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ABSTRACT: Multiscale micro−nano fibrous structures are a
cutting-edge research area in material science and have drawn the
attention of scientists in recent years. These structures are widely
distributed in nature’s materials and hold fascinating and unique
properties, such as mechanical behaviors, high surface area to
volume ratio, and special multiscale biological functionalities.
Herein, we demonstrate step-by-step biomimetics of a multiscale
composite material system and the influence of the different
structural mechanisms on mechanical behavior. This is done using
systematic biomimetics and investigation of the mechanical effect
of every constituent. We have fabricated and characterized
mechanically and structurally different material systems to get a
comprehensive understanding of the structure−function relation-
ship in multiscale biomimetic constructs (MSBCs) and examine the influence of the material selection and structure. We first
characterized the electrospun nanofibers made of polyamide 6 (PA6) and gelatin-polyamide 6 (GPA6) and then constructed and
characterized the combined constructs. Our micro−nano fibrous structures were constructed from combined unique coral collagen
microfibers and PA6 and GPA6 nanofibers. These hierarchical structures demonstrated an entangled network of nanobridges among
the micro collagen fibers. However, the GPA6-collagen structures showed better connectivity with the microfibers and were
significantly stiffer and stronger than the PA6-collagen structures due to the material compatibility. Furthermore, our structures
demonstrated a considerable resemblance with soft tissue structures. We embedded the MSBC in alginate hydrogel to form
biocomposites that displayed a hyperelastic nonlinear behavior with significantly improved toughness and a remarkable similarity to
the mechanical behavior of native soft tissues. Our results present great potential to be further developed as tailor-designed
multiscale next-generation specialized structures for soft tissue repair and replacement.
KEYWORDS: micro−nano, mechanical behavior, multiscale, electrospinning, fibrous materials, structural materials, collagen

1. INTRODUCTION
Through billions of years of evolution, soft tissues developed
highly intricate and efficient fibrous network structures, resulting
in enhanced mechanical properties and structural complexity
alongside remarkable biological activity.1−6 These composite
fibrous networks, the extracellular matrix (ECM), are organized
in a multiscale hierarchy from the nano to the macro scale,
creating a complex hierarchical structure of fibrils and fibers.
Bridging the multiscale gap between multiscale structures and
their roles in the tissues’ mechanical properties is essential for
creating soft tissue biomimetic analogues together with next-
generation material systems.7 The unique mechanical behavior
of soft tissues (such as large deformations, viscoelasticity, and
strain stiffening) is crucial for their everyday function. A proper
soft tissue analogue should be mechanically biocompatible with
the native tissue, since a mismatch in the mechanical behavior
can result in stress concentration, hyperplasia, and failure,
together with additional short and long-term health impair-

ments.8 Therefore, mimicking the structural complexity
manifested in different structural mechanisms (such as fiber
crimping, multiscale arrangement, weak interactions that allow
inner sliding, etc.)9 enables the mimicry of complex soft tissue
mechanics.
From a mechanical point of view, all of these soft tissues

largely consist of similar materials: collagen, elastin, and
proteoglycans (PGs).10 Type I collagen is the main structural
protein in the ECM and provides strength and stiffness.11−13

The soluble PGs dissolve and diffuse freely in the interfibrillar
space and increase the total volume of the fiber network, forming
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aqueous surroundings and shock absorbance ability.14 Elastin
provides flexibility and fatigue endurance.9,15−19 The config-
uration and arrangement of these networks govern the form and
function of the tissue,20 and they have a crucial fundamental role
in preventing premature failure in tissues.9,13

Furthermore, fibrous networks also allow energy trans-
mission, storage, and dispersion, providing soft tissues with
effective locomotion, movement, and regeneration abilities. It is
amazing that diverse and multiple functions and properties can
be derived from this set of three materials. Biomimetics of these
multiscale nano-to-micro fibrous structures is a cutting-edge
research area in the field of materials science, with immense
influence on tissue engineering research and additional areas
such as drug delivery, wound healing, and biosensing.21

