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Abstract
The unique biomechanical properties of native tissue are governed by the organization and
composition of integrated collagen and elastin networks. We report an approach for fabricating
spatially aligned, fiber-reinforced composites (FRC) with adjustable collagen fiber dimensions,
layouts, and distribution within an elastin-like protein matrix yielding a biocomposite with
controllable mechanical responses. Microtransfer molding is employed for the fabrication of
hollow and solid collagen fibers with straight or crimped fiber geometries. Collagen fibers (width:
2 – 50 μm, thickness: 300 nm – 3 μm) exhibit a Young’s modulus of 126 ± 61 MPa and an
ultimate tensile strength (UTS) of 7 ± 3.2 MPa. As fiber networks within composite structures,
straight fiber layouts display orthotropic responses with Young’s modulus ranging from 0.95 ±
0.35 to 10.4 ± 0.5 MPa and tensile strength from 0.22 ± 0.08 to 0.87 ± 0.5 MPa with increasing
fraction of collagen fibers (1–10% v/v). In contrast, composites based on crimped fiber layouts
exhibit strain-dependent stiffness with an increase in Young’s modulus from 0.7 ± 0.14 MPa to
3.15 ± 0.49 MPa, at a specific transition strain. Through controlling the microstructure of
engineered collagen fiber networks, a facile means has been established to control macroscale
mechanical responses of composite protein-based materials.
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1. Introduction
Collagen fiber networks and elastin are the primary architectural elements in nearly all
forms of tissue. These extracellular components dictate both a biological and mechanical
microenvironment for normal cell function, as well as bear and transmit loads as
encountered by the tissue. While collagen provides strength and mechanical integrity, elastin
is responsible for resilience and tissue compliance and both are critical components for
shape and energy recovery when tissue structures are subjected to deformation loading.
Indeed, in many tissues collagen fibers may be crimped, which allows the more resilient
intervening elastomeric matrix to sustain repetitive small loading forces, while reserving the
stronger collagen fiber network, as the principle load-bearing element in response to high
strain deformation.[1] All told, the geometry and 3-dimensional spatial layout of collagen
fiber networks has a profound influence on tissue biomechanical properties, as well as
associated cell behavior. Despite our recognition of these important design features,
biofabrication strategies to generate and assemble collagen fiber networks either alone or in
association with elastin-mimetic protein polymers remain limited. The development of such
approaches will be a necessary step for the engineering of robust artificial living tissues with
well-defined mechanical and biological properties.

Similar to other approaches described for the production of microscale polymeric fibers,
conventional approaches which have been described for the fabrication of collagen
microfibers include electrospinning [2]–[5] and wet-spinning. [6][12] Electrospun fibrous
composite materials produced from aqueous mixtures of collagen and elastin and blends of
collagen and elastin with other polymers, such as polydioxanone and poly(lactic-co-glycolic
acid) (PLGA) have been reported. [13]–[16] However, collagen fibril self-assembly, as
indicated by the presence of D-periodic banding, is not typically observed using these
approaches. [17] Fiber reinforced composite materials constructed from wet-spun collagen
fibers within an elastin-mimetic matrix have been demonstrated. The ability to modulate
mechanical properties of such composites has been demonstrated by varying fiber
organization[18] and through the induction of defined fiber crimp.[19] But the fiber diameters
(25–200 μm) obtained by wet spinning are relatively large as compared to that observed in
native tissue. Moreover, varying the geometric or organizational features of dense fiber
arrays involves highly controlled manual techniques. In general, extrusion-based approaches
for fiber production are limited in their ability to precisely control fiber shape, dimension,
spatial layouts, and packing densities.

