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Nanoscale investigations of synthetic spider silk fibers
modified by physical and chemical processes

Gabriela M Menezes!, Florence Teulé?, Randolph V Lewis?, Luciano P Silva! and Elibio L Rech!

Spider silk has biocompatibility and biodegradability properties and is known for the mechanical, physical and chemical
properties that make it a promising building block in the development of novel biofibers. Its unique properties partially result
from the repetitive polypeptide sequences that compose the silk proteins. The strength is related to the polyalanine motifs
organized into p-sheet structures, and the elasticity is attributed to glycine-rich regions, p turns and 3¢ helix structures. Some
alcohols were shown to induce B-sheet formation in spidroins and spider silk films, while water increases the overall structure
ordering of silkworm fibroins. Furthermore, fiber stretching induces p-sheet formation in synthetic spider fibers. However, there
is a lack of information relating the physical and mechanical behaviors that might contribute to improving the microstructure
and performance of synthetic fibers. In this work, we reported the surface nanostructure and the nanomechanical behavior of
synthetic spider fibers, which were composed of modified recombinant proteins to combine strength and extensibility motifs.
Our present study evaluated synthetic fibers qualitatively and quantitatively, and indicated that atomic force microscopy (AFM)
and scanning electron microscopy (SEM) were complementary tools to describe particular details of the surface structure and
the mechanical features of synthetic spider fibers. Therefore, AFM and SEM would support the development of spinning

systems and the characterization of novel biomaterials.
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INTRODUCTION
Spiders can produce up to six different types of silk,! which are well
known for their unique mechanical properties and have been studied
extensively over the years.>® These properties are believed to result at
least partially from the repetitive polypeptide sequences that compose
the silk proteins. Each type of silk is formed by conserved protein
motifs that can be divided into four main groups, which confer
specific characteristics (strength and elasticity) to each type of silk
according to the number of repetitions and their amino-acid
composition. The strength is thought to be related to polyalanine
motifs organized in B-sheet structures,*> while the elasticity is often
attributed to glycine-rich regions,® B turns”® and semi-extended 3
helix structures.” Non-repetitive conserved polypeptide chains at the
amino and the carboxyl termini regions have also been identified and
suggested to have a role in protein folding and fiber
polymerization.!0-14

Dragline silk, which is used as the safety line and the frame thread
of the spider web, is one of the toughest types of silk studied, it is as
tough as polyaramid filaments and stronger by weight than steel.!
Dragline silk combines a reasonable viscoelasticity and extensibility
with a tensile strength comparable to Kevlar,>!> whereas most

synthetic fibers exhibit either a low tensile strength and high
extensibility or a high strength and considerable stiffness.!® Another
type of silk, produced by some orb-weaving spiders, is known as
flagelliform silk and composes the capture spiral, which is designed to
dissipate the impact energy of the prey. Flagelliform silk is extremely
elastic, extending up to 1000%,'7 and provides half the tensile
strength of dragline silk,'® which results in remarkable toughness.
Moreover, recent studies on spider silk have revealed other intrinsic
features, such as biocompatible and biodegradable qualities.'®~>?

These characteristics make spider silk attractive to the field of
biopolymers because spider silk can be a great material for various
applications, ranging from textiles, composite materials and high-
performance fibers to military (body armor and lightweight wear)
and medical (artificial ligaments, drug-delivery coatings, sutures and
functionalized fibers) applications.!>?* However, large amounts of silk
must be available to develop such biomaterials, and their design and
production require a deep knowledge of the material, which can only
be obtained by relating the structural features to the function.

The complexity of the in vivo process is an obstacle to the
understanding of the mechanisms involved in silk protein assembly
and fiber spinning. Going from the genetic information to a solid silk
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thread involves difficulties in synthesizing the large and repetitive silk
proteins’®* and in obtaining large amounts of highly purified
proteins,”> which are essential to achieve silk production® at the
industrial level. Another obstacle for synthetic silk production is the
series of changes that the spider silk proteins experience in the solvent
environment while passing through the spinning duct.?’ These
changes confer the secondary structures?® and the characteristics of
the silk proteins and make it difficult to completely understand and
reproduce such qualities.