Fabrication of the multiscale structures has been produced
from natural and synthetic polymers to create different
geometries, such as fibers, spheres, and particles.21 Different
techniques, such as phase separation,22 freeze-drying,23 3D
printing,24,25 microfluidic spinning,26 and electrospinning,27−32

were employed toward that goal.29−32 These 3D multiscale
structures resemble fibrous networks in natural materials (i.e.,
soft tissues) with high porosity and enhanced biological
properties.33−35 However, the mechanical behavior of these
multiscale micro-to-nano structures and their contribution to
the structure−function relationships are yet to reveal.
Our previous studies demonstrated the fabrication of

hierarchical biocomposites36 and the use of coral collagen fibers
reinforced biocomposites with similar mechanical and biological
properties compared to soft tissues.37−42 Here, inspired by the

fibrous networks in natural materials, we developed a universal
method for the simple fabrication of biomimetic constructs that
resemble the structure of soft tissues at multiscale ranges (from
nano to micro scales) toward mimicking their structure−
function relationship43 in a complex composite construct. We
fabricated the composites step by step to get an understanding of
the isolated mechanical contribution of the different constitu-
ents. We combined natural coral collagen microfibers with
polyamide and gelatin electrospun nanofibers to create multi-
scale biomimetic constructs (MSBCs) and characterized their
structure and mechanical function. Then, these MSBCs were
embedded in an alginate hydrogel to provide aqueous
surroundings to create biocomposites. Structural and mechan-
ical characterizations were done to identify the impact of the
multiscale arrangement of fibers on the structure−function
relationships of the constructs.

2. MATERIALS AND METHODS
2.1. Polyamide 6 (PA6) and Gelatin-Polyamide 6 (GPA6)

Solution Preparation. Polycaprolactam (polyamide 6) pellets
(181110, Sigma-Aldrich, Israel) were dissolved in formic acid
(F0507, Sigma-Aldrich, Israel) and acetic acid (A6283, Sigma-Aldrich,
Israel) in a 2:1 weight ratio, respectively, to prepare polyamide 6 (PA6)
solution (12.6 wt %). Gelatin-polyamide 6 (GPA6) solution (18 wt %)
was prepared from PA6 pellets and commercial gelatin powder in a
70:30 weight ratio, respectively. The polymers were dissolved in formic
acid and acetic acid in the same weight ratio (2:1). The solutions were
produced at room temperature under constant stirring for 24 h. Coral
collagen fibers were extracted from soft coral Sarcophyton sp. colonies
that were frozen and thawed before fiber extraction as previously
described.40−42

Figure 1. Illustration of the fabrication process. (A) Electrospinning of PA6 and GPA6. (B) Fabrication of the isotropic nanofibers by a static collector.
(C) Fabrication of multiscale biomimetic constructs (MSBCs). (D) Fabrication of MSBC biocomposite. (i) MSBC samples were glued to a 3D-
printed frame. (ii) MSBC samples with frames were inserted into a 3D-printed bottom mold and covered with an alginate solution. (iii) Bottom mold
with the MSBC and alginate was covered with a dialysis membrane. (iv) 3D-printed perforated top mold was located on the bottom mold to close it.
(v) Closed mold was inserted into CaCl2 solution to cross-link the alginate and create the biocomposite.
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2.2. Electrospinning of PA6 and GPA6. The electrospinning
apparatus consisted of a high-voltage power supply (ES30R-5W,
Gamma High Voltage Research Inc.), a syringe pump (NE-300, New
Era Pump Systems Inc.), and a static collector (Figure 1B,C). The
collector was covered with aluminum foil and grounded. The solution
was loaded with a 1 mL plastic syringe with a 20G needle with a flow
rate of 0.4 mL/h. The distance between the needle tip and the collector
was 12 cm, and the applied voltage was 22 kV. The electrospinning time
was varied according to the preferred thickness, and the environmental
conditions were monitored using a humidity and temperature sensor.
2.3. Fabrication of Multiscale Biomimetic Constructs