MEMS processing technology offers the size scale and resolution necessary to mimic native
tissue architectures and also the ability to create organized 2-dimensional (2D) and 3-
dimensional (3D) structures. Consequently, micropatterning approaches have been utilized
for controlling the spatial organization and surface topology of tissue scaffolds. While
synthetic material scaffolds have been developed using MEMS patterning approaches, such
as microsterolithography, [20] optical lithography, [21] and laser micromachining, [22]

micromolding offers the most benign processing approach for naturally derived
materials.[23]–[24]

This report presents the development of a MEMS-based micromolding approach suitable for
the fabrication of microfibers and fiber-reinforced composites by reconstituting monomeric
collagen as microfibers within an elastin-mimetic protein polymer matrix. It was postulated
that the use of microfabrication processes to sculpt and demold collagen would produce
fibers on dimensional scales similar to those observed in native tissues and with controllable
in-plane and out-of-plane geometries obviating any manual handling of fibers to induce
crimped structure. In this manner, a laminated 3D framework could be used for engineering
synthetic tissue with adjustable mechanical characteristics.
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2. Results and discussion
2.1. Fabrication of spatially designed collagen fiber reinforced elastin-like protein polymer
composites

The molding-based fabrication approach for collagen type I microfibers has been briefly
described in an earlier report.[25] Figure 1 illustrates the fabrication process for in-plane
fiber networks. For in-plane fibers, trenches with the designed fiber network layouts were
defined by photolithography on a silicon wafer and etched into the silicon wafer using
inductively coupled plasma (ICP) etching. A thin film (600 – 800 nm) of parylene was
deposited on the template to facilitate subsequent collagen fiber release. A conformal
collagen film from solubilized collagen in 10 mM HCl was solvent cast onto the template.
Collagen fibrillogenesis was triggered by neutralizing the solvent cast collagen film with a
buffer solution at 37°C. The resultant collagen film was crosslinked in vapor phase
glutaraldehyde. A thin layer of water-soluble polymer, polyvinyl pyrrolidone (PVP), was
solvent cast onto the collagen film. The PVP film served to protect discrete regions of
collagen during the subsequent etching process. It also provided rigidity to the material
being etched, preventing delamination of the collagen film during processing. A
combination of dry mechanical polishing and oxygen plasma reactive ion etching (RIE) was
utilized to partially etch PVP and collagen, consequently yielding individual collagen
microfibers in the trenches. To facilitate removal of fiber networks, a second layer of PVP
was cast. Water-soluble tape (1stMaskingTape Inc., Torrance, CA) was used to demold the
collagen fiber network.

Silicon templates for the fabrication of out-of-plane crimped fibers were constructed to have
a multi-depth structure necessary for delineating out-of-plane geometries (Fig. 2a).
Sequential ICP and potassium hydroxide (KOH) etching steps were used to achieve this
(Fig. 2b–g). A 1 μm thick silicon dioxide (SiO2) layer was thermally grown on a silicon
wafer. Photolithography and ICP etching of SiO2 were then used to define straight patterns
in the SiO2 layer. Straight photoresist patterns were defined perpendicular to the SiO2
straight patterns and ICP etching used to etch silicon to obtain a depth equal to the
differential of the total depth, D, and two times the crimp amplitude, A. The photoresist
layer was then etched using acetone and RIE. ICP etching was then performed to further
etch the desired depth of A. The silicon template was immersed in a KOH bath to etch
bridges between the structures that define the fibers and create slightly reentrant silicon
trench sidewalls. Sequential spray coating was used to cast collagen onto the template. The
multi-depth templates designed for out-of-plane crimped fibers prevented collagen from
depositing on the reentrant sidewalls, forming undulated fibers pre-separated from one
another. The individual fiber network was then transferred to a water-soluble tape.