Some reported effects of polar solvents on spider fibers, silkworm
fibers and fibroins®3! are the supercontraction and the
conformational changes that result from the interaction between the
solvent and the proteins. A transition from a random coil state to a
[B-sheet structure was described after a spidroin immersion in methanol,
isopropanol and ethanol.® B-sheet formation induced by methanol
treatment has also been demonstrated® on recombinant spider silk
films, and water was shown to increase the overall secondary structure
ordering of silkworm fibroins.>! Such treatments could improve the
structure and the performance of synthetic fibers, as synthetic fibers do
not have the organization and properties of native fibers.

Therefore, a topographical, viscoelastic and mechanical analyses of
synthetic fibers are fundamental for a better understanding of protein
organization in the fiber and of the resulting mechanical properties
following fiber formation. From the differences observed through
surface characterization, the mechanisms of fiber formation can be
adjusted to provide the synthetic fibers with the intended homo-
geneous morphological characteristics and also mechanical features.

Surface-texture evaluation is becoming increasingly important in a
series of materials, and atomic force microscopy (AFM) is useful for
studying biological complexes. AFM allows the investigation of
surface structure, surface interactions and local mechanical properties
because nano-indentation permits the efficient measurements of the
bulk properties of the materials, such as hardness, elasticity and
plasticity. Despite the applicability of AFM to biological materials,
spider silk has rarely been investigated using this methodology.>>*

In this work, we demonstrated that AFM and scanning electron
microscopy (SEM) were effective tools for analyzing synthetic spider
fibers on nanometric and micrometric scales. Considering that the
properties of spider fibers may be explored qualitatively and
quantitatively, the establishment of these techniques as suitable
methods to characterize spider fibers represents an important advance
in the field of biomaterials. We analyzed 11 synthetic fibers, which
were produced in a heterologous system and engineered so that the
silk proteins had the strength and the elasticity motifs derived from
dragline silk and flagelliform silk sequences, respectively.?® Eight of
the fibers were submitted to post-spinning treatments (alcohol and
water baths and elongation through tensile tests) to analyze whether
there were any significant structural and/or functional differences
compared with a control group. The surface topography,
viscoelasticity, roughness, Young’s Modulus, separation and
interacting forces were analyzed using AFM and SEM image
analyses and nano-indentation experiments (force-separation curves
were obtained).

MATERIALS AND METHODS

Synthetic fibers

Recombinant synthetic fibers were engineered and produced as previously
described.?® Bacteria were genetically engineered to produce a spider silk
protein variant, which was composed of basic repeat units that combined a
flagelliform elastic motif Al (GPGGAGPGGA), and a major ampullate silk
strength motif S8, coding for a linker-polyalanine: (GGPSGPGSAAAAAAAA).
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The final construct was engineered to form a 57.6kDa silk protein from 20 of
those basic motifs (A1S820). The full amino-acid sequence was
MG(H),(SSGHIDDDDKHMLEDPP-[A1S8,, silk repeat],,-EISGSGC, which
contained a histidine tag for purification purposes. The fibers were wet spun,
extruded into a coagulation bath and recovered using forceps after protein
purification and lyophilization. A total of eight fibers were processed and
separated into four different groups according to the type of treatment that
they received. A control group (C group) of three non-processed fibers was
also analyzed. All fibers were characterized by AFM and SEM.

The A1S820 fibers were soluble in water after the extrusion; thus,
intermediate preparation steps were developed (unpublished data). As
alcohols might be responsible for inducing the formation of B-sheet in
silkworm fibroins,>>% spider silk proteins®® and recombinant spider silk
films,132 one can assume that by treating the synthetic fibers with alcohols,
such as methanol and isopropanol, the protein organization and insolubility
of the fibers will increase, resulting in a performance gain. Therefore, both
alcohols were used in the intermediate procedures to overcome the initial
solubility. Water can increase the secondary structure ordering in spider silk
proteins® and induce P-sheet formation during recombinant spider silk
polymerization,*® and it was used after the alcohol treatment for some of the
fibers. The treated fibers were stretched through tensile tests?® to measure
their overall mechanical performance.

The fiber treatment consisted of the following: (1) methanol treatment and
1.5 x stretch (MA group); (2) methanol treatment, 1.5 x stretch and water
treatment (MB); (3) isopropanol treatment and 1.5 x stretch (IA); and (4)
isopropanol treatment, 1.5 X stretch, water treatment and 1.5 x stretch (IB).
The stress experiments were performed in a MTS Synergie 100 system (MTS
Systems Corporation, Eden Prairie, MN, USA).