(MSBCs). Soft coral Sarcophyton sp. colonies were kept frozen and
thawed before fiber extraction. Pieces of coral were harvested, and the
collagen fibers were exposed by reaping the edge of the coral, as
previously described.37,41,42,44,45 The extracted collagen fibers were
then wrapped around a thin rectangular metal frame (70 × 30 mm2) to
create parallel, organized fiber arrays. The microfibers were aligned
unidirectionally (0°). The collagen microfibers were washed with
double-distilled water (DDW) and dehydrated through a series of
graded ethanol solutions. To create the nanofibers on top of the
microfibers, we used electrospinning of GPA6/PA6 (Figure 1C). The
frame with aligned collagen microfibers was grounded and attached to
the static collector. 0.5 mL of PA6 or GPA6 solution was electrospun on
every side of the frame to create the multiscale structure. The
electrospun nanofiber mats were fabricated directly on top of the
collagen microfibers and fully covered on both sides.
2.4. Fabrication of Collagen-Alginate Biocomposites and

MSBC Biocomposites. MSBC biocomposites were fabricated using
the GPA6 MSBC samples described in Section 2.3. GPA6 MSBC
samples were cut and peeled from the aluminum foil and metal frame.
They were glued to 3D-printed frames (34 × 16 × 0.25 mm3, Figure
1D(i)) using adhesive tape. Then, the GPA6 MSBC samples were
inserted into a 3D-printed bottom-part mold (40× 22× 1.5mm3 with a
socket of 36× 18× 0.4 mm3, Figure 1D(ii)) with alginate hydrogel (6%
w/v, Protanal LF 10-60, FMC biopolymer) and covered with a dialysis
cellulose membrane (MWCO 14000, Sigma-Aldrich, Israel) and then
with the dedicated 3D-printed perforated top mold (20 × 38 × 5 mm
with 162 holes of 1 mm diameter, Figure 1D(iii,iv)), and a small weight
was placed on it to prevent the top mold from floating. The mold was
sealed, flattened, and soaked in a 0.1 M CaCl2 (Sigma-Aldrich, Israel)
solution for at least 48 h at room temperature to cross-link the alginate
and form a hydrogel matrix between the fibers (Figure 1D(v)).
Collagen-alginate biocomposites were fabricated as described in our
previous work.37,41,42,44,45 In short, coral collagen fibers were extracted
from the corals as described in Section 2.3 and then wrapped around
thin rectangular frames. The arrayed collagen fiber frames were inserted
into a dialysis membrane with a 6% w/v sodium alginate solution, as
described for the MSBC biocomposite fabrication process.
2.5. Scanning Electron Microscopy. The nanofibers and the

multiscale fibrous network samples were examined by a scanning
electron microscope (SEM) (HRSEM Tescan MAIA 3) using a 5 kV
voltage. The samples were sputtered with 10 nm of gold.
2.6. Fiber Fraction and Diameter. The nanofibers’ diameter was

computed from the SEM images of the electrospun film using the
DiameterJ46 plugins in the ImageJ software (NIH). Four different
batches of GPA6 (3−9 different images per batch) and two different
batches of PA6 (with 4−5 images per batch) were quantified.

For the MSBCs, the evaluated fiber volume fraction (FVF) was
calculated as a volume quantification of collagen microfibers in the
samples by multiplying the area fraction (AF) by the thickness ratio
(TR). The AF of the collagen fibers was calculated by image analysis
using MATLAB software. The AF was determined by processing the
images of the frame with microfibers and calculating the percentage of
white pixels (microfibers) from the dark background. The TR was
determined as a ratio of the microfibers’ thickness divided by the final
thickness after adding the nanofibers. The collagen fibers’ thickness was
measured in several locations before and after the electrospinning
process using a digital micrometer.
For the collagen-alginate and MSBC biocomposites, the FVF was

calculated as previously described.37,41,42,44,45 The FVFwas determined
as the normalized factor (NF) NF × AF × TR. The AF was determined
as described for MSBC samples. For alginate-collagen biocomposites,
the TR was determined as the ratio of the microfibers’ thickness divided
by the final thickness after adding the hydrogel matrix. For the MSBC
biocomposites, the TR was determined as the ratio of the microfibers’
thickness divided by the final thickness after electrospinning and adding
hydrogel.
2.7. Mechanical Characterization. Unidirectional tensile testing

