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Engineered extracellular matrices (eECMs) that broadly mimic the in vivo
microenvironment while offering several tunable parameters provide physiological yet
finely controlled matrix-cell signals for tissue engineering applications. The ideal eECM has
nanofibrous architecture, tissue-like mechanics, and specific bioactive ligands, each of
which should be adjustable over a physiological range for desired applications. To meet this
need, a multivariately tunable family of recombinant elastin-like proteins (ELPs) is
electrospun into an implantable, nanofibrous fabric from aqueous solution. Although
electrospinning of recombinant proteins is not a new idea, previous efforts have relied on
blending with synthetic polymers or crosslinking with non-specific fixatives to achieve
stable fibrous matrices. These processes decrease the physiological verisimilitude and
specificity of protein nanofibers, thus defeating the purpose of protein-based biomaterials.
Here, by analyzing ELP's thermodynamic behavior, we devise a novel, sequence-specific,
sequential process comprised of vapor-phase initiation and aqueous completion of crosslinks
(Figure 1 a). Sequence-specific crosslinking (a) preserves arginine-glycine-aspartic acid
(RGD) ligands, expressed along the protein's backbone, through nanofabrication and (b)
provides stable nanotopology and native-like mechanics for cell-matrix interactions.
Individual fibers are ribbon-like (thickness of 190 ± 60 nm) with tunable widths (1.2–1.8 μ
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m), and bulk implantable matrices have tissue-like compliance (tensile modulus of 62 ± 6
kPa). Applying coherent anti-Stokes Raman scattering (CARS) microscopy, which requires
no labeling or chemical post-processing and thus preserves cell-matrix adhesions, we
confirm the close interaction between rat marrow stromal cells (rMSCs) and the eECM.

Protein-engineered materials modularly incorporate extended peptide sequences to achieve
functional and structural diversity.[1] Classical ELPs feature sequential repeats of valine-
proline-glycine-X-glycine (VPGXG, where X is any amino acid) that enable facile
purification, controlled crosslinking, and rubber-like elasticity.[2] ELP mechanically mimics
native elastin,[3] which is an attractive target for nanofabrication in tissue-engineered
constructs because of limited in vivo production of elastin fibers post-development.
Likewise, many diseases involve mechanical dysregulation by degraded elastin fibers as
both symptom and etiology.[4] Selection of lysine for the X-residue position enables
crosslinking with amine-reactive small molecules, preserving elasticity while allowing
stoichiometric control of crosslinking density and hence mechanical properties.[5] The
position of lysine (Figure S1 of the Supporting Information (SI)) minimizes distortion of
bioactive sequences, enabling simultaneous control of bioactivity and mechanics.[6] Specific
bioactive domains designed into ELP hydrogels include fibronectin- and laminin-derived
adhesion ligands, juxtacrine ligands,[7] and enzyme-specific cleavage sites.[8,9] While this
compositional tunability results in materials whose mechanics, cell adhesion, and proteolytic
degradation can be multifactorially optimized for specific tissue engineering applications,
ELP hydrogels are typically amorphous and lack the nanofibrous architecture inherent in
native extracellular matrix. Elastin-based protein nanofibers, which are decorated with
bioactive, sequence-specific ligands in vivo, are an essential constituent of mammalian
tissues and a goal for biomimetic eECMs.[10]

To impose biomimetic architecture on this eECM, we demonstrate electrospinning of pure
ELPs into nanofibrous fabrics. Electrospinning is a versatile and scalable nanofabrication
technique that has been applied to many medically relevant polymers.[11,12] Pure ELP has
not been nanofabricated as a mimetic eECM because, without intervention, ELP fibers
rapidly degrade under physiological conditions. Existing interventions to stabilize ELP
fibers include blending with polycaprolactone before spinning,[13] genetically incorporating
silk-like crosslinking domains,[14] and chemically incorporating methacrylate to enable
radical-mediated photo-crosslinking.[15] Although effective, these approaches may
negatively impact the biomimetic mechanical and bioactive properties of ELPs.
Incorporation of other polymers or silk-like domains will likely alter the nanoscale
mechanics of ELP fibers with unknown biological consequences. Furthermore, synthetic
polymers can adsorb soluble proteins resulting in altered cell-substrate interactions.[16]