AFM surface analyses
For the AFM analyses, the fibers were initially placed on paper after extrusion.
Forceps were used to place them on AFM sample supports that were covered
with double-sided adhesive tape. Image acquisition was performed under
ambient conditions on an SPM-9600 instrument (Shimadzu, Kyoto, Japan).
The images were acquired in the dynamic-phase (viscoelastic) mode®”3 using
a 125-um-length cantilever (spring constant of ~42Nm~!, resonant
frequency of ~330kHz) with conical tips (curvature radius <10nm). The
images were acquired as 512 x 512 lines at a scan rate of 0.5 Hz. The processing
consisted of an automatic global leveling and removal of the noisy lines. The
images were displayed as two-dimensional height perspective. The adopted
standard scanning area was 25 um?, and 10 different areas of each fiber were
analyzed, which corresponded to a total scanned area of 250 um? for each fiber.
The roughness analyses were extracted from the space-descriptive para-
meters Rp and Rv and from the Ra, Rq, Rz and Rzjis measurements, which
were calculated as the typical height parameters. The arithmetic average
roughness (Ra) corresponds to the absolute values of roughness measured
from a mean line over the sampling length. The root-mean-square roughness
(Rq) is a quadratic mean also based on the measured absolute values. The
maximum height (Rz) was calculated from the peak-to-valley height, while
Rzjis corresponds to the 10-point mean roughness based on the five highest
peaks and lowest valleys in the entire sampling length. In addition, the
maximum peak height (Rp) was calculated based on the distance between the
average of the section curve and the highest peak encountered on the scanned
surface, and the maximum valley depth (Rv) corresponds to the distance
between the average of the section curve and the lowest valley found. Rp +
Rv=Rz This range of parameters was selected to include the relevant
parameters that could describe and explain the investigated topographical
properties of the synthetic fibers as they were spun and after the described
treatments. Additionally, viscoelastic features were qualitatively investigated on
the phase images.

Force spectroscopy analyses

Force spectroscopy measurements were also performed under ambient
conditions on the same AFM instrument used for image acquisition. The
same Si3N, cantilever with a pyramidal tip and a spring constant of
0.57nNnm~! was used. The experimental procedures were performed in



contact mode at a constant loading rate of 1 nms ~ L. The force fit range was set
to auto. Fifteen indents on different areas were performed for each fiber for a
total of 165 measurements, and a commercial software was used for data
analyses (SPIP, Image Metrology, Kongens Lyngby, Denmark). The Young’s
moduli and the forces derived from the retraction curves were calculated using
the analytical Sneddon model of cone indentation.**4!

In addition to topography (height images) and viscoelasticity (phase
images), which were acquired through surface scanning,*’ the AFM
provided the force-distance curves, which represented the interaction
forces between the tip and the sample vs the tip-sample distance. To obtain
this representation, the tip (or the sample) was moved in a vertical direction
(nano-indentation), and the deflection of the cantilever was measured. The
provided information included the transverse Young’s Modulus, which
reflected the local elasticity of the sample; the forces acting on the probe,
which comprised the attractive and the adhesive forces (snap-in and detach,
respectively); and the maximum loading forces. The tip-sample separation
measurement (deformation/penetration depth) also reflected the mechanical
characteristics of the sample.*>~4

SEM analyses

The fibers were examined using a SEM. The samples were coated 1 x with
gold to ensure their conductivity (Emitech K550, Emitech Ltd., Ashford, UK )
and viewed on a DSM 962 Zeiss (Carl Zeiss, Oberkochen, Germany) at a 10kV
voltage. The fibers were imaged with various magnifications from x 100—
% 3000. However, only the x 3000 images are shown in the results because
they offered a larger spectrum of details.

Statistical analysis

All data are presented here as the means + s.e.m., and the statistical significance
was determined by calculating a probability value (P) with Student’s t-test. The
differences were considered significant when P<0.05 or P<0.01. The
statistical analysis was performed using the software Assistat 7.5 Beta (Assistat,
Campina Grande, Brazil).

RESULTS

Fiber morphology

The AFM images showed the representative structural differences
among the analyzed fibers. Even the fibers in the same group had
inhomogeneous topographical characteristics, and different scanned
areas of the same fiber also showed distinct characteristics. Because of
the difficulties that arose during the surface scanning with AFM, a
micrometric analysis was performed using SEM. The heterogeneity
found in the nanometric scale was confirmed by the SEM images
(Figure 1), and a large range of fiber diameters could be observed, as
previously cited.?3

The AFM analyses supported this heterogeneity, which included the
proportion of elastic and viscous areas and the size of the protein
aggregations. The topographic information was represented in three-
dimensional height images (Figures la—e).Viscoelastic features were
observed in the phase images (Figures 1f-j). The dark areas
correspond to the viscous surfaces, while the lighter areas correspond
to the elastic surfaces.