was performed by a μTS load frame (Psylotech μTS system, IL) using
22 and 222 N load cells. The nanofibers and MSBC samples were cut
and peeled from the aluminum foil using a scalpel. The average
dimensions were used to calculate the cross-sectional area using a digital
micrometer and a caliper. The cut samples were glued to the in-house
3D-printed frames using adhesive tape, where the microfibers in
multiscale samples were aligned with the stretching direction. The
samples were mounted to the tensile machine using custom-3D-printed
clamps, and the gage length of each sample was measured as the
distance between the clamps at zero force. Samples were stretched to
failure at a rate of 1 mm/min using displacement control.
The mechanical properties were calculated as engineering stresses

and strains: stresses were defined as the force divided by the initial
cross-sectional area, and strains as the displacement divided by the
initial gage length. The ultimate tensile strength (UTS) was defined as
the maximum stress, and the maximum strain as the strain at UTS
(ultimate strain). Themoduli were calculated as the tangent modulus at
a specific strain.
For the biocomposites, the samples were preconditioned for 5%

strain for three cycles and then stretched to failure at a 3 mm/min rate
using displacement control. The elastic modulus was calculated in the
linear region (0.1−0.13 mm/mm strain), and the toughness was
defined as the area under the stress−strain curve. It was calculated up to
a reduction of 40% of UTS value using the trapezoidal rule in Excel
software.
2.8. Structural Organization of Fibrous Components in the

ECM of Soft Tissues. Revealing the structural organization of fibrous
components in the ECM of soft tissues is a critical step toward better
understanding their structure−function relationship, identifying their
clinical role in health and disease conditions, and creating engineered
analogue structures. We pioneered a method based on alkali digestion
with sonication to visualize the ultrastructure of fibers (collagen and
elastin) in the intervertebral disk (IVD),47,48 which has led to the
detection of fiber organization in different regions of IVD that was not
reported previously.49,50 This method was employed for ultrastructural
analysis and biomechanical assessment of fibers leading to the
fabrication of better tissue-engineered scaffolds. The simultaneous

Table 1. Geometry of the Tested Samples

samples n thickness (μm) width (mm) length (mm) FVF (%) UTS (MPa) strain at UTS (mm/mm)

GPA6 isotropic nanofibers networks 6 105.2 ± 6.6 5.9 ± 0.4 10.0 ± 1.0 4.0 ± 0.6 0.31 ± 0.06
PA6 isotropic nanofibers networks 5 75.2 ± 19.0 5.9 ± 0.4 7.4 ± 0.5 2.8 ± 0.2 0.17 ± 0.00
collagen-GPA6 MSBC 7 107.1 ± 14.6 5.9 ± 0.4 9.0 ± 0.3 15 9.0 ± 1.9 0.22 ± 0.02
collagen-PA6 MSBC 9 132.3 ± 23.7 4.9 ± 0.4 7.8 ± 1.0 12 6.2 ± 1.6 0.24 ± 0.04
collagen-GPA6 MSBC biocomposites 5 339.6 ± 86.5 5.3 ± 0.1 8.6 ± 0.6 26 3.3 ± 1.0 0.36 ± 0.02
collagen-alginate biocomposites (0.2) 12 491.6 ± 126.8 7.6 ± 0.5 16.8 ± 1.5 20 1.3 ± 0.6 0.20 ± 0.03
collagen-alginate biocomposites (0.3) 4 300.4 ± 61.6 7.9 ± 0.3 17.4 ± 1.2 30 2.1 ± 0.6 0.16 ± 0.02
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sonication and alkali digestion of tissue allowed us to eliminate ECM
components step by step. Thin tissue samples harvested from ovine
IVDs were exposed to 0.5 M sodium hydroxide solution and sonication

(25 kHz) for defined periods at room temperature. Post-heat treatment
removed the IVD collagen fibers via gelatinization to visualize the
arrangement of the elastic fibers. The samples were dried before SEM