In-plane collagen fiber networks were transferred to an elastin-like protein polymer matrix,
LysB10, which exhibited a distinctive sol-gel transition temperature at 13°C in water (Fig.
3).[26] A film of elastin-like protein polymer was cast onto the water-soluble film securing
the collagen fiber network. The processing was carried out at 4 °C using an elastin solution
that gelled at 37°C. The water-soluble film was dissolved in water, leaving behind collagen
fibers embedded in the elastin-like protein polymer matrix. A single lamellar sheet of the
fiber composite was designed to be 100 μm thick in the hydrated state with the aid of plastic
spacers. Fiber delamination and entanglement were observed during the elastin casting
process when using networks of independent fibers. Entanglement could be prevented by
designing collagen fiber networks with periodic interconnecting bridges (periodicity: 250,
500 μm). Multi-lamellar composites were fabricated by stacking and incubating desired
number of individual sheets at 4°C for 17 h to liquefy and fuse the elastin-like matrix, which
were compressed to a final film thickness of 100 μm using plastic spacers, and then
crosslinked in a 0.5% glutaraldehyde solution. Glutaraldehyde, although a very common
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crosslinking agent for collagen, has reported drawbacks of cytotoxicity and poor
biocompatibility and may generate an untoward inflammatory response. [28] [29][30] Post-
treatment approaches and alternate crosslinking methods continue to be explored as a means
of improving biological responses to crosslinked materials.[31]

The spatial layouts of the collagen microfiber networks could be controlled using
appropriate silicon template designs with desired geometries in the horizontal and vertical
planes. Layouts included unidirectional straight, in-plane crimped, and out-of-plane crimped
fibers (Fig. 4a–e). Fine control over fiber dimensions, packing densities, and layouts could
be obtained through this approach with the amplitude and wavelength of crimped fibers
defined by template design. This scheme was used to fabricate fibers with widths spanning
from 2 μm (length: 2 cm) to 50 μm (length: 4 cm), and fiber thicknesses varying from 300
nm to 3 μm. The finest fiber achieved using this process was 2 μm in width with a thickness
of 300 nm (Fig. 4f). The conditions in this fabrication approach promoted self-assembly of
collagen monomers into fibrils with a D-periodic banding of 68 ± 3 nm, as measured by
AFM, consistent with native collagen (Fig. 4g).[32]

Fiber dimensions and shapes were controlled by template design and properties of the
collagen solution. In particular, for a given template, fiber wall thickness was a function of
the concentration and volume of the collagen solution, where thickness could be
approximated by the equation (1).

(1)

where Td = dry cast film thickness, Tw = wet film thickness, M = % of solid collagen in the
solution, V = collagen solution volume, S = effective surface area of the template used for
solvent casting, C = collagen concentration, and ρ= collagen density.

Measured fiber wall thickness values followed the same trend as the estimated values with
differences arising from loss of the solution to the base of the template (Fig. 5a). Hollow or
solid fibers could be obtained by regulating the depth of the template and collagen solution
properties (Fig. 5b–c). Solid ribbon-like fibers were fabricated by casting collagen films to
fill shallow trenches (< 6 μm), while the deposition of a thin conformal collagen film
yielded hollow fibers.

Fiber reinforced lamellae with straight and in-plane crimped collagen fibers embedded in an
elastin-like matrix could be produced.. Loss of fiber alignment (Fig. 6a) could be prevented
through bridges between the patterned fibers (Fig. 6b–c) The fiber volume fraction could be
enhanced by creation of multilammelar constructs with the final structure compressed to 100
μm thickness (Fig. 6d).

2.2. Mechanical characterization of collagen microfibers, elastin-like protein matrix, and
collagen fiber reinforced composites

The collagen fiber networks, the elastin-like matrix, and composite materials were tested for
their uniaxial stress-strain mechanical properties. Fiber widths of 100 μm, 20 μm, and 25 μm
were selected to facilitate handling and characterization of individual fibers, non-crimped
fiber composites, and in-plane crimped fiber composites, respectively. Collagen fibers with
a thickness of 2 μm were sectioned into 14 mm long segments. Hydrated elastin-like matrix
and composite films were produced with dimension of 14 mm × 3 mm × 100 μm for
mechanical studies with a gauge length of 8 mm for all samples. Non-crimped fiber
reinforced composites were oriented either parallel or perpendicular to the long fiber axis for
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measurement of longitudinal and transverse properties, respectively. Composites with a fiber
volume fraction of 1, 4, 8, and 10% were characterized. In-plane crimped fiber composites
with a fiber volume fraction of 4% were tested in the direction of the fibers. Specimens were
tested in the hydrated state.

