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Abstract
Development of mechanically stable and multifunctional biomaterials for sensing, repair, and regeneration applications is of great importance. Herein, we investigate the potential of recombinant resilin-like (Res) nanocomposite
elastomer as a template biomaterial for regenerative devices such as adhesive bandages or films, electrospun fibers,
screws, sutures, and drug delivery vehicles. Exon I (Rec1) from the native resilin gene of Drosophila (CG15920)
was fused with collagen-binding domain (ColBD) from Clostridium histolyticum and expressed in Komagataella
pastoris (formerly Pichia pastoris). The 100% binding of Resilin-ColBD (Res-ColBD) to collagen I was shown at
a 1:1 ratio by mass. Atomic force microscopy results in force mode show a bimodal profile for the ColBD-binding
interactions. Moreover, based on the force-volume map, Res-ColBD adhesion to collagen was statistically significantly higher than resilin without ColBD.
Lay Summary
Designing advanced biomaterials that will not only withstand the repetitive mechanical loading and flexibility of
tissues but also retain biochemical and biophysical interactions remains challenging. The combination of physical,
biological, and chemical cues is vital for disease regulation, healing, and ultimately complete regeneration of
functional human tissues. Resilin is a super elastic and highly resilient natural protein with good biocompatibility
but lacks specific biological and chemical cues. Therefore, resilin decorated with collagen I–binding domain is
proposed as a functional nanocomposite template biomaterial. Collagen I is an ideal binding target, as it is the most
abundant structural protein found in human body including scars that affect unwanted adhesion.
Future Work
Musculoskeletal-related injuries and disorders are the second largest cause of disabilities worldwide. Significant pain,
neurological discomfort, limited mobility, and substantial financial burden are associated with these disorders. Thus,
biocompatible materials comprised of resilin with collagen-binding domain, such as films adhesive bandages (films,
fiber matts, or hydrogels), sutures, screws and rods, three-dimensional scaffolds, and delivery vehicles, will be
designed and evaluated for multiple musculoskeletal-related regeneration applications.
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Introduction
Designing functional and multi-domain matrices and devices
for the sensing, repair, and regeneration of tissues and organs
remains a major challenge [1–3]. Engineered biomaterials
need to withstand repetitive motion and environmental physical stresses common to dynamic tissues. To that end, elastomeric polymers are of great interest as functional materials
due to their innate mechanical properties that closely mimic
those of tissues [4, 5]. Indeed, a number of natural elastomeric
polypeptides have been studied extensively for their potential
use as biomaterials, including collagen, elastin, and recently
resilin [4, 5]. Modular biopolymers with different biological
domains, prepared using advanced recombinant technologies,
have been engineered with protein-binding and cell-adhesive
domains [6, 7].
Resilin is a rubber-like protein with extraordinary elasticity
and resilience. It is found in the wing hinge ligament of locust
(Schistocerca gregaria), the tendon of the pleuro-subtalar
muscles in dragonflies (Aeshna juncea), and the soundproducing membrane, tymbal, in the cicada [8, 9].
Biological and physiological requirements have evolutionarily shaped resilin’s diverse functionality. These required properties include stretching, shock absorbance or energy storage,
vibrations up to 13 kHz, and as low as 0.6 MPa elastic modulus [5, 10–12]. The full-length resilin gene (CG15920) sequence was first identified in the Drosophila melanogaster
genome and consists of three domains [13]. Exon I (the first
exon), comprising 18 pentadecapeptide repeats
(GGRPSDSYGAPGGGN), and exon III both encode the elastomeric sequences of resilin. Exon II has only 62 amino acids
and is a cuticular chitin-binding domain [14, 15]. Most resilinbased structure-activity relationship (SAR) studies have relied
on recombinant resilin-like polypeptide (RLP, also known as
pro-resilin).
Resilin is an amorphous polymer composed of randomly
coiled chains covalently connected through di- and trityrosine cross-links, resulting in its isotropic behavior [5,
16]. Kaplan and colleagues [17] have studied the SAR of
full-length resilin as well as smaller segments of resilin corresponding to exons I and III. The sequences of both exons I and
III afford β-spirals made up of repeating β-turns with interspiral spacers that allow for a suspended-like chain configuration. The Fourier transform infrared (FTIR) spectroscopy and
circular dichroism (CD) analysis from this study suggest that
exons I and III, similar to full-length resilin, are amorphous
random polymers. Furthermore, based on the AFM results,
93% and 86% of resilin resilience were attributable to exon I
and exon III, respectively, when cross-linked. The higher flexibility of exon I was attributed to a greater number of hydrophilic amino acid sequences resulting in a more disordered
structure.
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A few studies have directly explored resilin for applications
in regenerative medicine [18, 19]. Rivkin et al. [20] and
Verker et al. [21] engineered resilin to include a cellulosebinding domain (CBD) and explored it potential to bind to
cellulose nanocrystals (CNCs). Kiick and coworkers [20]
have developed injectable resilin hydrogels for the repair
and regeneration of vocal folds. These hydrogels were based
on 12 repeats of the exon I–based pentadecapeptide RLP containing a variety of biologically active moieties, including a
cell-binding (RGD) domain, a matrix metalloproteinase
(MMP)–sensitive domain, and heparin-binding domain [20].
FTIR studies showed similar structurally disordered conformation for the cross-linked and soluble RLPs. Rheological
studies revealed that hydrogels with different combinations
of RLPs with biologically active moieties showed a similar
storage modulus, indicating that the incorporation of biological domains had little effect on the mechanical properties of
resilin. The same study also examined cell attachment, proliferation, and migration using human mesenchymal stem cells
(hMSCs). RLP-RGD-based hydrogel films supported cell attachment and spreading and maintained the spindle-like morphology of these hMSCs. Encapsulated hMSCs in RLP-RGD
alone or in combination with RLP-MMP polypeptide showed
good biocompatibility but cell migration was limited to RLPRGD hydrogels. Thus, optimal cellular growth, migration,
and differentiation could be achieved by tuning the combination different biological domains within an RLP. Recently, the
same group demonstrated the cytocompatibility of the injectable hydrogel in a mouse subcutaneous model for potential
applications in regenerative medicine [21]. Although some
early acute inflammation attributed to the cross-linker tris (hydroxymethyl phosphine) was observed, resilin showed good
overall cytocompatibility.
The current study is motivated by the resilience and elasticity of resilin. An exon I–based RLP was designed to serve
as an elastomeric template for regenerative devices, such as
adhesive bandages or films, electrospun fibers, screws, sutures, and drug delivery vehicles. Resilin was engineered to
include a collagen-binding domain (ColBD), as a tissue interface for bone, muscle, ligament, tendon, and skin. Exon I
(Rec1) from the native resilin gene of Drosophila
(CG15920), fused with ColBD (Res-ColBD) from ColH collagenase from Clostridium histolyticum, was cloned and
expressed in Komagataella pastoris (formerly Pichia
pastoris). The structural properties, of the resulting noncross-linked resilin, were characterized by FTIR spectroscopy
and the binding of Res-ColBD to collagen I was assessed
qualitatively by SDS-PAGE. Atomic force microscopy
(AFM) in force mode afforded force measurements that confirmed excellent binding of Res-ColBD to collagen I, thereby
confirming the potential of this nanocomposite construct for
regenerative medicine applications.
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Materials and Methods