Figure 2. Isotropic nanofibrous networks: structure and mechanical behavior. Representative SEM images of (A) GPA6 and (B) PA6 nanofibers mats.
Representative distribution of nanofibers diameter: (C) GPA6 and (D) PA6. (E) Stress−strain curves. (F) Tangent modulus in different strains. (G)
Ultimate tensile strength. (H) Strain at UTS (*p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.0001).
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Figure 3. PA6-collagen MSBC structure and mechanical behavior. SEM images of (A, B) PA6 nanofibers mat covering the collagen bundles. (C, D)
PA6 nanobridges among the collagen fibers. (E) Stress−strain curves. (F) Tangent Modulus comparison. (G) Ultimate tensile strength. (H) Strain at
UTS.
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Figure 4. SEM images of GPA6-collagenMSBC structure. (A) GPA6 nanofibers network creates nanobridges among the collagen fibers. (B) Interface
between the collagen microfibers and the nanofibers network mat. (C) 3D interface bonding. (D) Nanofibers network covers the collagen fiber. (E)
Nanofibers network forms nanobridges among the collagen fibers. (F)Micro−nano differences in diameter. (G) Nanofibers wrap the collagen bundle.
(H) Interface close-up between the nanofibers and microfiber.
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imaging (Inspect F50, FEI Company) in a vacuum oven (VO3, LABEC,
Australia) overnight at 37 °C and −80 kPa. Dried specimens were
sputter coated with platinum at 2 nm.
2.9. Statistical Analysis. The mean and standard deviation (SD)

were calculated for all measurements. Statistical analysis was performed
using GraphPad Prism 9.4.1 software. The results with p < 0.05 were
considered statistically significant. One-way ANOVA (α = 0.05) with
correction of Tukey test was used to compare the data groups.

3. RESULTS
3.1. PA6 and GPA6 Nanofibrous Mats. The fabrication

process and geometry of the nonwoven nanofibers mats and
multiscale biomimetic constructs (MSBCs) are presented in
Figure 1 and Table 1.
Two types of isotropic nanofibers mats were fabricated

(Figure 2A,B): PA6 (polyamide 6) and hybrid GPA6 (gelatin-
polyamide 6). The average fiber diameter of the GPA6 (428.7 ±
162.8 nm) was significantly larger than PA6 (125.6 ± 37.8 nm)
by 341%. Furthermore, the fiber diameter for isotropic GPA6
mats was broadly distributed (Figure 2C,D).
The material behavior of the nanofibrous mats was different:

the initial slope of the GPA6 stress−strain curve was significantly
stiffer than the PA6 (Figure 2E). The tangent moduli for the
GPA6 were larger than the PA6. This difference was larger in
small strain values (p < 0.0005, Figure 2F). UTS and the strain at
UTS were larger for GPA6, at 142 and 172%, respectively (p <
0.005, Figure 2G,H).
3.2. PA6 MSBCs. Multiscale biomimetic constructs

(MSBCs) of PA6-collagen were fabricated by combining the
PA6 nanofibers by the electrospinning process with the aligned
collagen microfibers (Figure 1C). The average diameter of the
collagen microfibers (9.4 ± 3.0 μm) was larger than PA6
nanofibrous diameter (125.6 ± 37.8 nm) in ∼2 orders of
magnitude. The differences in diameter are remarkably seen in
Figure 3: the collagen microfibers are shown as bundles and
fibers (Figure 3B,C, respectively). The electrospun nanofibers

created a mat that covers the collagen fibers (Figure 3A,B). A
nanobridges structure was formed among the collagen fibers
(Figure 3C,D).
The mechanical behavior of the PA6-collagen MSBC (FVF

12%) was significantly stiffer than PA6 nanofibrous samples
(Figure 3E). The tangent moduli comparison demonstrated that
the PA6-collagen MSBC was significantly stiffer than the PA6
nanofibrous for all strain values (p < 0.005, Figure 3F). This
difference was more significant in strains larger than 0.02 mm/
mm.Moreover, the UTS and the strain at UTSwere significantly
larger for MSBC PA6-collagen than for PA6 nanofibrous
samples, at 220% (6.2 ± 1.6 and 2.8 ± 0.2 MPa, respectively)
and 141% (0.24± 0.04 and 0.17± 0.00, respectively) (p < 0.005,
Figure 3G,H).
3.3. GPA6 MSBCs. MSBCs of GPA6-collagen were

fabricated as described for the PA6-collagen MSBC. The
average diameter of the collagen microfibers (9.4 ± 3.0 μm)
was ∼22 times larger than the GPA6 nanofibrous diameter
(428.7 ± 162.8 nm) (Figure 4). The micro−nano differences in
diameter are highlighted in Figure 4F. It was shown that the
structure is characterized in nanobridges by the electrospun
nanofibers among the collagen fibers (Figure 4A,E). Moreover,
the collagenmicrofibers were wrapped by the electrospun GPA6
nanofibers (Figure 4D,G), and the interface and bonding
between the two scales of materials were seen clearly (Figure
4B,C,H).
The mechanical behavior of the GPA6-collagen MSBC (FVF