The specimen was mounted on the Dynamic Mechanical Analysis (DMA) equipment
(Rheometric Inc.). A longitudinal loading strain rate of 0.64%/sec was applied to each
specimen until failure and the applied loads recorded. The stress-strain curves were derived
by measuring the force experienced by the specimen for each unit strain and engineering
stresses calculated using the hydrated cross-sectional area of the material. Young’s modulus,
ultimate tensile strength, and strain to failure were analyzed from the derived engineering
stress-strain curves. The Young’s modulus was determined by the slope of the stress-strain
curve in the elastic regime. For all the parameters, the mean and standard deviation were
evaluated from different measurements, generally for a sample size of three or more.

Collagen fibers exhibited a Young’s modulus of 126 ± 61 MPa, a failure strain of 5.4 ±
2.2%, and UTS of 7 ± 3.2 MPa. The collagen fibers were 50–100 times stiffer than elastin-
like protein films that displayed low stiffness (0.25 ± 0.21 MPa) and strength (0.19 ± 0.05
MPa), but were highly extensible and underwent considerable deformation before failure
(190 ± 65%).

Collagen microfibers produced using various wet-spinning approaches have displayed
Young’s moduli of 58–895 MPa, a tensile strength of 24–91 MPa, and strain-to-failure of 7–
18%. The observed Young’s modulus and failure strain for fibers produced by microtransfer
molding was in the lower range of these values with a tensile strength 3-fold lower than that
observed for wet-spun fibers. This may be due to the induced alignment of collagen fibrils in
response to forces present during both wet spinning and subsequent fiber drawing. While the
template-based method yields excellent fiber alignment, fibrils within a given fiber did not
display a specific orientation by AFM imaging. Directional alignment of self-assembled
collagen fibrils has been reported through the application of hydrodynamic, electric,
magnetic, and strain-induced forces. [33][35] The directional alignment of fibrils within
micromolded fibers could potentially be enhanced by integration with one of the
aforementioned approaches.

Unidirectional non-crimped fiber reinforced composites exhibited stiffening in the direction
of the oriented fibers. In particular, Young’s modulus increased from 0.95 ± 0.35 to 10.4 ±
0.5 MPa, UTS increased from 0.22 ± 0.08 to 0.87 ± 0.5 MPa, and failure strains decreased
as the volume fraction of fibers increased within a composite film (Fig. 7a–c). When loaded
perpendicular to the long axis of the fibers, mechanical properties resembled that of the
elastin-like matrix with failure observed at the fiber-matrix interface. Given the low
frequency of bridges along each fiber, their presence did not influence the mechanical
response when the composite was loaded perpendicular to the direction of the aligned fibers.
Native blood vessels are reported to exhibit a Young’s modulus of 1–5 MPa, ultimate tensile
strength of 0.3–11 MPa, and strain to failure of 40–160 %.[36]–[40] Although further
optimization would be required, the mechanical properties of the engineered materials lie
within the cited range for native tissues.

In principle, the fibers and matrix in a composite material function together to exhibit
properties that combine features of both constituents. The stiffness in the direction of the
fiber alignment can be estimated by a sum of fractions of the individual component
properties using the ‘rule of mixtures’:

(2)
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where Ec = Young’s modulus of the FRC, Ef = Young’s modulus of the fibers, Vf =
fiber [41] volume fraction, Em = Young’s modulus of the matrix, and Vm = matrix volume
fraction. As predicted, increasing the fiber volume fraction results in stiffer materials (Fig.
7d). Observed discrepancies may have resulted from errors in determining fiber volume
fraction.

Strain dependent mechanical responses were observed for in-plane crimped FRCs with a
Young’s modulus dominated by the elastin-mimetic matrix at low strains, slightly
augmented by bending of the collagen fibers. At higher strains, as the fibers started to
straighten, the material displayed a high modulus of elasticity characteristic of the stiffer
fibers (Fig. 8a). This transition from a low to high modulus regimes was dictated by the
designed transition strain calculated as a ratio of the differential of the arc length and
wavelength of the fiber crimp to the wavelength of the fiber crimp:

(3)

where εd = designed crimp transition strain, L = crimp arc length, and λ = crimp wavelength
(Fig. 8b). For a designed strain of 27.4%, the measured transition occurred at 20 ± 2.7 %
implying premature stiffening, which may be attributed to the bending stiffness of in-plane
crimped fibers.