Finally, radical chemistry, which is inherently non-specific, may interfere with both
mechanical and bioactive properties. Extensive crosslinking within the VPGXG repeat may
prevent proper folding into β-spirals, which are thought to be required for ELP rubber-like
elasticity.[17] Similarly, crosslinking must be orthogonal to sequence-expressed ligands to
preserve both bioactivity and reductive tunability. To achieve a tunable eECM with native-
like nanoscale context, a crosslinking strategy that respects sequence specificity is needed.
With a similar aim, pure solutions of recombinant tropoelastin in polyfluorinated solvents
were electrospun and crosslinked with glutaraldehyde to form cytocompatible fabrics.[18,19]

This previous work motivates exploration of glutaraldehyde, which preferentially reacts with
lysine, as a fixation strategy for modular, protein-engineered ELPs.

Prior to electrospinning, ELPs (37.6 kDa) are expressed in Escherichia coli, purified, and
suspended in deionized water (35% w/w). The resulting solutions are electrospun, producing
a fibrous mesh. Without any crosslinking at all, fibers disassemble and loose their structural
morphology almost immediately after exposure to a physiological buffer, phosphate-
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buffered saline (PBS, 0.137 mM sodium chloride (NaCl)) (Figure S2a of the SI). Although
ELPs exhibit a lower-critical solution temperature (LCST) that is below physiological
temperature (37 °C) in PBS,[8] the semi-soluble electrospun fibers disassemble and dissolve
within one week at these conditions due to dynamic equilibrium and medium changes
(Figure 1 a). These results are consistent with ELP's LCST behavior, which means that it
remains fully soluble at temperatures below the LCST and that it partitions into polymer-
rich and polymer-lean phases above the LCST. While this level of degradability may be
appropriate for certain medical uses, the ability to maintain fabric stability over longer time
periods is essential for tissue engineering.

To address this need, we have used thermodynamic analysis to develop a novel, two-stage
crosslinking protocol that dramatically improves fiber stability: after crosslinking, fibers
elute less than 2% of their total mass during one week of standard culture conditions (Figure
1 a). Non-linear CARS microscopy, which requires no labeling or post-processing of the
ELP material, reveals the presence of distinct nanofiber morphology throughout the bulk
after two weeks in physiological buffer (Figure 1 b). This effective and sequence-specific
crosslinking is essential to the use of electrospun ELP as a tunable eECM.

In more detail, our two-step crosslinking process consists of a vapor-phase initiation
followed by an aqueous-phase completion of crosslinks (Figure 1 c). During the first step,
we treat fabrics with glutaraldehyde vapor, which has been used to stabilize electrospun
fibers of other recombinant proteins.[20] Introduction of glutaraldehyde in the vapor-phase,
as opposed to liquid-phase, prevents dissolution of ELP fibers or distortion of fiber
morphology. In addition, glutaraldehyde vapor is restricted to the high vapor pressure
monomeric species, which is a homobifunctional small molecule (100 Da). Importantly,
monomeric glutaraldehyde preferentially reacts with the primary amine side chain of
lysines.[21] This crosslinking specificity prevents conformational disruption of bioactive
sequences and preserves the elastomeric secondary structure of VPGXG repeats. Lysine-
specific crosslinks are also essential to formation of elastic fibers in vivo.[22] Conversely,
aqueous glutaraldehyde is capable of forming high molecular weight oligomers, which react
with less specificity for primary amines. Using glutaraldehyde vapor to initiate crosslinking
avoids dissolution while targeting a specific sequence that tolerates modification without
disrupting mechanical or bioactive sequences.