15%) was significantly stiffer than GPA6 nanofibrous samples
(Figure 5A). The tangentmoduli comparison demonstrated that
the GPA6-collagen MSBC was significantly stiffer than the
GPA6 nanofibers (Figure 5B). This difference was more
significant in 0.05 and 0.1 mm/mm strains. Moreover, the
UTS was significantly larger for the GPA6-collagen MSBC than
for GPA6 nanofibrous samples, at 224% (9.0± 1.9 and 4.0± 0.6
MPa, respectively, p < 0.0005, Figure 5C), but the strain at UTS

Figure 5. GPA6-collagen MSBC and GPA6 isotropic nanofibrous network mechanical properties. (A) Stress−strain curves. (B) Tangent modulus at
different strains. (C) Ultimate tensile strength. (D) Strain at UTS.
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was lower than the GPA6 at 141% (0.22 ± 0.02 and 0.31 ± 0.06,
respectively) (p < 0.005, Figure 5D).
The GPA6-collagen MSBC was stiffer than the PA6-collagen

MSBC (Figure 6A). The tangent moduli were significantly
larger for the GPA6-collagen MSBC than the PA6-collagen
MSBC, especially at strains up to 0.1 mm/mm (p < 0.0005,
Figure 6B). The UTS of the GPA6-collagen is larger than the
PA6-collagen at 145% (9.0 ± 1.9 and 6.2 ± 1.6 MPa, p < 0.05,
Figure 6C), while the strain at UTS was not significantly
different between the two MSBC materials (p = 0.278, Figure
6D).
3.4. GPA6 MSBC Biocomposites. GPA6 MSBCs were

chosen for creating biocomposites due to their enhanced
mechanical properties and better structural interactions within
the multiscale structure. The MSBC biocomposites demon-
strated a different behavior than the GPA6MSBCs (Figure 7A).
Although less stiff, the MSBC biocomposites presented a
nonlinear behavior with strain stiffening and large deformations.
Compared to collagen-alginate biocomposites (FVF 0.2, 0.3),
the MSBC biocomposites demonstrated significantly larger
strain at UTS and toughness (p < 0.0001 and p < 0.0005,
respectively, Figure 7C,E). The MSBC biocomposites demon-
strated great mechanical compatibility with different human soft
tissues: meniscus (radial orientation),51 aortic valve (circum-
ferential orientation),52 annulus fibrosus (circumferential
orientation),53 and cornea.54

4. DISCUSSION
The fibrous network structure and its components are vital for
the functionality of soft tissues. The current study aims to
investigate the fabrication of multiscale nano-to-micro con-
structs and biocomposites and characterize their structure and
mechanical behavior. Herein, we fabricated different material
systems and characterized the mechanical and structural
properties step by step as a standalone component to isolate

their role and up to a whole micro−nano multiscale
biocomposite.
Gelatin is a soluble protein obtained by partial hydrolysis of

collagen55 and has a similar composition of amino acids as
collagen.56 Polyamide 6 is a synthetic hydrophilic polymer,
similar to proteins that are naturally occurring polyamides such
as collagen, wool, and silk.57,58 Its biocompatible properties stem
from the presence of amide groups. These groups share a similar
chemical structure with natural peptides. Therefore, it can
deceive the immune system and have low immunogenicity.
Furthermore, PA6 is simple to electrospun and has excellent

flexibility and high tensile strength. It creates hydrogen bonds
that stabilize its structure.36,58,59 Therefore, we hypothesized
that as a reinforcement hydrated matrix, it would enable weak
hydrophilic noncovalent interactions. These interactions,
together with the immense inherent PA6 flexibility, will allow
reversible binding and large deformations as in natural soft
tissues.9,12,36,44,60,61