At a fiber volume fraction of 4%, the Young’s modulus was observed to transition from 0.7
± 0.14 MPa to 3.15 ± 0.49 MPa forming a toe-region similar to that observed in many native
soft tissues (Fig. 8c). The collagen fibers were stained using Van Gieson’s. The composite
materials were inspected using an optical microscope. As anticipated, the modulus in the
low strain region (< 10%) of composites containing crimped fibers was comparable to, albeit
slightly higher, than the modulus of the elastin-like matrix alone (0.25 ± 0.21 MPa). At
higher strains (> 20%), the modulus of the material was consistent with the modulus of
straight fiber composites with a volume fraction of 4% (3.1 ± 0.42 MPa). The reported low
and high strain modulii for native blood vessels are 0.2–1.1 MPa and 1.5–5.2 MPa,
respectively. The transition strains may range from 25–120 %.[36]–[37], [42]

3. Conclusions
An alternative approach to conventional extrusion-based techniques for the fabrication of
collagen microfibers was designed through the development of a microtransfer molding
process. MEMS processing facilitated the fabrication of precise fiber architectures through
the creation of simple template modifications. Notably, D-periodic collagen microfibers
could be reproduced from the deposition of monomeric collagen. Fiber dimensions are only
constrained by the limits of the photolithography process and, in principle, this approach can
be extended to the fabrication of sub-micron scale fibers. Hollow fiber networks also offer
the potential for drug delivery by constructing fibers loaded with drug particles or cell-based
therapeutics.

Collagen fiber networks were encased within a recombinant elastin-like protein polymer
matrix to form a fiber reinforced protein composite. Significantly, engineering bridges
between fibers supported facile 3-dimensional organization by limiting deformation and
entanglements of the fiber network during transfer of the fibers to the elastin-like protein
matrix.

Several soft tissues are composed of crimped collagen fibers and display strain dependent
mechanical responses. A crimped fiber network was engineered with fiber undulations to
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introduce non-linear dual-elastic behavior. The material transitioned from a low to high
stiffness regime at a transition strain determined by the designed crimp geometry.

In conclusion, these studies demonstrated that microtransfer molding from MEMS derived
templates can be used to generate well defined fiber microstructures and, as a consequence,
composite systems with tunable mechanical responses. Significantly, fiber concentration,
orientation, and layout were all important determinants in the design of versatile protein-
based composites that display both robust strength and extensibility.

4. Experimental
Materials

Collagen type I was isolated from Sprague-Dawley rat tail tendons, as detailed elsewhere
[12]. A recombinant elastin-mimetic protein polymer, LysB10, was expressed from E. coli
and purified, as detailed elsewhere.[[26]]

Fabrication of spatially designed collagen fiber reinforced elastin-like protein polymer
composites

