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Charge-Tunable Autoclaved Silk-Tropoelastin Protein Alloys
That Control Neuron Cell Responses

Xiao Hu, Min D. Tang-Schomer, Wenwen Huang, Xiao-Xia Xia, Anthony S. Weiss,

and David L. Kaplan*

Tunable protein composites are important for constructing extracellular
matrix mimics of human nerve tissues with control of charge, structural,
and mechanical properties. Molecular interaction mechanisms between

silk fibroin protein and recombinant human tropoelastin, based on charge,
are utilized to generate a new group of multifunctional protein alloys with
different net charges. These new biomaterials are then utilized as a bioma-
terial platform to control neuron cell response. With a +38 net charge in
water, tropoelastin molecules provide extraordinary elasticity and selective
interactions with cell surface integrins. In contrast, negatively charged silk
fibroin protein (net charge —36) provides remarkable toughness and stiff-
ness with morphologic stability in material formats via autoclaving-induced
beta-sheet crystal physical crosslinks. The combination of these properties
in alloy format extends the versatility of both structural proteins, providing a
new biocompatible, biodegradable, and charge-tunable biomaterial platform
for neural repair. The data point to these protein alloys as an alternative to
commonly used charged synthetic polymers, particularly with regard to the
versatility of material formats (e.g., gels, sponges, films, fibers). The results
also provide a practical example of physically designed protein materials with
control of net charge to direct biological outcomes, in this case for neuronal

tissue engineering.

1. Introduction

Neural tissue repair and regeneration strategies are critical
since they dealing with complex relationships between com-
ponents of peripheral and central nervous systems. Therapy
for disorders of nervous systems mainly rely on topographical,
electrical and chemical cues for the adhesion and proliferation
of neural cells. Neural tissue engineering strategies provide an
efficient way to better control the microenvironments of cells by
Tufts University

s E]
Medford, MA 02155, USA L

E-mail: david.kaplan @tufts.edu E
Prof. A. S. Weiss

School of Molecular Bioscience

The University of Sydney

Sydney, NSW 2006, Australia

[+] Present address: Department of Physics and Astronomy,
Rowan University, Glassboro, NJ 08028, USA

Prof. X. Hu,[I Dr. M. D. Tang-Schomer, Dr. W. Huang,
Dr. X.-X. Xia, Prof. D. L. Kaplan
Department of Biomedical Engineering

DOI: 10.1002/adfm.201202685

Adv. Funct. Mater. 2013, 23, 3875-3884

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

implanting artificial extracellular matrixes
to promote nerve regeneration and repair
of injury and damage. A useful biomate-
rial for neural tissue engineering should
include controllable elasticity and biode-
gradablility without toxic degradative prod-
ucts, the ability to deliver bioactive factors
and drugs for neuron repair, and the most
important feature—a matrix to support the
extension and electrical activity of neuron
cells. Among all of these factors, the most
challenging is to design a biomaterial with
suitable control of charge density to pro-
mote the formation of neural networks
and to stimulate cellular differentiation.!?!
A number of different materials have
been explored for aiding nerve regenera-
tion, including the piezoelectric polymer
poly(vinylidene fluoride) (PVDF), the elec-
trically conducting polymer poly(pyrrole),
poly D,L-actic-co-glycolic acid (PLGA),
poly-e-caprolactone (PCL), poly L-lactic
acid (PLLA) and poly-L-lysine.lZl Although
these biomaterials meet some of the needs
outlined above, issues of biocompatability,
mechanical properties and charge tun-
ability remain as challenges.[%

Therefore, designing new biomaterial systems based on
protein composites or alloys is a strategy to control material
mechanics, cell interactions, and many related tissue processes
and responses. Combinations of silk and recombinant human
tropoelastin, two well-established biodegradable proteins
with good biocompatibility, can generate new multifunctional
protein composite systems that can offer a broad platform of
utility to the biomaterials field.>* Human tropoelastin, as the
precursor of elastin networks, has extraordinary elastic capaci-
ties and can extend multiples of its untensioned length with
minimal energy loss, and is a near perfect spring ahead of
other natural elastomers and synthetic rubbers.’”] Moreover,
natural tropoelastin protein is a multifunctional molecule that
balances substantial elasticity with the ability to cross-link and
selectively interact with cell surface integrins such as avf33 via
the C-terminal region and with other matrix proteins such
as glycosaminoglycans.P-® These are the features that more
reductionist bioengineered elastins lack.’! In contrast, silk
fibroin protein is a remarkable fibrous protein with high tough-
ness and stiffness,'>2 and can provide morphologic versatility
in biomaterial formats such as films,'3! sponges,'*l particles, !
hydrogels,['% or fibers,'” and with controllable biodegradation
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ability.'¥! These material features have been widely evaluated
in many biomedical systems,['” as well as biophotonic and bio-
electronic systems. 20211

In this study, we demonstrate that interaction mechanisms
of silk with human tropoelastin were manipulated by net charge
attraction, resulting in a unique way to generate net charge-
controllable protein alloy biomaterials. In addition, a new
crosslinking method based on autoclaving was developed to
generate stable silk-elastin alloys with high crystallinity, which
eliminates solubility problems with low beta-sheet content
found in previous studies, while also providing a simple way
to prepare samples for cell culture.’* These results provided a
practical method to physically control biological outcomes with
neuron cells in elasticity- and charge-tunable protein scaffolds,
providing a new strategy for designing biomaterials for neu-
ronal tissue engineering.

