracted epoxy degummed native silk fiber
Zi (nm) 164.95 + 12.59 112.30 £ 6.32 32.09 + 11.95 42.02 £ 2.14 18.80 +1.18
Z¢ (nm) 202.18 +22.39 135.65 + 10.4 51.40 + 13.53 132.55 +7.82 39.89 + 4.70
modulus? (GPa) 0.75 + 0.06 1.28 £ 0.08 8.00 4+ 2.98 1.52 + 0.12* 13.66 + 0.85

a2 The modulus is determined independently by a triboindenter using a Berkovich tip.

approximation for all the indentations. In the present
work, the 40% top portion of the unloading curves was
used to determine the unloading slope. Assuming the
tip geometry did not change during the indentations for
all the samples, the relative changes in indent size could
be used to relate contact area, which is characterized
by a contact radius, r. Indent size was characterized by
the lateral distance from the apex to the base of the
triangular impression.54%8 The indent sizes measured
for the three different fibers are almost the same and
are half the indent size for the epoxy sample. Poisson’s
ratio, v, is assumed not to change significantly among
the different type of fibers. Under these assumptions,
the ratio of modulus of the different samples can be
evaluated using the formula:

@PIAAZ), 2 TE,
(@PIAZ)lp ,  ToE,

®3)

The exact moduli of the fibers were obtained by
comparison with the reference epoxy sample using eq 3
and are reported in Table 1. For comparison, a de-
gummed native silk fiber was also indented using the
same tip and methodology, and the modulus thus
obtained was 13.66 + 0.85 GPa. The native silk fiber
was also indented using a Triboindenter with Berkov-
ich-type indentation tip, and the modulus was found to
be 14.38 + 1.83 GPa. The data using different methods
are in agreement, as judged by a statistical analysis of
least significant difference, pairwise comparison, with
a 0.05 level of significance. These results demonstrate
that the AFM nanoindentation technique provides an
effective tool to evaluate the mechanical properties of
these types of fibers.

Conclusion

The morphology and microstructure of three different
silk/PEO fibers (as-spun, methanol-treated, and water-
extracted) were characterized by birefringence, WAXD,
DSC, and AFM. In the as-spun fibers, PEO was crystal-
lized while the silk fibroin was noncrystalline due to
the rapid fiber formation process during electrospinning.
After methanol treatment, silk fibroin was converted
from coil into -sheet crystals, while the PEO crystals
dissolved or were disrupted in methanol. From AFM
studies, nanofibrils formed within the as-spun fibers and
the PEO phase was dispersed as small, elongated
islands within the silk fibroin matrix. The mechanical
properties of single electrospun fibers were investigated
by AFM nanoindentation. The as-spun fibers exhibit the
lowest modulus and the water extracted fibers exhibit
the highest modulus. These results are consistent with
the results of the tensile test and morphological analy-
sis. The AFM nanoindentation technique provides an
effective tool to evaluate the mechanical properties of
individual electrospun fibers and provides a route
forward to correlate solution variables and electrospin-

ning and processing conditions on fiber features. These
features can then be more directly related to cell and
tissue outcomes when the mats and yarns are used in
biomaterials related applications.
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