Although it has poor biodegradability capacity as rawmaterial,
it can be improved.62 Alginate hydrogel is a negatively charged
polysaccharide that absorbs water, providing aqueous surround-
ings to the biocomposites and allowing weak and reversible
interactions with collagen and nylon fibers.36,37,39−42 The coral
collagen microfibers demonstrated biological compatibility and
fantastic mechanical and structural properties, including non-
linear hyperelastic behavior, large stiffness and strength, and
inherent crimping with great potential in soft tissue engineering,
with minimal processing intervention.37−40,42,63 The biocom-
patibility of the coral collagen fibers and their alginate-based
composites was previously studied. The seeded cells demon-
strated oriented growth on the coral collagen fibers for 40
days.37,38,63 Gelatin and PA6 and their combination were also
widely investigated for their biocompatibility and tissue-
engineering applications.35,64−68

The PA6 and GPA6 electrospun nanofibers demonstrated
different fiber diameters and mechanical properties (Figure 2).

Figure 6.GPA6-collagen MSBC and PA6-collagen MSBCmechanical properties. (A) Stress−strain curves. (B) Tangent Modulus in different strains.
(C) Ultimate tensile strength. (D) Strain at UTS.
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Figure 7. (A) Mechanical behavior of GPA6-collagen MSBC, GPA6-collagen-alginate MSBC biocomposites, collagen-alginate biocomposites, and
human tissues: meniscus (radial orientation),51 aortic valve (circumferential orientation),52 annulus fibrosus (circumferential orientation),53 and
cornea.54 Mechanical properties of alginate-collagen biocomposites and MSBC biocomposites: (B) ultimate tensile strength, (C) strain at UTS, (D)
modulus, and (E) toughness.
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The addition of gelatin to the GPA6 significantly influenced
both structural and mechanical properties, as previously
described.69,70

The overall structure of both MSBCs exhibited an entangled
structure composed of micro and nanofibrous network,
including nanobridges that connected the microfibers (Figures
3D and 4E). The collagen microfibers significantly strengthen
the nanofibrous mats. This feature indicates binding between
the two scales of materials in addition to the organization
feature.
The collagen-GPA6 MSBC demonstrated better interactions

between the different scales, where the nanofibers were clearly
attached to the collagen microfibers, and the interface was
visible. The improved interface was probably due to the gelatin-
collagen chemical similarity, unlike the collagen-PA6 MSBCs
that demonstrated fewer interactions (Figures 3 and 4).
In both cases, the MSBCs demonstrated improved tangent

moduli and UTS compared with the nanofibers mats. However,
in the collagen-PA6 MSBC, the strain at UTS was improved as
well, unlike the collagen-GPA6 MSBC (Figures 3, 5, and 6).
That behavior may indicate that the chemical connection
between the collagen and PA6 may be strong, and the PA6
nanofibers have significantly ductile behavior. That is not the
case for the collagen-GPA6 MSBC. However, when comparing
the MSBCs, the difference in the max strains is negligible, but
UTS and moduli are larger for the GPA6 MSBC, which makes
the combined structure stiffer and stronger.
The MSBC biocomposites are composed of combined micro

and nanofiber structures embedded in alginate hydrogel. The
hydrated nature of the hydrogel generates weak interactions in
the interface between the fibers and matrix. These weak
interactions allow the nonlinear behavior with strain stiffening
and large deformations, as seen for the collagen-alginate

biocomposites (Figure 7).37,41,42,44,45 The MSBC biocompo-
sites demonstrated even larger strains and toughness due to the
presence of the nanofibers and cross-bridges. On the one hand,
the addition of the nanofibers to the collagen microfibers
biocomposites resulted in significantly larger strains and
toughness.
On the other hand, adding aqueous surroundings (the

hydrogel matrix) significantly changed the mechanical behavior
of the MSBC to resemble native soft tissue behavior by
activating additional structural mechanisms such as sliding and
straightening of the fibers. The sliding of the nano and
microfibers is attributed to the hydrogen bonds formed between
the hydrophilic fibers and matrix, allowing reverse interactions
and sliding. Moreover, the straightening of micro crimping is
responsible for the toe region and strain stiffening behavior that
occurs due to the hydrophilic composite nature of our
structures, as in native soft tissues.9,71−73