2. Results and Discussion

The stabilization of silk-tropoelastin ECM mimics based on chain
interactions at the molecular level can be verified via bioinfor-
matics analysis. Figure 1a displays the chain interaction analysis
between silk and tropoelastin. The amino acids are typically clas-
sified as hydrophobic (A, G, L, V, W, C, I, M, F, P), hydrophilic
(N,Q, S, TY, R, D, E, H, K), positively charged (R and K), and
negatively charged (D and E).'>?%23 Both tropoelastin and
silk fibroin showed periodic hydrophobic-hydrophilic domain
patterns (Figure la and Supporting Information Figure S1b).
The hydrophilic domains are often charge-rich, while the
hydrophobic domains are composed of repeating sequences
of mostly uncharged peptides.”#22 A net charge of +38 was
estimated for recombinant tropoelastin at pH 7 based on its
amino acid sequence (amino acid residues 27-724 of GenBank
entry AAC98394 (gi 182020)) and using standard pKa values for
side chain residues (Supporting Information Figure Sla). Two
major types of domains are found in tropoelastin chains, hydro-
phobic repeating domains such as GVGVP and GVGVAP, and
hydrophilic domains rich in Lys and Ala (such as AAAKAAKAA)
(Figure 1a).5-® Other hydrophilic domains do not contain poly-
Ala tracts but have Lys near a Pro instead.® The C-terminus
of tropoelastin is highly basic, containing two Cys residues and
terminating with a positively charged RKRK sequence, while
the N-terminus is a 26-amino-acid signal peptide.”=¥! The unu-
sual highly hydrophilic domain, encoded by exon 264, is spe-
cifically enriched for Ser and charged residues (Glu, Asp, Arg),
with the only His in tropoelastin.”#! In contrast, the amino acid
sequence for silk fibroin has a net charge of —36, estimated at
pH 7 in aqueous solution, including a contribution of —29 from
the heavy chain and -7 from the light-chain (linked by a single
disulfide bond at the carboxyl terminus of H-chain (Cys-c20)
and L-chain (Cys-172)) (Figure 1a).'>2223 The N- and C-termini
of the H-chain are both hydrophilic domains with a negative
net charge at the N-terminus and a positive net charge at the
C-terminus. The L-chain has a dominant average negative net
charge and counterbalanced amphiphilicity. The repetitive part
in H-chain consists of long hydrophobic repeating domains
such as (GAGAGS),, blocked with short intervening hydrophilic
domains (spacers) with negative charges.!1%-1%]
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The above bioinformatics analysis suggests a suitable match
in terms of electrostatic attraction and hydrophobic-hydrophilic
interactions between silk and tropoelastin chains. Therefore,
the formation of insoluble silk-tropoelastin biomaterials does
not require chemical crosslinking, unlike other protein-based
materials (e.g., resilins?! and elastins®®! etc.), due to their
strong physical associations by charge in solution, and their
beta-sheet crystal networks induced in the solid state.?>? This
charge-induced interaction between silk and tropoelastin is sig-
nificantly different from most recombinant block copolymer
systems, such as the silk-elastin-like copolymers (SELPs) or
variable elastin-like and silk-like multimers.?*-% These pro-
teins usually focus on charge-intensive repeating units such as
(GAGAGS), or (GVGVP),, but not the electrostatic properties of
full length natural proteins.?83% To elucidate this mechanistic
interaction, an interaction model is proposed (Figure 1b). Three
types of protein chain interactions are hypothesized to occur at
different folding stages: i) Electrostatic interactions first occur
between charged amino acid side chains of silk and tropoelastin
during solution mixing. According to the bioinformatics anal-
ysis (Figure 1a), each tropoelastin chain (+38 net charges) can
attract one silk fibroin chain (36 net charges), from a stoichio-
metric perspective. This attraction between positive charge sites
in tropoelastin and negative charge sites in silk promote initial
self-assembly of silk-tropoelastin aggregates in water (Figure 1b).
Due to their differences in length, the shorter tropoelastin
chains (60 kDa) could dominate an inner layer, surrounded by
the longer silk chains (=420 kDa). This assumption was shown
based on our prior AFM studies,? with nanoporous structures
observed on silk-tropoelastin films when the molar ratio of silk
to tropoelastin was =1 (e.g., sample SE90 in the previous and
present study).}! Nanopore dimensions were calculated with
long axis close to 26 nm * 4 nm and short axis around 17 nm +
4 nm, with a long axis/short axis ratio of 0.68 + 0.2. This result
is close to the theoretical size of tropoelastin dimers/monomer,
which has a typical size of =20 nm along its length, 16 nm end-
to-end measured by small angle X-ray and neutron scattering in
solution, with the ratio of the thickest axis 7.5 nm to the long
~11 nm side around 0.68.3Y Protein sequences with dominate
hydrophobic (non polar) side chains may be packed on the sur-
face of the primary silk-tropoelastin aggregates to protect the
interior hydrophilic (polar) cores, so that the protein aggregates
assemble with the lowest surface energy when interacting with
a water environment. Similar structures have been found in
silk fibroin particles!'!’l and elastin-like (VPGVG),(VPGEG)
(VPGVG),;5 polypeptide.’ ii) In addition, the hydrophobic-
hydrophilic interactions between silk-tropoelastin protein chains
and the electrostatic force between primary silk-tropoelastin
aggregates direct the formation of larger protein aggregates
in water. This prediction was also confirmed by AFMP2 where
a widely distributed multi-micelle aggregate structure with
diameter of 1-2 um was found on the surface of cast 0.02 wt%
silk-tropoelastin solutions when the molar ratio of silk to tro-
poelastin was =1 (as an example, three large aggregates from
sample SE90 are evident in the right side of the large aggregate
model in Figure 1b). Furthermore, with increasing tropoelastin
in the solution (e.g., SE75, SE50, SE25, SE10 in this study),
hydrophobic interactions could also occur between pure tro-
poelastin chains and with silk-tropoelastin aggregates, resulting
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H 0l n-terminus () [] Hydrophilic inkers (-) []12x Hydrophobic repeats [l c-terminus (+) in complicated aggregates (r > 50 nm) that are -
- _ ) similar to large silk-tropoelastin aggregates I=_
&ygy,t, fight chain (-7) yet several times larger than the tropoelastin [
Silk Fibroin 1 2 3 45 6 7 8 9 10 11 12 g... s __'