No clear pattern was found for any of the groups. All groups
exhibited topographic and viscoelastic variations among the fibers.
The size of the granules on the surface of the fibers varied in different
areas of a single fiber, and even greater differences were found when
different fibers were compared. In most cases, the phase images
showed a predominance of rough areas with elastic spots or strips
(Figures 1f and i).

The SEM images showed the characteristics, such as the smooth-
ness, the shine and the presence of protuberances, of the fibers. The
images revealed grainy surfaces for some of the fibers (Figures 1k—m).
The presence of bubbles was also observed in some cases (Figure 1k).
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Voids and cracks in some of the scanned areas were observed
(Figure 1k), and the longitudinally oriented fissures were clearly
observed in the representative images (Figures 11 and m).

Fiber topographic measurements

The mean values of the roughness parameters of the analyzed
synthetic fibers are displayed in Figure 2. All studied groups presented
a similar general pattern to the six parameters. Ra is one of the most
common parameters used to describe roughness in surface-character-
ization studies. Our results showed that the treatments did not
significantly alter the Ra compared with the C group (Figure 2a).
However, significant differences were observed among the treated
groups, as the isopropanol-treated groups showed a decrease in Ra
compared with the methanol-treated groups (P<0.05). The IA group
decreased 31% in Ra compared with the MA group and 28%
compared with the MB group (P<0.05), while IB decreased 27 and
23% compared with MA and MB, respectively (P<0.05). No
significant differences in Ra were observed within the isopropanol-
treated groups or the methanol-treated groups.

Other roughness parameters may enrich the understanding of the
surface features. Therefore, the values of Rq, Rv, Rp, Rz and Rzjis
obtained during fiber scanning were also plotted and analyzed.

Comparison of Rz, Rzjis, Rq and Rv plots to the Ra plot showed
that variations in the behavior of the groups were very subtle. The Rq
measurements showed that the groups behaved similarly to Ra results
because none of the treated groups diverged statistically from the C
group (Figure 2b). As we noticed in the Ra analysis, the isopropanol-
treated groups were significantly different from the methanol-treated
ones (P<0.01), but the groups of fibers that received the same alcohol
treatment did not show any significant discrepancies (Figure 2b).

The Rv analysis showed no significant differences among the C
group, the MA group and the MB group (Figure 2c). Although the IB
group did not differ significantly from the C group and MB, it
presented a 31% decrease compared with MA. The IA group exhibited
no significant differences compared with IB but decreased by 24, 38
and 30% compared with the C group, MA and MB, respectively
(P<0.01).

Rp diverged substantially from the general pattern that the other
analyzed AFM roughness parameters showed (Figure 2d). The
maximum-peak-height analysis showed that the C group and the
methanol-treated groups did not statistically differ from each other,
and IA only differed from MA (P<0.01). However, the IB group
diverged substantially from the C group, MA and MB, showing
significant decreases of 34, 40 and 35%, respectively (P<0.01). The IB
group also showed the lowest s.e’s of all analyzed groups.

The Rz and Rzjis analyses revealed a similar pattern of the behavior
of the studied groups (Figures 2e and f). The methanol-treated groups
did not show any significant differences among themselves and
compared with the C group, but the isopropanol-treated groups
diverged significantly from all other groups. The Rz analysis showed
that the IA values decreased by 21, 32 and 25% compared to the C,
MA and MB groups, respectively (P<0.01). The values of the IB
group also significantly decreased by 21, 34 and 26% compared with
the C, MA and MB groups, respectively (P<0.01). The Rzjis analysis
also revealed a decrease in roughness after the isopropanol treatment:
TA appeared 20, 32 and 24% less rough than the C, MA and MB
groups, respectively. The roughness of IB also significantly decreased
by 21, 33 and 26% compared with the C group and the methanol-
treated MA and MB groups, respectively (P<0.01).