After this initial crosslinking step, hydrating the fibers in PBS results in partial disassembly,
i.e., fibers appear to fray and to aggregate (Figure S2 of the SI). Based on this result, we
hypothesized that during vapor-phase initiation of crosslinking, on average only one of
glutaraldehyde's functional groups reacts with the protein, effectively conjugating a reactive
aldehyde to the ELP. Monomeric glutaraldehyde is 7.5 Å in length, and during vapor-phase
crosslinking, proteins are entrapped in dry fibers with little mobility. To form a complete
crosslink, the other reactive group must find a primary amine on an adjacent protein. We
reasoned that increasing the protein mobility by hydrating the nanofibers with a minimal
volume of buffer would allow the reactive aldehyde to “find” another primary amine and
hence complete the crosslinking reaction. As proof of this idea, a second crosslinking step
was designed, during which nanofibers are hydrated in a small volume of concentrated NaCl
buffer without any additional glutaraldehyde crosslinking molecules added to the aqueous
phase. ELP nanofibers treated in this manner were observed to stay uniform and discrete
even after replacement of the high salt buffer with a physiological medium (Figure 1 a,b;
Figure S2 of the SI). This increase in nanofiber stability demonstrates that the
glutaraldehyde crosslinks that were initiated in the vapor phase were able to be completed in
the aqueous phase.
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To determine the buffer requirements for this crosslinking completion step, we evaluated the
ELP's thermodynamics-driven LCST behavior. The hydration buffer must be selected to
minimize ELP dissolution while enabling chain mobility to promote crosslinking
completion. Consistent with results on other ELP molecules, [23] the LCST is found to
decrease in more concentrated NaCl solutions (from 0.1–0.7 M) and in more concentrated
ELP solutions (from 0.005 to 0.025 mass ELP per volume buffer) (Figure 1 d). These data
led us to compare two hydration volumes of a high-salt buffer (10× phosphate-buffered
saline, PBS, with 1.4 M NaCl), corresponding to ELP concentrations of 0.005 and 0.083 w/
v. As predicted by the LCST data, fiber stability is significantly improved upon use of the
lesser hydration volume for the crosslinking completion step, which decreases the ELP
solubility (Figure 1 e). Taken together, these results demonstrate that this novel, two-stage
crosslinking protocol results in preservation of the nanofibrous, 3D architecture over a
period relevant for in vitro studies of cell-matrix interactions.

Stable ELP nanofibers are characterized to determine if nanofiber morphology, mechanics,
and cell adhesion can be tuned to fall within the range necessary for use as tissue
engineering scaffolds. Fibers are spun from pure ELP solutions of two concentrations: 25%
and 35% w/w, both of which produced ribbon-like nanofibers (Figure 2 a,b). Further
quantitation using scanning electron microscopy (SEM, n > 100 fibers) shows that nanofiber
width and thickness exhibit Gaussian distributions (Figure 2 c). Increasing the ELP fraction
in solution increases the anisotropy of the fibers. While fiber thickness, defined as the cross-
section's minor axis, is similar (180 ± 50 nm and 190 ± 60 nm), fiber width, i.e., the cross-
section's major axis, increases for higher ELP weight fractions (1.2 ± 0.3 μ m and 1.8 ± 0.4
μm for 25% w/w and 35% w/w, respectively). Mechanistically, protein chain entanglements
increase in density with polymer mass fraction. These chain entanglements increase fiber
cross-section by sterically resisting electrostatic-driven narrowing of the fluidic
electrospinning jet.[24] Fibers reach their final conformation once solvent fully evaporates
from the jet, entrapping constituent polymers. Difference in the width and thickness of fibers
is thought to be a consequence of drying inhomogeneity: the inchoate fiber's cross-section
becomes elliptical as the dry, entrapped shell collapses into the still fluid, extending core.[25]

Overall, we can control the nanoscale architecture of electrospun ELP by simply changing
the polymer fraction in the pre-spinning solution.

Appropriately for a tunable, bioactive material, ribbon-like fibers have greater surface area
than cylindrical fibers of the same cross-sectional area. This fabrication increases the
potential number of ligands accessible for cell-matrix interaction, enabling a greater
effective range of matrix-displayed ligand density. Moreover, native elastin fibers are often
ribbon-like, including those in the smooth muscle of the vascular tunica media (width 0.9 –
1.7 μ m)[26] and the dermis (1.0 – 3.5 μ m).[27] This similarity to native tissues makes
nanofibrous ELP an architecturally relevant eECM for a variety of tissue engineering
applications.