36 at pH?) me hoavy ohain (29) monomers (r = 6 nm), also supported by AFM -

36 ai — » i _ N - eavy chain (- . . .
P - - - - -y e and DLS (Supporting Information Figure S2). b
ﬁ ch Interacti iii) Finally, beta-sheet structures related to v
arge Interaction hydrogen bonds can be formed between the ;

silk-tropoelastin  aggregates during energy
input, such as heating in water. This process

36
Tropoelastin -~ 2 3 5 7 9 11 1314 16 18 20 22 24 26 28 30 3233}
(+38 at pH7)

oty L is irreversible due to the formation of beta-
[ Hydrophiic kP [ . Hydrophiic Ka sheet crystals.'01333 For the silk-tropoelastin
cross-linking exons (+) cross-linking exons (+) films, protein aggregates collapse during

I Hydrophobic exons I c-terminus (£36) (+) drying, during additional thermal treatment
such as autoclaving in this study®¥ or during

ﬂ Primary self-assembly annealing in water vapor as we have previously

AFM Height AFM Phase reported.!3] This effect will result in an insol-
uble beta-sheet crystal network (Figure 1Db),
which can physically crosslink the films to
allow stability such as during cell culture and
related physiological environments.

The size distribution of the silk-tropo-
elastin aggregates was further characterized
by dynamic light scattering (DLS). Supporting
Information Figure S2 shows the hydro-
dynamic radius (Rh) vs. intensity distribution
of all silk-tropoelastin samples in 0.1-wt%
solution (SEO, SE10, SE25, SE50, SE75, SE90,
and SE100). Notably, scattered light at a hydro-
dynamic radius (Rh) of around 6 nm with a pre-
dicted molecular weight of 59 kDa * 12 kDa for
sample SEO is due to pure tropoelastin mono-
mers in solution, as previously reported.3>36]
In contrast, pure silk (SE100) showed strong
intensity of scattered light at Rh of 57.1 nm *
9.1 nm and a predicted molecular weight of
427 kDa £ 84 kDa, indicating that silk mono-
mers and some small silk aggregates were
formed in solution.222] After 10 wt% of tropo-
elastin was added into the silk solution (SE90),
the Rh of major aggregates in solution signifi-
cantly increased to 404.5 nm + 126.9 nm, with
only <3% intensity distribution at 43.5 nm *
4.1 nm. This effect is predictable since the molar

Crystalizable
(GAGAGS),

P 1

Variable

Mixing Ratio ratio for silk/tropoelastin in SE90 is 56.5/43.5

©- : (with a net charge of —03.8), suggesting neutral

A Silk fibroin chain B-sheet (crystals) i — - silk-tropoelastin aggregates are dominate in the
7 Tropoclastinchain @ Charge riched domain solution. In addition, the silk-tropoelastin aggre-

gates in SE90 were collected by centrifugation,

Figure 1. a) Bioinformatics analysis of silk fibroin and human tropoelastin protein chains. and their zeta-potentlal at pH 7 determined. A
Both silk and tropoelastin sequences have repetitive hydrophobic and hydrophilic domains, neut.ral potential of _9'33 mV + 1.56 mV was
and the length of tropoelastin (60 kDa, lacking the signal sequence encoded by exon 1) is obtained, compared with —43.5 mV £ 2.5 mV
shorter than that of silk chains (=420 kDa). However, from the view of net charges in their ~from pure silk micro-particles.’”! An increase
side chain groups, each tropoelastin chain (+38 net charge) can attract nearly one silk fibroin  in tropoelastin content in samples SE75 and
chain ‘(—3‘6 net charge) ?t pH 7 aqueous squFion. b) Primary self-gssembly, ~aggrega?tion, and  SE50 increased the intensity of scattered light
CI’OS.S|II’IkII'Ig model of S||k—tr<-)poe|ast|n. materials. The charged amino acid side chain groups to around 5-10 nm, while the radius distribu-
of silk and tropoelastin first interact with each other and form primary aggregates (=200 nm) . . .

tion for the large silk-tropoelastin aggregates

during solution mixing. Then the primary aggregates associate to form larger aggregates .

around 1-2 um. During energy input such as physical autoclaving process, the different silk- (around 350-550 nm) remained stable. These
tropoelastin films can be physically crosslinked by beta-sheet crystals and form insoluble mate- ~ results indicated that many abundant free tro-
rials with variable charges on their surfaces, related to the subsequent neural cell studies. poelastin chains had assembled into small
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aggregates themselves or with silk residues in
solution. When tropoelastin began to domi-
nate in SE25, SE10, the large silk-tropoelastin
aggregates became more complex and the size
distribution broadened above 1 um. There was
a notable amount of free tropoelastin chains
around 5 nm. Collectively, the results point
to an important role of the silk to tropoelastin
ratio in self-assembly and size of silk-tropoel-
stin aggregates.

To examine the transitions of the silk-
tropoelastin aggregates, temperature-dependent
CD scans were performed from 5 °C to 95 °C,
and then cooled back to 5 °C for each silk-
tropoelastin  solution. Figure 2a illustrates
heating scans for SE100, SE90, SE75, SE50,
SE25, and SEO, with the initial 5 °C scans as blue
lines and the final 95 °C scans as red lines. For
the tropoelastin-dominated samples (SE25 or
SE10), structural transitions were similar to that
of pure tropoelastin (SE0), which showed a typ-
ical disordered protein coacervation (increase at
200 nm with a stable shoulder near 220-225 nm)
with increase of temperature.*>3% The charge
effects in the protein composite system were
not strong in these samples. However, upon
addition of more silk (SE90, SE75, SE50),
the interaction between silk and tropoelastin
became significant. This was demonstrated in
the solution of SE75, in which beta-sheet struc-
tures (=215 nm) and helix structures (=209 nm
and 222 nm) gradually formed with increasing
temperature. This finding also indicated that
strong transitions only occurred in the silk
mass-dominated composite samples with close
charge interactions, while pure silk fibroin pro-
tein (SE100, Figure 2a) did not transitions in
water in this temperature region. Therefore,
charge-induced silk-tropoelastin aggregates in
SE90, SE75, and SE50 were stable and could
be used to induce irreversible beta-sheet crys-
tallization during thermal transitions. In con-
trast, charge impacts on SE25 or SE10 are not
obvious. We elected not to continue with these
tropoelastin mass-dominated samples, only
using pure tropoelastin (SEO0) as a control.