The obtained results led to a new set of experiments to test the
mechanical properties of the analyzed fibers with a focus on the
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Figure 1 A1S8,( surface AFM and SEM images. From left to right: Column I, topographical three-dimensional height AFM images; Column II, 5 x 5 pm?
phase images that demonstrate the viscoelastic characteristics, the scale bar corresponds to 2um; Column Ill, SEM x 3000 images, the scale bar
corresponds to 10 um. Each line represents one set of images concerning one fiber of a specific group. Panels a, f and k: C group; b, g and I: MA group; c,

h and m: MB group; d, i and n: IA group; and e, j and o: IB group.

different types of treatment that we used and their influence on the
measured properties.

Fiber force measurements

Various solvent treatments, such as ethanol, methanol, water and
urea, were shown to alter the mechanical properties of fibers.>*! A
common feature of spider dragline silk is its apparent ability to
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supercontract when submerged in a solvent such as water.!6:2%3%443

Furthermore, reports on the effect of alcohol on spider proteins
indicated that alcohols can induce [-sheet formation,>®3! which
might enable the formation of fibers with an increased
performance. Considering the possible resulting implications, it is
of great importance to examine the mechanical behavior of synthetic
fibers with and without the treatments described.
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Figure 3 Force-separation curves for all five A1S8,q groups. (a) Group C, (b) Group MA, (c) Group MB, (d) Group IA and (e) Group IB. The approach and

retraction curves are shown.

The force-curve analysis provided relevant information regarding
the mechanical properties of the analyzed sample. The curves shown
in Figure 3 reveal substantial differences among the groups. The
observed heterogeneity implied that variations existed even among
the curves obtained for a single fiber. We noticed the increment in the
penetration distance (separation) with increasing applied force and
the discontinuity points that resulted from the interaction forces
between the tip of the microscope and the surface of the fibers. The
approach line and the retraction line did not coincide, which
corresponded to the hysteresis of the force-separation curves and

resulted from the adhesive forces that hindered the detachment of the
tip.44 Hysteresis may also be an evidence of an elastic-plastic behavior

because perfectly elastic materials do not experience this
phenomenon.*
Young’s Modulus. Stress—strain  experiments were previously

conducted,”® and the Young’s modulus values were measured
(760 £ 540 MPa). Tensile tests may provide important information
on the mechanics of the entire sample length, but measurements on
the nanometric scale might help us fully understand the features of
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Figure 4 Average Young's modulus, which reflects the local elasticity of the
synthetic spider fibers, as measured using nano-indentation. The symbols
represent similar quantities among the groups.

synthetic fibers. The experiments performed in this study provided
the transverse Young’s modulus instead of the longitudinal elastic
modulus that was measured in the tensile tests.

We used Hertzian fits to the force curves to quantitatively compare
the Young’s modulus for each fiber group (Figure 4). The lowest value
measured corresponded to the C group, which differed significantly
from the IA and the IB groups (P<0.05). There were no significant
differences between the IA and the IB groups, and the methanol-
treated groups did not differ significantly among themselves or from
any other groups. The IA group presented the highest mean module
of all analyzed groups, showing a 4.9-fold increase compared with the
C group. IB recorded the second highest value with a 4.3-fold
increase. The modulus values also varied at several different positions
in each fiber, which contributed significantly to the high s.e’s
demonstrated.

Measured forces. Three types of forces were derived from the force
curves generated in the indentation experiments. Such forces,
associated with the elastic modulus, might give important informa-
tion on the mechanical properties of the fibers. The maximum
loading force, which was extracted from the approach curve, is plotted
in Figure 5a. No significant difference was found between the IA and
the IB groups, but they differed considerably from the C and MB
groups. The isopropanol-treated groups had significantly higher
values with lower s.e’s, increasing by 2-fold and 2.2-fold, respectively,
compared with the C group and increasing by 29 and 34% compared
with the MB group (P<0.01). The MA values significantly increased
by 75% compared with the C group (P<0.01) but did not differ
significantly from any other groups. The s.e)s obtained for the
methanol-treated groups were considerably high.

The snap-in and the detach forces are represented in Figures 5b
and ¢, which illustrate the forces resulting from the surface interactions
of the fibers with the tip used for the nano-indentation experiments.
Snap-in corresponds to the attractive forces between the sample
surface and the tip during indentation, and detach force corresponds
to the point where the tip and the surface lose contact, which provides
information on the adhesive forces resulting from the retraction of the
tip. The isopropanol-treated groups presented statistically similar
snap-in and detach force values, but they differed considerably from
the other groups (P<0.01). IA decreased by 94% (snap-in) and 57%
(detach force) compared with the C group, while IB decreased by 95%
in the snap-in and 66% in the detach force (P<0.01). The MA group
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Figure 5 Measured forces that reflect the mechanical properties of the
synthetic fibers. (a) Maximum loading force obtained during indentation. (b)
Average snap-in force corresponding to the attractive properties of the
surface. (c) Average detachment force corresponding to the adhesive forces,
measured at the point where the tip loses contact with the sample. The
symbols represent similar quantities among the groups.

presented significant differences from all other groups, and the
measured values for snap-in and detach force were 53 and 34%,
respectively, lower than the values observed for the C group. The MB
group showed the highest values among the treated groups (P<0.01)
and presented no significant differences from the C group.