Micromolding templates were fabricated on (100) silicon wafers. A positive photoresist
(Microposit SC 1827, Shipley, Marlborough, MA) was spin coated on the wafer and
patterned using photolithography to define the in-plane fiber network design. The patterns
were etched into the silicon wafer using inductively coupled plasma (ICP, Bosch process,
SF6/CF4) etching. After photoresist removal with acetone, the silicon template was treated
with a parylene adhesion promotion agent (3-(trimethoxysilyl) propyl methacrylate,
Aldrich). A thin film (600 – 800 nm) of parylene was then deposited on the template.
Solvent casting was used to cast a conformal collagen film from solubilized collagen in 10
mM HCl onto the template that was subsequently dried under vacuum (8 kPa). The solvent
cast collagen film was neutralized with an alkaline buffer solution (BS, 4.14 mg/mL
monobasic sodium phosphate, 12.1 mg/mL dibasic sodium phosphate, 6.86 mg/mL TES (N-
tris (hydroxymethyl) methyl-2-aminoethane sulfonic acid sodium salt), 7.89 mg/mL sodium
chloride) and 0.1 mM sodium hydroxide (NaOH) (BS:NaOH, 2:1, pH 11) for 10 hours at
37°C. The resultant collagen film was crosslinked in vapor phase glutaraldehyde (0.5 wt%
glutaric acid dialdehyde in 1× phosphate buffered saline (PBS)). A thin layer of water-
soluble polymer, polyvinyl pyrrolidone (PVP, MW 1,300 kDa, 10 mg/mL in water, film
thickness: 10 μm), was solvent cast onto the collagen film. Dry mechanical polishing and
oxygen plasma RIE were used for creating individual collagen microfibers in the trenches. A
second layer of PVP (MW 1,300 kDa, 22 mg/mL in water, film thickness: 50 μm) was cast.
The collagen fiber network was demolded using a water-soluble tape (1stMaskingTape Inc.,
Torrance, CA).

For silicon templates for out-of-plane crimped fibers, a 1 μm thick SiO2 layer grown on a
silicon wafer using wet thermal oxidation (2.5 h, 1100°C). Straight patterns were defined in
the SiO2 layer using photolithography (with photoresist Microposit SC 1827, Shipley,
Marlborough, MA) and ICP etching of SiO2. The photoresist was etched using acetone and
RIE (oxygen plasma). Straight photoresist (Microposit SC 1827, Shipley, Marlborough,
MA) patterns were defined perpendicular to the SiO2 straight patterns and ICP etching
(Bosch process, SF6/CF4) was used to partially etch silicon as described earlier. The
photoresist layer was etched using acetone and RIE (oxygen plasma) followed by a final ICP
(Bosch process, SF6/CF4) etching step. The silicon template was immersed in a KOH bath
(40%, 80 °C). Sequential spray coating was used to cast collagen (solubilized in 10 mM
HCl) onto the template. The individual fiber network was then transferred to a water-soluble
tape (1stMaskingTape Inc., Torrance, CA).
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A solution of elastin-like protein polymer, LysB10, (50 mg/mL in water) was cast onto the
collagen fiber network at 4°C. The elastin film was gelled at 37°C for 1 hour and the water-
soluble film subsequently dissolved in water at 37°C, leaving behind collagen fibers
embedded in the elastin-like protein polymer matrix. Collagen fibers were stained using Van
Gieson’s and inspected by optical microscopy. Multi-lamellar composites were fabricated by
stacking and incubating individual sheets at 4°C for 17 h to liquefy and fuse the elastin-like
matrix, which were compressed to a final film thickness of 100 μm using plastic spacers,
and then crosslinked in a 0.5% glutaraldehyde solution.

Atomic Force Microscope (AFM) imaging of the collagen fiber structure
The fibrillar structure of the fabricated collagen fibers was examined by AFM (Veeco
nanoscope, CA). The collagen fiber network was mounted onto a silicon chip (2 cm × 2 cm)
and the edges of the network were secured using water-soluble tape. The tape and PVP were
removed by dissolution in water and the fibers allowed to dry on the silicon substrate.
Collagen fibrils were investigated by scanning ten, 2 μm × 2 μm areas, in each network.

Microscopic analysis
All fiber dimensions and layouts were examined using scanning electron microscopy
(SEM). Collagen fibers were stained using Van Gieson’s and inspected by optical
microscopy.