To be clinically relevant, eECMs must have the capacity to be fabricated as bulk, tissue-
scale constructs. Deposition of ~4 mg ELP per cm2 produces a free-standing, implantable
fabric (Figure 2 d). Tensile testing (n = 5) indicates an elastic modulus of 62 ± 6 kPa, as
measured in the linear range of deformation from 0.7 to 1.3 strain. Fabrics are highly
extensible and, after a toe region, deform linearly to rupture, with maximum strain of 1.8 ±
0.1 (Figure 2 e). These mechanical properties are relevant to soft tissues, such as smooth
muscle, which has a tensile modulus of 100 ± 20 kPa at rest.[28] Tissue-like mechanical
properties are critical for achieving functional outcomes, such as differentiation.[29]

Although not explored here, mechanical properties of ELP constructs can be tailored by
controlling crosslink density through glutaraldehyde stoichiometry.[21]
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Modular protein-engineering of the ELP family enables, in addition to sequence-targeted
crosslinking, reductionist tuning of bioactive ligand density. By blending the RGD-bearing
ELP (ELP-RGD) with an otherwise identical ELP variant that includes a non-cell-adhesive
scrambled ligand sequence (ELP-RDG),[30] the exact concentration of RGD ligands in the
nanofibers is controlled without altering any of the other material properties, including
swelling ratio, surface charge, fiber morphology, or crosslinking density. To confirm that the
RGD ligand retains its bioactivity during electrospinning and crosslinking, the adhesion and
metabolic activity of rMSCs is evaluated. After one day in serum-free medium, metabolic
activity on the non-adhesive ELP-RDG fabric is significantly less than the ELP-RGD fabric
and the glass control (n = 3, p < 0.02) (Figure 3 a). Comparing the glass control to ELP-
RDG, these data suggest that ELP-RDG reduces non-specific cell adhesion and survival. As
a β1 integrin-dependent cell type,[31] it is not surprising that rMSCs have a pro-survival
response to the presence of the RGD ligand, which is derived from a domain in fibronectin
that activates the β1-family integrins.[32] Specific control of signaling from these integrins is
expected to be of clinical relevance because MSCs are an expandable, autologous source of
tissue-plastic cells.

The capacity to investigate cell-fiber interactions unaltered by any labeling chemistries
whatsoever in a nanofibrous context is an advantage of this eECM. Using CARS
microscopy, a label-free imaging modality that is compatible with 3D studies (Figure 1 c)
and live imaging,[33] we see close adhesion between cell membranes and fibers of the ELP
matrix, with cells spanning multiple fibers (Figure 3 b–d). For these experiments, in which
excitation wavenumbers are varied to optimize protein/lipid contrast, ELP-RGD was chosen
as the constituent protein to increase the likelihood of cell-fiber interaction. By probing the
carbon-hydrogen vibrations at 2845 cm−1 and 2930 cm−1, contrast is obtained for lipid- and
protein-rich structures, respectively. Thus, the cell membrane, internal lipid stores, and the
nanofibrous ELP can be resolved. Imprints of nanofibers in the cell membrane, i.e., relative
decreases in the lipid signal that coincide with enhanced protein fiber signal, are evident
(Figure 3 c), proving close interactions between rMSCs and nanofibers under native-like
conditions without any artificial contrast enhancement that may affect the scaffold
architecture or cell-scaffold adhesions. In addition to confirming cell-fiber interactions after
electrospinning and the novel two-step crosslinking procedure, these results foreshadow the
exciting possibility of real-time analysis of tissue dynamics within a nanofibrous eECM
using CARS microscopy, which is free of potential artifacts caused by cell labeling.