Measured displacement. The detach separation, which is the distance
between the tip apex and the maximum indentation point at
detachment, is represented in Figure 6 and showed a similar pattern
to the plots of the snap-in and the detach force. Very low values of
detach separation were found for the IA and IB groups, which differed
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Figure 6 Tip—sample distance (maximum penetration depth) during
nano-indentation. The symbols represent similar quantities among the
groups.

significantly from the other groups (P<0.01), and both corresponded
to 5% of the values measured for the C group. The results showed no
significant differences among the isopropanol-treated groups. The
MA group decreased detach separation parameter by 60% compared
with the C group (P<0.01), but no significant differences were
observed between the MB and the C group or the MA group.

DISCUSSION

We found important differences among the different treatment
groups, as the fibers in both isopropanol-treated groups had
smoother surfaces in most cases and a significant improvement in
their mechanical behavior.

The AFM and SEM images established no clear pattern for any of
the analyzed fiber groups. It was possible to verify the heterogeneity of
the synthetic fibers, which included the topography, viscoelasticity,
diameter and overall appearance. The observed variations are possibly
related to the mechanism of protein assembly, which is not fully
understood. The alanine-rich and glycine-rich motifs of native fibers
were expected to fold in specific secondary structures.»>*4° However,
under these conditions, the synthetic proteins might not fold
properly, resulting in non-uniform characteristics. Moreover, the
lack of the C terminus and N terminus in synthetic spider silk
proteins, which may be involved in the proper folding of proteins and
the fiber polymerization,'®'* may have contributed to the
heterogeneous and possibly deficient structure. The tensile tests
might also have contributed to some of the irregular features
observed. There is no evidence that the contaminants resulted from
the process of fiber formation.

Native Araneomorphae spider silk fibers exhibit a smooth sur-
face?”*8 (Figure 7). The fibers in the IA and IB groups exhibited the
smoothest and shiniest surfaces, whereas the surfaces of the fibers in
the MA, MB and the C groups appeared irregular. Therefore, the
isopropanol treatment appeared to diminish the topographical
irregularities. The alternation of smooth and grainy areas suggests
that the isopropanol might have permeated the fibers and induced
some reorganization that smoothened the fibers. As the IB group
fibers seemed to be the smoothest of all fibers analyzed, we concluded
that water might also interact with the microstructure of the fibers.
Water may have allowed the reorientation of the amorphous chains,
which was enhanced by fiber stretching, and caused new hydrogen
bonds to form after the water evaporated, resulting in the structural
changes.?’

Nanoscale investigations of synthetic silk fibers
GM Menezes et al

0.00

Figure 7 AFM-topographical three-dimensional height 5 x 5pum? image of a
Nephila clavipes native dragline silk fiber with evident surface smoothness.

The roughness parameters that we analyzed also demonstrated
the differences among the treated groups. The data obtained for the
groups IA and IB showed that the isopropanol treatment reduced the
roughness of the synthetic fibers even with the following stretching
and posterior water treatment (IB). Such results indicated that
isopropanol could promote a uniform increase through the interac-
tion of the solvent with the protein chains. The addition of alcohol
would weaken the hydrophobic interactions that stabilize the spi-
droins, intramolecular hydrogen bonding sites would be strengthened
and the extended helices (3;y helices) would be stabilized.#® The
conformational change of the random coil structures into B-sheets
has been reported for spidroins in solution.’® Therefore, an
improvement in the fiber microstructure organization may decrease
the roughness of the A1S8,, synthetic fiber.