Mechanical characterization of collagen microfibers, elastin-like protein matrix, and
collagen fiber reinforced composites

Uniaxial stress-strain mechanical properties of collagen fiber networks, the elastin-like
matrix, and composite materials were derived using dynamic mechanical analysis (DMA,
Rheometeric Inc.) at a constant strain rate of 0.64%/sec until failure. Individual collagen
fibers were isolated by dissolving the water-soluble film that secured them and mounted
onto a plastic frame. Elastin-like sheets were obtained from films cast from an aqueous
solution (50 mg/mL) onto a glass substrate. Specimens were hydrated by immersing the
sample mount in PBS at 37°C for the duration of the applied load.
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Figure 1. Fabrication process for in-plane collagen fiber networks
(a) Parylene release layer deposition on a silicon template. (b) Collagen film solvent casting,
neutralization, and cross-linking. (c) PVP mask layer solvent casting. (d) Collagen fiber
individualization using mechanical polishing and RIE. (e) PVP film casting and water-
soluble tape application for fiber network extraction. (f) In-plane collagen fiber network on a
water-soluble film.
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Figure 2. Fabrication process for out-of-plane crimped collagen fiber networks
(a) Silicon dioxide and photoresist patterning on a silicon wafer. (b) ICP etching of silicon.
(c) Photoresist removal and ICP etching. (d) KOH etching of silicon for etching the bridges
yielding a reentrant multi-depth template. (e) Collagen spray coating. (d) Out-of-plane
crimped collagen microfiber network on a water-soluble tape.
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Figure 3. Fabrication process for collagen-fiber reinforced elastin-mimetic composite tissue
scaffolds
(a) Casting on collagen microfiber network of an elastin-like protein polymer solution. (b)
Water soluble tape and PVP dissolution yielding a fiber reinforced elastin composite
lamellar sheet. (c) Lamination of multiple fiber reinforced elastin-like protein sheets. (d)
Multilamellar sheet fusion and compression at 4°C.
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Figure 4.
(a) Unsupported individual microfibers after water-soluble film dissolution (scale bar 1
mm). (b) Spatially designed unidirectional straight collagen microfibers (scale bar 50 μm).
(c) In-plane crimped microfibers (scale bar 100 μm). Fiber alignment in (b) and (c) is
maintained using bridges connecting the fibers. (d, e) A multi-depth silicon template and
corresponding out-of-plane crimped microfibers (scale bars 50 μm). (f) A collagen nanofiber
network (fiber width: 2 μm and thickness: 300 nm) demonstrating the dimensional
scalability of this strategy (scale bar 25 μm). (g) An AFM image illustrating the fibrillar
structure and D-periodic banding (inset image) of the developed collagen microfibers.
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Figure 5.
Variation of the fiber wall thickness with (a) collagen solution concentration at a volume of
4 mL and (b) volume of the collagen solution at a concentration of 1.5 mg/mL. (c) A ribbon-
like solid fiber fabricated using a 4 μm deep template (volume: 5 mL, concentration: 2 mg/
mL). (d) A hollow microfiber lumen fabricated using a 20 μm deep template (volume: 3 mL,
concentration: 1.5 mg/mL) (scale bars 20 μm).
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Figure 6.
Collagen-fiber reinforced elastin-mimetic composites. Collagen fibers were selectively
stained red using Van Gieson’s. (a) Fiber networks with independent fibers undergo
entanglement and a loss of alignment during embedding in the elastin-like polymer matrix.
(b) Straight and (b) in-plane crimped fibers with bridges connecting the fibers assist in
retaining the fiber alignment (d) A laminated fiber reinforced composite material illustrating
overlapping fiber network layers.
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Figure 7.
(a) Young’s modulus, (b) ultimate tensile strength, and (c) strain-to-failure for unidirectional
straight fiber composites with volume fractions of 1, 4, 8, and 10 %. Fiber volume fraction
of 0 and 100% indicate elastin-like protein matrix and collagen fibers, respectively. Fiber
reinforced composites were oriented either parallel or perpendicular to the long fiber axis for
measurement of longitudinal and transverse properties, respectively. (d) Measured and
estimated influence of the fiber volume fraction on the Young’s modulus of elasticity.
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Figure 8.
(a) Straightening of fiber undulations with an increasing tensile strain. Microscope images
illustrate a fiber network at 0% and 18±1% strains (scale bars 100 μm). (b) A schematic for
the designed transition strain of the in-plane fiber crimps. (c) Representative stress-strain
curve displays a transition from a low to a high stiffness regime for an in-plane crimped
fiber composite.
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