Autoclaving is typically used to confer a
combination of high temperature (121 °C),
steam and high pressure (20 psi) to steri-
lize materials. We utilized this approach to
crosslink the cast silk-tropoelastin  films.
Figure 2b shows the typical FTIR spectra of dif-
ferent silk-tropoelastin films after autoclaving
to induce the crosslinking process, with a)
AC-SEO, b) AC-SE50, ¢) AC-SE75, d) AC-SE90,
and e) AC-SE100. Initially, all untreated sam-
ples were in the non-crystalline state without
peaks in the main wavenumber region of beta-
sheet crystal (1600-1640 cm™), as we have
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Figure 2. a) Temperature-dependent circular dichroism (CD) scans for 0.02 wt% solutions of
SE100, SE90, SE75, SE50, SE25, and SEO. Scans were performed from 5 °C to 95 °C, with initial
5°C scans as blue lines and final 95 °C scans as red lines in the figure. b) Amide | and Il regions
of typical FTIR spectra of different silk-tropoelastin films after the autoclaving crosslinking
process for curves: a) AC-SEO, b) AC-SE50, c) AC-SE75, d) AC-SE90, and e) AC-SE100. After

treatment, the beta-sheet crystal peak appeared in all samples, centered at 1621 cm™.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

T

Adv. Funct. Mater. 2013, 23, 3875-3884



'a\
Me \lii"§

www.MaterialsViews.com

www.afm-journal.de

Table 1. Mass and molar ratios, tensile-stress test results (elastic modulus and elongation ratios), and calculated beta-sheet crystallinities of auto-

claving crosslinked silk-tropoelastin films.

Sample Mass ratio Elastic Modulus Molar ratio Net Charge at pH 7.4  Elasticity (Elongation) Beta-shee Crystallinity
[Silk/Tropoelastin] [MPa] [Silk/Tropoelastin] (or pH 7.0) [%] [%]
AC-SE100 100/0 68.5+4.3 100/0 —36.1 (-34.6) 23.5+9.0 59.2+13
AC-SE90 90/10 53.9+22 56.3/43.7 —03.8 (-02.9) 56.2+£6.5 573+1.4
AC-SE75 75/25 33.0+£3.6 30.0/70.0 +15.6 (+16.1) 28.7+26 56.6 0.9
AC-SE50 50/50 26.2+4.0 12.5/87.5 +28.5 (+28.8) 251482 53.8+0.8
AC-SEO 0/100 52+13 0/100 +37.7 (+37.9) 25.0t4.6 43.6+£0.6

Calculated molecular weights: full length silk fibroin is 419 330Da, recombinant human tropoelastin is 59 988 Da. The mass ratio for absolute neutral zero charge at pH 7.4

is 87.97/12.03.

described previously.># After autoclaving, the beta-sheet crystal
peak appeared in all samples, centered at 1621 cm™, while the
random coil peaks (1640-1649 cm™) and the alpha-helix peak
(centered at 1650 cm™) decreased (Figure 2b). A previously
well-developed deconvolution method based on Fourier self-
deconvolution (FSD) and Gaussian curve fitting in Amide [
region, was then used to calculate the percentage of beta-sheet
crystals in the autoclaved samples.}132% Table 1 summarizes
the percentage of beta-sheets in the different autoclaved silk-
tropoelastin samples. Although there was an increase in silk
content from AC-SES50 to AC-SE100, the amount of beta sheet
was generally similar, with AC-SE50 = 54%, AC-SE75 = 57%,
AC-SE90 = 57%, and AC-SE100 =~ 59%. Previously, we have
reported that autoclaving induced the highest beta-sheet crystal
fraction observed so far in the pure silk materials (=60%) such
as in scaffoldsP* and films.1”) This effect is due to the domi-
nant (GAGAGS), repeating sequence in silk chains that can
give beta-sheet structures during energy input.'>?”] However,
this is the first report to show that tropoelastin can form up
to =44% beta sheet structure in films upon autoclaving, which
is significantly higher than that in untreated pure tropoelastin
films (less than 23% beta sheet).l*’] In addition, this amount of
beta-sheet can maintain tropoelastin films in a stable insoluble
shape when soaked in PBS solution. Autoclaved tropoelastin
films did not shrink into a fiber-like morphology in solution, in
contrast to the water-annealed or methanol-induced physically
crosslinked tropoelastin samples reported previously.*>! To
understand the stability of autoclaved-induced secondary struc-
tures in silk-tropoelastin films, samples were also autoclaved
for longer times (e.g., autoclaved twice for a total of 50 min,
and a third time for a total of 75 min), and then analyzed using
FTIR. The results confirmed that longer autoclaving time did
not induce additional beta-sheet content in the silk-tropoelastin
materials.