Furthermore, MSBC biocomposites showed considerable
similarity with the mechanical behavior of human tissues as the
meniscus (radial orientation),51 aortic valve (circumferential
orientation),52 annulus fibrosus (circumferential orientation),53

and cornea.54 The common ground for all of these tissues in
their specific orientations is not their stiffness and strength but
their ability to withstand large deformations under complex
loading modes and to maintain tissue durability.
We have recently shown similar behavior of hierarchical

structure made of nanofibers embedded in a soft hydrogel
matrix, with increased strain and toughness.36 Therefore, we can
conclude that the addition of the nanofibers creates additional
inherent networks in the composites that increase strain and
toughness, as in native soft tissues. Moreover, and very
importantly, nanoscale reinforcement is known to simulta-
neously favor the strength and toughness of materials.74,75

Figure 8. GPA6-collagen MSBC structure (A, C) compared with the native elastic fibrous network in (B, D) an ovine intervertebral disk.
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Therefore, incorporating multiscale biocomposites is essential
for large deformations and increased toughness, as also
demonstrated by Yao et al.76

The addition of the nanofibers to the biocomposite confirmed
their significant role in the overall structure. These structures
showed significant improvement in toughness, max strains, and
UTS, which are crucial for soft tissue analogues. Furthermore,
the presence of water, provided by the alginate hydrogel matrix,
is essential for the mechanical behavior of soft tissue analogues
due to the formation of hydrophilic interactions that govern the
hyperelastic behavior of the biocomposites and soft tissues.9

Thus, the hydrogel is essential for the hydration of the 3D
fibrous networks77 and is mechanically equivalent to the GAGs
in the native tissues.78

The collagen-GPA6 MSBC (Figure 8A,C) demonstrated
remarkable similarity to the native fibrous networks’ hierarchical
structure (Figure 8B,D). The latter is characterized by a fibrous
nano−micro configuration of the elastic fibers in ovine
intervertebral disks (Figure 8B,D). This native ultrastructural
organization also creates entangled elastic networks in other soft
tissues.79 The elastic network essentially allows tissue durability
by providing flexibility, recoiling ability, and fatigue resistance.9

Furthermore, the nanofibers network contributes intrinsic
compressive stresses to the collagen fibers and enables the
collagen fibers to recoil.80 This connection of the microfibers
with the nanofibers network improves the mechanical proper-
ties.81,82 The elastic fibers, which are found in the native fibrous
networks in soft tissues such as skin, lungs, and arteries, vary in
fiber diameter, orientation, and distribution. However, colla-
gen−elastin interfaces demonstrated similar arrangements in
different tissues.83,84 These elastic fiber networks enable the
tissue to withstand large stretches without tearing for a long
time.9,85 Native fibrous networks have unique arrangements and
architectures destined to hold varied local mechanical stresses
that can be controlled due to the spatial arrangement of the
nanofibers.86 Therefore, fabricating different analogues should
consider the influence of these structures’ variability and their
influence on the overall structure.87

It is important to note that the 3D ECM fiber networks also
have an additional important role in modulating cell function.
Thus, multiscale micro−nano fibers also have a biological role:
to induce desired cellular activities and guide 3D tissue
regeneration.88

This study demonstrated the fabrication of biomimetic
multiscale micro−nano constructs and their mechanical and
structural characterization for the construction of soft tissue
analogues. Different combinations of the material systems can
induce varied microenvironments for different local properties.
Our material system has the potential to be used for the next-
generation tissue repair and replacement applications.

5. CONCLUSIONS
Herein, we have demonstrated a simple method for fabricating
multiscale biomimetic composites. We investigated the step-by-
step influence of different components on the structure−
mechanical function relationship. We have demonstrated
structural binding between the different length scales in our
MSBCs, and the importance of material selection that improved
the adhesion between the scales due to the chemical similarity of
the MSBC components. The collagen microfibers increased the
stiffness and UTS, whereas the nanofibers improved the
ductility, toughness, and large deformations. The collagen-
GPA6MSBC also demonstrated remarkable structural similarity

to the native fibrous network structures in soft tissues.
Furthermore, incorporating the alginate hydrogel into the
construct remarkably improved the mechanical compatibility
with native soft tissues by adding water to the material system
and allowing increased toughness, large deformations, and strain
stiffening. Our results present material constructs that can be
utilized for biomimetic tailor-designed specialized structures for
soft tissue repair and replacement.
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