The methanol-treated groups did not differ significantly from the C
group in any of the parameters analyzed because they demonstrated a
tendency towards increasing roughness. Although methanol was
reported to induce the formation of B-sheets’®*1:3235 and solvents
with higher polarity have a greater ability to interact with spider silk
proteins,29 methanol was inefficient in smoothing the fiber surface.
This result might occur because the solvent polarity, the dielectric
constant and the speed with which methanol induces the
conformational changes were greater than those observed for
isopropanol.’! The interactions between methanol and the proteins,
which were more aggressive than those derived for isopropanol, may
have led to a type of reorganization that was harmful to the
characteristics of the synthetic fibers. The increase in local
roughness was also observed on the recombinant spider silk films
after methanol treatment®? and was attributed to the structural
rearrangements on the protein film surface, which was evidenced by
the formation of large B-sheet nano-crystals.

Variable mechanical performances were noticed in all groups of
fibers, and they considerably exceeded the variability levels exhibited
by native silk fibers*® and synthetic polymeric fibers.?> The
longitudinal Young’s modulus of these fibers was measured to be
760 £ 540 MPa, which provided important information on the overall
mechanics of the fibers.??

This study also measured the transverse Young’s modulus of the
fibers, and the Hertzian fits of the force curves provided a quantitative
comparison among the analyzed groups. The values found for
different measurements of a single fiber indicated that the Young’s
modulus was not uniform across the surface, which is in accordance
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with the high s.e’s. The isopropanol-treated groups recorded the
highest Young’s modulus values, indicating that they had a higher
local elasticity than the other groups.

The elasticity measurement is directly related to the local stiffness
of the analyzed material, which is possibly related to their structural
organization (formation of secondary structures such as the
B-sheets).>! Higher values of the Young’s modulus corresponded
to greater stiffness/toughness of the analyzed area," which may be
associated with better structuring of the surface (proper formation of
the secondary structures). Moreover, the significant differences in the
modulus of the crystalline and amorphous YCo, films, which we
analyzed using AFM, indicated that the crystalline phases were
stiffer.*" Thus, the low elasticity presented by the non-treated group
suggests a weak organizational structure.

The self-assembly process of native proteins is initiated by the
environmental changes in the spider gland?” and the applied shearing
forces, which promote alignment and packaging. The hydrophobic
polyalanine segments associate and are exposed to an increasing
hydrophobicity, which can initiate the folding into B-sheets that result
in the formation of a series of interchain hydrogen bonds.”> Without
the conditions present in the lumen of the silk glands and because of
the differences in the forces applied during fiber polymerization, the
polyalanine segments may not organize properly, which prevents the
formation of all B-sheets and hydrogen bonds that are necessary for
the correct structuring of the synthetic fibers. Therefore, the synthetic
fibers exhibit a reduced stiffness resulted from the low structural
organization, which is reflected in the lower Young’s modulus values
of the fibers of the C group.

As previously suggested, isopropanol treatment could induce
changes in the elastic behavior of the fibers, which might result from
structural modifications. The fibers treated with methanol also tended
to have higher elasticity than the C group. Previous reports indicated
that these alcohols might promote the transition from a disordered
state and the proper formation of secondary structures,>®3! which
might explain the results obtained for the fibers studied in this work.
Higher B-sheet contents are suggested to be related to the increased
stiffness of the spider fibers.*> The greater structural organization of
the fibers induced by the treatments would result in increased
stiffness, which is directly reflected in the Young’s modulus values
recorded for the treated groups, in particular, IA and IB. After the
polyalanine segments correctly folded, the other motifs may have also
correctly folded, which resulted in an increased elasticity of the treated
fibers.

However, the groups that were subsequently treated with water had
a lower average modulus than those treated with only alcohol and
stretched (MB compared with MA and IB compared with IA)
(Figure 4). The loss of elasticity after immersion in water, which
was represented by a decrease in the Young’s modulus, had been
described for native spider silk.>* The observed tendency may reflect
the structural changes induced by the interaction with water. The silk
produced by some insects and those produced by spiders can contract
when they are in contact with polar solvents (water in particular),
which results in a temporary loss of stiffness (supercontraction/
plasticizing effect). This effect implies substantial changes in the fiber
organization and their mechanical properties.342>3

The differences observed among the water-treated groups and those
treated only with alcohol can be explained by the described
plasticization effect. Water penetrated the fiber and was incorporated
into the amorphous matrix, which reduced the interaction between
the polymer chains. The new hydrogen bonds formed between the
water molecules and the amorphous chains, and the increased
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mobility of the chains promoted a temporary loss of rigidity.?%3*

The loss of rigidity increased the deformation capacity, a property of
plastic materials,*> which reduced the modulus. This loss of rigidity
might be related to the low degree of orientation of the amorphous
matrix of the fiber in a polar solvent such as water.*> Although the
effect is described as temporary in most cases comprising native
fibers, we suggest that the modifications might be more stable in
synthetic fibers.