Untreated and autoclaved samples were studied by 2D
X-ray diffraction to further investigate whether the beta-sheet
structure in silk-tropoelastin matrices were similar among the
various samples. The results showed that pure silk and pure
tropoelastin (Figure 3a), as well as all other silk-tropoelastin
samples were initially noncrystalline before autoclaving. Only
distinct non-crystalline halo peaks were found in their diffrac-
tion patterns (Figure 3Db,A,B). After autoclaving, crystalline
peaks appeared in all samples (Figure 3a,b), with the major
peak position slightly moving from 43 nm in AC-SEO to 47 nm

Adv. Funct. Mater. 2013, 23, 3875-3884
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in AC-SE100. Previously, we reported that anti-parallel beta-
sheet crystals in silk fibroin films have typical Miller indices
of (020)/(200),2” which are identical to the peak positions dis-
played in autoclaved AC-SE100 (Figure 3b,G). The shift of beta-
sheet peaks in tropoelastin (AC-SEQ, Figure 3b,C) may indicate
a different packing and morphology for the beta-sheet crystals
formed in tropoelastin (e.g., silk I-like crystals).”*”l The shape of
3D tropoelastin in solution,3Y reveals that tropoelastin mono-
mers assemble in a specific head-to-tail tandem manner.?! This
multimer interaction could result in differences between the
beta-sheet crystals induced in tropoelastin vs. in silk proteins.
Relying on the strong beta-sheet crystal network in the struc-
ture, the mechanical properties of physically crosslinked silk-
tropoelastin samples were evaluated at 37 °C in a PBS hydrated
environment. Figure 3¢ shows the representative tensile stress/
strain curves for the autoclaved silk-tropoelastin films AC-SE100,
AC-SE90, AC-SE75 and AC-SE50, and AC-SEO as a control. The
samples exhibited variable force vs. axial strain profiles with
changes in silk content. In general, increasing the tropoelastin
fraction in films tended to soften the material, resulting in a
lower strain value at a defined stress force. This result was
expected as tropoelastin molecules confer a reduced rigidity on
the extracellular matrix in soft tissues such as skin and vascu-
lature.38 This elastic function of tropoelastin is unique in
these samples, since the AC-SE100 has a similar content of
beta-sheet to the samples AC-SE90, AC-SE75, and AC-SE50
(Table 1). However, tropoelastin-dominated samples such as
AC-SEO0 may take advantage of both elastic mechanisms of tro-
poelastin molecules and low beta-sheet crystallinity (=44%) to
enhance film softness. The data in Figure 3d revealed that auto-
claved silk films exhibit a significantly (p#* < 0.01) increased
Young’'s modulus (=69 MPa) when compared with autoclaved
tropoelastin films (=5 MPa) (Table 1), in addition to their ulti-
mate tensile strength (Figure 3f) and yield stress (Figure 3g).
These results also indicated that at least 1-5 MPa Young's
modulus was necessary to maintain the original shape of pro-
tein bulk films (30-40 um) for advanced material applications.
This is one of the reasons that we did not obtain shape-stable
tropoelastin films by other physical crosslinking methods such
as water-vapor annealing,®! which can only generate around
0.5 MPa modulus. However, the sample AC-SE90 showed an
unexpectedly higher (p* < 0.05) elongation ratio (=55%) than
all other samples including autoclaved pure silk and pure tro-
poelastin (=25%) (Figure 3e). This effect is expected for a model
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Figure 3. a) 2D X-ray diffraction patterns of untreated and autoclaved silk-tropoelastin films. b) Integral one-dimensional WAXS patterns of these sam-
ples to identify crystal peak positions, as A) untreated silk, B) untreated tropoelastin, C) autoclaved (AC)-SEQ, D) AC-SES0, E) AC-SE75, F) AC-SE90,
and G) AC-SE100. c) Representative tensile stress/strain curves for the AC silk-tropoelastin films SE100, SE90, SE75, SE50, with SEO as a control at
37 °C PBS solution and their calculated d) modulus of elasticity (Young’s modulus), e) elongation ratio (percentage of elasticity), f) yield stress, and

g) ultimate tensile strength.

where a neutral charge network in water dramatically improves
the stability of the material during mechanical stress or defor-
mation, and might provide an important avenue towards
designing and building upon the durability of these and other
protein alloys in the future.

Charge variation on extracellular matrices is critical in
tuning cell growth and functions such as proliferation, migra-
tion, and differentiation, particularly for charge-sensitive neural
cells in the brain, spinal cord, and peripheral ganglia.?*=4
Therefore, rat brain cortical neurons were used as a template
to understand how net charge modulated neuronal responses
to the material interface of silk-tropoelastin protein compos-
ites during 2 week in vitro. Previously, we considered how the
surface morphology (such as surface roughness and nano/
micro scale surface patterns) can induce various responses by
human bone marrow derived mesenchymal cells (hMSCs) and
C2C12 muscle cells.! To eliminate the potential impact of sur-
face morphology on neurons in this study, we first pressed all
autoclaved silk-tropoelastin films with polished stainless steel
disks by adapting a high pressure pumping system. Surface

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

scans by AFM demonstrated that the pressed silk-tropoelastin
films displayed a similar surface roughness around 15-25 nm.
FTIR analysis also showed no structural change as a result of
this process. The same-sized samples were transferred into
96-well tissue culture plates and allowed to adhere in PBS solu-
tion. Low-concentration coated PLL plate surfaces were also
used as controls, to establish a positively charged molecular
layer which enabled the adhesion of negatively charged cell sur-
faces. Previously, most neuronal cultures studied on biopoly-
mers relied on this additional coating of PLL.>* There have
been effects to identify alternative biomaterials to this positively
charged polymer. However, most of these options remain syn-
thetic polymers with concerns for toxicity in vivo.*)l Here, we
directly used silk-tropoelastin protein matrices without PLL
coatings to examine their charge functions, and to evaluate
whether silk-tropoelastin materials, as natural biocompatible
protein matrices, can replicate the charge function of PLL coat-
ings. Figure 4a demonstrated cell viability of primary cortical
neurons from embryonic day 18 (E18) rats on the different silk-
tropoelastin alloys during 2, 4, 7, 10 days in vitro (DIV), for the

Adv. Funct. Mater. 2013, 23, 3875-3884



M \)“‘5 S FUNCTIONAL
i
|

www.MaterialsViews.com

www.afm-journal.de

H Plate-PLL SEO SE50 SE75 SE90 SE100

* +38 +28.7 +15.7 3.8 -36 Plate-PLL SE75

SE100 (Silk fibroin)