Overall, our results demonstrate the successful sequence-targeted stabilization of mimetic
eECMs nanofabricated from a highly tunable family of ELPs. Taking advantage of the
thermodynamic behavior of glutaraldehyde and ELP, we have developed a novel, two-stage
protocol that preserves native-like mechanics and matrix-displayed ligands while adding
tunable and physiological nanotopology. Within the context of the broader field of protein
electrospinning, this advance obviates the need for synthetic polymeric additives or non-
specific fixatives, which countervail both the bio-compatibility and specificity of protein-
based biomaterials. Although previous engineering of the ELP family enabled tuning of
elastic modulus, biodegradation rate, and density of matrix-displayed ligands within
amorphous hydro-gels, nanofabrication and crosslinking enables tuning of the matrix
morphology to achieve a more mimetic, nanofibrous microenvironment. By simply
changing the mass fraction of ELP in the spinning solution, we gain additional control over
fiber dimension. Reductive control of multiple parameters is essential for optimizing
materials for specific tissue-engineering applications. Ultimately, the ability to orthogonally
stabilize nanofibrous protein matrices that are electrospun from tunable ELPs has the
potential to deliver a new level of control over the behavior of cells and engineered tissues.
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Experimental Section
Scanning electron microscopy, quantification of LCST, tensile testing, culture of rMSCs,
and confocal fluorescent microscopy

The techniques are performed according to standard protocols and are described in the SI.

ELP synthesis and processing
All protein sequences were cloned, expressed, and purified as previously described, unless
otherwise noted.[8] To de-salt before lyophilization, solutions were dialyzed three times
(10,000 molecular weight cutoff, 4 h, 4 ° C, deionized water). For electrospinning (NaBond
electrospinning unit), protein solutions were extruded (0.2 mL h−1) through a blunt needle
(stainless steel, 32 gauge, room temperature). An electric field (15 kV, 15 cm) was applied
from extruder to a plate collector. Fabrics were collected on grounded stainless steel plate (8
h) or on aminopropyltriethoxysilane-aminated glass slides (40 min). Nanofibrous eECMs
were treated in a vacuum chamber containing two separate solutions (10 mL glutaraldehyde
and 10 mL water saturated with potassium chloride, 24 h). For the second crosslinking step,
fabrics were hydrated with varying buffers (1 h, 37 ° C). To quantify protein stability, the
hydration buffer is diluted to 300 μL with PBS. At each time point, soluble ELP is measured
by bicinchoninic acid assay (BCA assay, Sigma). For cell culture, fabrics are sterilized and
reactive aldehydes are quenched by autoclaving with 2% w/v lysine.

CARS microscopy
The set-up for CARS microscopy is described in the SI and in detail elsewhere.[33] Samples
were imaged in unlabeled, hydrated conditions. Both cells and ELP generate a CARS signal
at 2845 cm−1, whereas ELP only displays a distinct resonance at 2930 cm−1. With imaging
software (ImageJ) the cells were identified by subtracting the 2930 cm−1 from the 2845
cm−1 image.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Stability of nanofibrous ELP. a) Comparison of protein loss in physiological conditions over
eight days from untreated fabrics and two-stage crosslinked fabrics. b) CARS microscopy
(2930 cm−1) 3D view of nanofibers after two weeks in physiological buffer. c) Schematic of
two-stage crosslinking strategy. Crosslinking is initiated by exposing matrices to
glutaraldehyde vapor. Complete crosslinks are formed after hydration in a concentrated
sodium chloride buffer. d) LCST of ELP in varying buffer conditions. e) Comparison of
overnight protein loss at physiological conditions for fabrics hydrated in varying w/v, ELP
per 10× phosphate-buffered saline (PBS), during the aqueous crosslinking completion step.
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Figure 2.
Physical characterization of electrospun ELP. a) SEM of fibers spun from aqueous solutions
of a) 20%, and b) 35% w/w ELP. c) Histograms and Gaussian fits of nanofiber width and
thickness (n > 100) from both solutions. d) An implantable bulk fabric in PBS, and e) a
representative tensile stress-strain curve.
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Figure 3.
Bioactivity of the RGD ligand. a) Metabolic activity of rMSCs after 24 h in serum-free
medium on ELP-RGD (8.4 mM RGD) or ELP-RDG (0 mM RGD) fabrics or glass control (n
= 3). Maximal projection images obtained by CARS microscopy of rMSC after 24 h in
standard conditions on electrospun ELP-RGD: b) nanofibers, c) rMSCs, d) overlay. Close
contact is suggested by imprints of nanofibers on the cell membrane, white arrow.
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