The supercontraction of spider fiber is related to the proportion of
the B-sheets and the ability of the solvent to interact with the
proteins,*> which depends on its polarity and the size of its
molecules.?” The water-treated groups had a lower modulus than
those treated only with methanol or isopropanol and stretched, which
could be explained by an increase in the supercontraction effects as
the solvent polarity increased. This result suggests that the
intramolecular and intermolecular hydrogen bonds were altered
after the water treatment.?*2 Moreover, because the fibers were
stretched after the methanol and isopropanol treatments, the
elongation might also change the initial microstructure and
molecular structure of the fibers. Possible changes in the
microstructure of the high-molecular-weight poly (amino acid) and
the spider fibers during the stretch experiments were reported,?® and
the rearrangement of the native spider fibrils in a more packed
structure when they were subjected to stress was also described.* The
subsequent treatment of the stretched fibers with water disoriented
the molecular chains instead of regaining the original conformation
and promoted the formation of new hydrogen bonds;* thus, the
resulted fibers were structurally different from the unprocessed ones.

The results indicated a certain degree of stability of the modifica-
tions induced by the treatments because the mechanical response of
the fibers was different even after the solvents evaporated. Stretching
and the subsequent treatment with water could not reverse the gain in
elasticity that the isopropanol treatment induced. Thus, the changes
in the secondary structure of the synthetic fibers, which were
indicated by an improvement in the fibers’ performance, could be
induced in a more stable way. The methanol treatment could not
induce any statistically significant change in the fibers’ performance as
previously stated. However, because the treated groups tended to
increase their elasticity, stable structural changes might exist.

The forces measured in the nano-indentation experiments also
revealed important features of the synthetic fibers. The maximum
force that was directly applied reflects the characteristics of the
analyzed material: high force values suggest hard surfaces with steep
force curves, while low values refer to soft surfaces.*">> The hardness
is the maximum load divided by the contact area between the tip and
the sample after the sample has recovered elastically.*

Our results indicate that the isopropanol treatment increased the
hardness of the fibers, as evidenced by the higher values of maximum
force measured. The methanol treatment increased the hardness (MA)
but might allow at least a partial reversal of this state, as the MB
group and the C group were not significantly different. The observed
increase in hardness possibly reflects that alcohols, particularly
isopropanol, induced the formation of pB-sheets.>® When the
proteins passed from a random coil state to a higher level of
organization (proper formation of the secondary structures), this
structural change was reflected in the mechanical properties. A
hierarchical model of structure in the spider fibers suggests that silk
polymerization relies on interdependent steps.’® As the aggregation
mechanism of silk should be a nucleation-dependent process,”” we
assumed that the proper formation of the B-sheets would allow other
structures to arrange themselves properly. The attractive (snap-in)



and adhesive (detach) forces, which reflect the tip—sample interactions
during indentation, were measured in terms of an interaction
potential.*® The interaction forces recorded for IA and IB were
substantially lower than those for the other groups, which suggests
that the fibers in the isopropanol groups were structurally changed
possibly because of the molecular reorganization induced by the
alcohol interaction.

The snap-in forces were directly measured from the cantilever
deflection. The jump to contact relies on the attractive forces
overcoming a minimum potential, which depends on the density of
the materials, their instantaneous dipole interaction and the medium
(vacuum, air and liquid).*> The materials with different structural and
chemical compositions would exhibit distinct responses to the tip
approximation of the AFM.

As the detach forces arise from plasticity and adhesion,*> plastic
materials are more prone to high pull-off forces, as suggested in this
study. Assuming that the isopropanol induced structural changes in
the fibers, the above statement agrees with the results obtained
because the B-sheet formation provides stiffer and more elastic fibers.

CONCLUSION

Synthetic spider fibers have particular structural and mechanical
features that can be improved using an isopropanol treatment. The
surface irregularity, elasticity and strength of the fibers likely depend
on their molecular organization, and an alcohol bath appears to
initiate the transition of random coil structures to B-sheets, which
result in smoother, stronger and more elastic fibers. AFM comple-
mented by SEM was able to qualitatively describe the synthetic fibers
and quantify their roughness and mechanical properties. This method
represents a significant step forward in spider silk characterization
and application as a biomaterial.
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