—— 100 um

SE75

o
_70 st 3500 1u—se100

8 —A—SES0 T w J—se%0 -

0] Tm. 0 Sae e ]

g 0 g 2000 D & 4

_g 30 é 1500

i 20 3 1000

o g b

Elg l \ 3 503 -:-0-:-"_—._—0 . .
DV2  DIV4  DIN7  DIVIO DIV2 DIVA DIV7 DIV10 ~ D

—10 um

Figure 4. a) Fluorescence images of cell viability assay of primary cortical neuronal cultures (E18) on autoclaved (AC) protein alloy films (SEO, SES50,
SE75, SE90, SE100) in comparison to control (Plate-PLL) at different mixing ratios over days in vitro (DIV) (green, live cells; red, dead cells). With little
adhesion to silk fibroin, neurons formed clusters (arrowhead). Increasing the tropoelastin content resulted in more adhesion by neurons to the surface;
however, a high percentage of tropoelastin led to cell death. Scale bar 100 um. b) Time-dependent changes in live growth area of neuronal cultures on
films of SE75, SE50, SEO (solid line) in comparison to control (Plate-PLL, dotted line). ) Time-dependent changes in live cell cluster sizes of neuronal
cultures on films SE90, SE75, and SE100 (solid line) compared to control (Plate-PLL, dotted line). d) Fluorescence images of immune-stained primary
cortical neuronal cultures (E18) on SE75 and pure silk films compared with PLL control plate at day 10 in vitro. Sample SE75 promoted the development
of normal neuronal processes, shown immune-stained with f IIl tubulin (b3TB, red), and development of glial cell morphology, immune-stained with
glial fibrillary acidic protein (GFAP, green), similar to PLL. Pure silk fibroin (SE100) resulted in the aggregation of neuronal cells as clusters (arrowhead)
that loosely rested on the surfaces. Scale bar 100 um. e) Fluorescence images of individual live neuronal cells that were stained with calcein AM (green)
at early days in vitro (DIV 2-4). Cells on SE75 films showed significantly extended surface contact with the substrate (arrow) compared to the control

(Plate-PLL). Scale bar 10 um.

autoclaved samples AC-SEO, AC-SE50, AC-SE75, AC-SE90, and
AC-SE100. Surface charges changed gradually from AC-SE100
(—36) to near neutral AC-SE90 (-3.8), then increasingly posi-
tive for AC-SE75 (+15.6), AC-SE50 (+28.5) and AC-SEO (+37.7).
On the control plates of PLL (MW 70 to 150 kDa, with an esti-
mated +20 charge density on the surface after coating proce-
dure), live neurons (green color) readily attached to the PLL
surface from day 1, then initiated extensions on day 2, and
finally formed an extensive neuronal network after 1 week. In
contrast, neurons showed little adhesion to films of pure silk
fibroin (AC-SE100) due to the strong negative charge on silk
surface (—36); in this case neurons responded by forming clus-
ters that loosely rested on substrate without forming network
connections. Increasing the mass ratio of tropoelastin to 10%
(AC-SE90), however, resulted in fewer clusters, more surface
adhesion and neuronal growth. Near neutral charge surface
of AC-SE90 was not the premium condition for the growth
of neurons. The sample AC-SE75 with a weak positive charge
(+15.6) provided the best neuronal growth environment in the
group of silk-tropoelastin matrix, based on the appearance of a
tightly connected neuronal network similar to the PLL surface
that was observed after 10 days. In contrast, although AC-SE50
had significant neuronal attachment early (days 1 to 4) in cul-
ture, the majority of the neuronal cells were dead (red color) by
day 7. Similarly, most of the cells on strongly positively charged
AC-SEO films (+37.7) attached to the substrates easily the first
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day, but then quickly died on day 2. Quantification of live cell
growth areas showed that AC-SE75 had a growth trend closer to
that of the control of PLL-coated plate (Figure 4b). In addition,
cells formed much smaller sized clusters on AC-SE75 films
compared to the samples of AC-SE90 and AC-SE100, though
still a little larger than those on PLL control plates (Figure 4c).
The different responses of the neuron cells on silk-tropoelastin
films indicated that substrate net charge regulates the neuronal
adhesion and growth on these biomaterial alloys. Several bio-
logical factors play a role in this process. Neurons are highly
sensitive to external ionic environments particularly Na+ and
K+ fluxes. In addition, membrane charge can facilitate inter-
actions with these biomaterial substrates, leading to unknown
downstream signaling impact.

After 10 days of growth, immunostaining of neuronal cul-
tures was performed to examine cell morphology for AC-SE100
(silk), AC-SE75, and PLL controls (Figure 4d). Two different
cell markers, B-III tubulin (b3TB, red) for neurons, and glial
fibrillary acidic protein (GFAP, green) for glial cells, were used
and the results showed that both cell types developed well after
10 days with extensive cellular processes and cell-cell con-
nections on the silk-elastin samples, especially on AC-SE75
(Figure 4d). The morphology of cells on AC-SE75 was similar to
that of normal and mature cells on PLL control plates. Notably,
at early days in vitro (DIV 2-4), individual live neuronal cells
displayed spreading and enlarged growth cones on AC-SE75
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(Figure 4e), similar to the extended cells growing on PLL control
plates. These results revealed that AC-SE75 with weak positive
charge can replace PLL coating in future material applications.

3. Conclusions

In summary, the mechanism by which silk fibroin interacts
with human tropoelastin was revealed to be net charge attrac-
tion and hydrophobic-hydrophilic interactions, that depended
on the two types of proteins at different ratios. This type of pos-
itive-negative charge interaction induced stable silk-tropoelastin
aggregates at the micrometer-scale that transformed to beta-
sheet crystals following energy input. A strong physical
crosslinking method, autoclaving, was used to prepare insoluble
silk-tropoelastin alloys with similar high beta-sheet crystallinity
(54% to 59% from AC-SE50 to AC-SE100), yet with different
net charges (+28.5 to —36.1 for AC-SE50 to AC-SE100). With
increasing tropoelastin content (from AC-SE100 to AC-SE0)),
the elastic modulus of silk-tropoelastin alloys decreased grad-
ually with stable solid material formats, which could be used
to produce other complex 3D silk-tropoelastin biomaterials
(such as hydrogels, nanofibers, or scaffolds). Interestingly, near
neutral charge in AC-SE90 provided the highest elasticity (elon-
gation ratio) of the alloys, indicating that the impact of charge
interaction is critical in manipulating mechanical functions.
In addition, rat cortical neurons were assessed for neuronal
network formation and cell viability on the protein films with
different net charges during 10 days in vitro. A weak positive
surface charge surface, such as AC-SE75 (+16), facilitated stable
neuron network formation with longer term viability, similar
to PLL coating surface commonly used in most neuron-related
biomaterial applications. These significantly different neuron
cell responses indicated that silk-tropoelastin protein alloys can
regulate growth and formation of charge-sensitive cell networks
and tissues with controllable structural and mechanical proper-
ties, indicating the specific value of these protein alloy materials
in applied cell biology.

4. Experimental Section

Materials: The preparation of silk fibroin and tropoelastin solutions
has been reported previously.>*l In brief, Bombyx mori silkworm cocoons
were boiled in a 0.02 M Na,COj; solution to remove sericin proteins.
The remaining silk fibroin fibers were dissolved in a 9.3 M LiBr solution
at 60 °C for 4 h, and then dialyzed against distilled water in dialysis
cassettes for at least 2 days to completely remove LiBr. Finally, a pure
6-8 wt-% silk fibroin aqueous solution was obtained after centrifugation
and purification. Recombinant human tropoelastin isoform SHELA26A
(Synthetic Human Elastin without domain 26A) was prepared and
purified from bacteria on a multi-gram scale, as described previously.>
The amino acid sequence of the 60 kDa full-length human tropoelastin
protein is same as the amino acid residues 27-724 of GenBank entry
AAC98394 (gi 182020). Tropoelastin was then dissolved in distilled
water at 4 °C (1 wt%) and slowly mixed with diluted T wt% silk aqueous
solution to avoid protein gelation. The final 1 wt% blended solutions
were based on a mass ratio of silk:tropoelastin = 100:0 (SE100, pure
silk) 90:10 (SE90), 75:25 (SE75), 50:50 (SES0), 25:75 (SE25), 10:90
(SE10), and 0:100 (SEO, pure tropoelastin).?># Films were obtained by
casting solutions on polydimethylsiloxane (PDMS) substrates to ~30 um
thickness and then stored at 4 °C.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lesielS
Mot oS
www.MaterialsViews.com

Physical Crosslinking by Autoclaving: Silk-tropoelastin films (30 pum
thick) were placed in a polished aluminum dish and sealed into a
standard 12 inch x 18 inch Fisherbrand Instant Sealing Sterilization
Pouches for autoclaving. Films were steam sterilized by autoclaving
under standard condition (T = 121°C, P =15 psi, t = 25 min), and were
named based on the initial mass ratio of silk to tropoelastin: AC-SE100
(pure autoclaved silk), AC-SE90, AC-SE75, AC-SE50, AC-SE25, AC-SET0,
and AC-SEO (pure autoclaved tropoelastin).

Circular Dichroism (CD): CD spectra of silk-tropoelastin solutions
(0.02 wt%) were recorded on an Aviv model 62DS spectrophotometer
equipped with a Peltier temperature controller (AVIV Biomedical, Inc.,
Lakewood, NJ) using sandwich quartz cell cuvettes with a 1 mm path
length (Nova Biotech, El Cajon, CA). Protein solutions were equilibrated
at 4 °C for 20 min before measurements. Temperature-dependent
CD scans were performed by increasing from 5 °C to 95 °C and then
decreasing from 95 °C to 5 °C with 10 min equilibration at each
temperature. Spectra were obtained from 260 to 180 nm at a resolution
of 0.5 nm. CD spectra represented the average of three measurements
and were smoothed using SigmaPlot data smoothing software. CD data
were reported as mean residue ellipticity (6, deg cm? dmol™).

Dynamic Light Scattering (DLS): DLS was carried out on a DynaPro
Titan instrument (Wyatt Technology, Santa Barbara, CA) equipped with
a temperature controller. All samples were passed through a 2 um filter
before measurements. The silk-tropoelastin solutions (0.1 wt%) were
placed in quartz cuvettes and stabilized at 5 °C for 10 min prior to
measurement. Measurements were performed at 5 °C to avoid structural
changes at higher temperature. To obtain hydrodynamic radii, the
intensity autocorrelation functions were analyzed using the Dynamics
software (Wyatt Technology, Santa Barbara, CA).

Zeta Potential Analysis: Zeta potential measurements were performed
using a Nanoseries Malvern Zetasizer (Malvern, Worcestershire, UK).
Data are based on average values from more than 60 measurements at
5°C.

Atomic Force Microscopy (AFM): AFM was performed in tapping mode
using a Dimension 3100 Scanning Probe Microscope with Nanoscope IlI
and IV controllers (Digital Instruments, Santa Barbara, CA) and equipped
with rotated tapping-mode etched silicon probes (RTESP; Nanodevices,
Santa Barbara, CA). The silicon tip probe had a spring constant of
1-5 N m~" and a resonance frequency of 60-100 kHz. All samples were
cast on mica surfaces and allowed to dry for 2 days. Topography and
phase signal images were recorded with 512 X 512 data points.

Fourier Transform Infrared Spectroscopy (FTIR): Infrared spectroscopy
of the autoclaved silk-tropoelastin films was performed with a Jasco
FT/IR-6200 Spectrometer, equipped with a deuterated triglycine sulfate
detector and a horizontal MIRacle ATR attachment fitted with a Ge crystal
(Pike Tech., Madison, WI). Each measurement incorporated 128 scans
from 600 to 4000 cm™' that were Fourier transformed using a Genzel-
Happ apodization function to yield spectra with a nominal resolution of
4 cm™. To deconvolute spectra with better peak resolution for identifying
secondary structures of protein samples and obtain peak positions for
the Amide | region (1595 to 1705 cm™'), Fourier self-deconvolution (FSD)
was performed using Opus 5.5 software (Bruker Optics Corp., Billerica
MA).B4 Each peak was assigned to secondary structures:®# absorption
bands in the frequency range of 1610 to 1635 cm™' represented f-sheet
structure (B); bands around 1640 to 1650 cm™' represented random-coil
(R), bands in the range of 1650 to 1660 cm™' were assigned to alpha-
helix (A), and peaks above 1660 cm™' were ascribed to [3-turn structures
(T).B! Finally, the deconvoluted Amide | spectra were curve-fitted, and
area ratios of the above assigned bands to the total Amide | area were
used to determine the fraction of the secondary structural contents in
the silk-tropoelastin films.

Wide Angle X-Ray Diffraction (WAXD): Autoclaved silk-tropoelastin
films about 30 um in thickness were mounted in a Bruker GADDS D8
X-ray diffractometer (wavelength A = 0.154 nm) operating at 40 kV and
20 mA. The scattering angle 26 was first calibrated by silicon reference
standard with silicon (111) peak at 28.444°. Each sample was then
scanned for 1800 s to obtain a clear diffraction pattern, with a scattering
angle that ranged from 4° to 30°. To obtain crystal peak positions and
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identify the crystalline content, the 2D WAXS patterns were converted
to a one-dimensional pattern by integrating with x over all sectors
(but avoiding the beam stop region). The baseline was determined by
subtracting the air background and fitted using quadratic baseline as we
described previously.F]

Mechanical Tests: Uniaxial tensile tests were performed on an Instron
3366 (Norwood, MA, USA) testing frame equipped with a 100 N capacity
load cell and Biopuls pneumatic clamps. Autoclaved rectangular shape
silk-tropoelastin films (5 mm x 4 cm) were hydrated in 0.1 M phosphate-
buffered saline (PBS) for 12 h to reach a swelling equilibrium prior to
testing. Test samples were submerged in the temperature-controlled
testing container filled with 37 °C PBS. A displacement control mode
with a crosshead displacement rate of 5 mm min~' was used with a
gauge length of 15 mm. The initial elastic modulus, elongation ratio,
yield stress, and ultimate tensile strength were calculated from stress/
strain plots. The elastic modulus was calculated by using a least-
squares fitting between 0.05 N load and 5% strain past this initial load
point. The elongation to failure ratio was determined as the last data
point before a >10% decrease in load (failure strain minus the strain
corresponding to 0.05 N load noted earlier). The yield strength was
determined by offsetting the least-squares line by 2% strain and finding
the data intercept. Tensile strength was defined as the highest stress
value attained during the test. Each sample set (n = 6) was statistically
analyzed by Student t-tests.

Primary Cortical Neuronal Culture: Primary cortical neurons from
embryonic day 18 (E18) Sprague Dawley rats (Charles River, Wilmington,
MA, USA) were plated on 96-well plates with autoclaved silk-tropoelastin
protein films (=30 um thickness), and the control wells were coated
with 20 ng/mL poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA) (n =
8 for each condition). Brain tissues were collected in Dr. Steve Moss's
laboratory at Center for Neuroscience Research of Tufts University.
200 000 cells were plated per well (625 000 cells/cm?) then cultured
in NeuroBasal media (Invitrogen, Carlsbad, CA, USA) supplemented
with B-27 neural supplement, penicillin/streptomycin (100 U/mL and
100 pg/mL), and GlutaMax (2 mM) (Invitrogen). Cells were cultured at
37 °Cin 100% humidity and 5% CO, for up to 10 days in vitro.

Cell Viability Assay: Cell viability was assessed using a LIVE/DEAD Assay
Kit (Invitrogen). Briefly, culture medium was replaced with Dulbecco’s
phosphate-buffered saline (DPBS; Invitrogen) containing calcein AM
(4 uM) and ethidium homodimer-1 (2 uM). After 30 min incubation
at 37 °C, the cells were changed into fresh culture media, and viewed
under a fluorescence microscope (Leica DM IL; Leica Microsystems,
Wetzlar, Germany) equipped with a digital camera (Leica DFC340
FX). Fluorescence images were acquired by excitation at 470 nm +
20 nm and emission at 525 + 25 nm for live cells, and excitation at
560 nm £ 20 nm and emission at 645 nm = 40 nm for dead cells. Images
were analyzed using NIH Image) software. Particles of positive staining
with sizes between 10 and 50 pum were counted as individual cells,
whereas those with sizes above 100 um were counted as clusters. “Live
growth area fraction”, “Dead cell count per image” and “Live cell cluster
size” were determined as the area with positive live staining divided
by the total area of the image, the number of particles of positive dead
staining divided by total number of particles, and the area of a cluster
with positive live staining, respectively.

Immunostaining of Cells: Cells were fixed with 4% paraformaldehyde
(Fisher Scientific, Pittsburgh, PA, USA) for 20 min, washed, permeablized
with 0.1% Triton X-100 (Fisher Scientific) including 4% goat serum
(Sigma) for 20 min, followed with incubation of primary antibodies
overnight at 4 °C. After three 10 min washes, cells were incubated
with secondary antibodies for 1 h at room temperature, followed with
extensive washes. Mouse monoclonal anti-lll-tubulin (b3TB, 1:1000;
Sigma), rabbit polyclonal anti-glial fibrillary acidic protein (GFAP, 1:500;
Sigma), and goat anti-mouse Alexa 488 and 568 (1:250; Invitrogen)
secondary antibodies were used.

Statistical Analysis: Statistical differences were determined using
a Mann-Whitney U test (Independent t-test, SPSS). Statistical
significance was assigned as #p < 0.05, ##p < 0.07 and #:#:#p < 0.001,
respectively.
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