ATR-FTIR

Design and Construction of Collagen-Binding Resilin
Expression Vector

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) was used to analyze the characteristic
differences of the structure of human collagen type I, Rec1Res, and other proteins based on their IR absorption frequencies (Perkin Elmer Spectrum One FT-IR Spectrometer, USA).
A few milligrams of freeze-dried protein sample were placed
on the zinc selenide (ZnSe) crystal and the IR transmittance
spectra were collected in the wave number range of 4000 to
650 cm−1 at a resolution of 4 cm−1. All the spectra were normalized to eliminate the differences due to concentration and
the thickness of the sample.

A synthetic collagen-binding resilin construct was designed
by fusing resilin exon 1 [14, 15] with ColBD from ColH
collagenase of C. histolyticum in place of resilin exon 2, the
natural cuticular chitin-binding domain [22] (Fig. 1A). The
codon sequences (CDS) for the synthetic Res-ColBD fusion
protein were codon optimized for expression in K. pastoris.
Insertion into the multiple cloning sites of vector pD912
(ATUM, Newark, CA) facilitated transcriptional control by
the methanol inducible promoter AOX1 through integration
into the AOX1 locus of the K. pastoris genome, and protein
secretion was mediated by fusion to the N-terminal secretion
signal tag from α-mating factor (Fig. 1B). Gene synthesis,
cloning, genomic integration, and initial protein secretion
screening steps were performed by ATUM.

Expression of the Recombinant Rec1-Res
and Res-ColBD Protein
K. pastoris was patched on YPD (1% yeast extract, 2%
peptone, 2% dextrose, 1.5% agar) plates with 250 μg/mL
Zeocin and incubated for 3 days at 30 °C. Single colonies
were inoculated into 2.5 mL of BMGY medium at pH 6 +
250 μg/mL Zeocin in 15-mL tubes. Tubes were shaken at
28 °C and 250 rpm for 48 h. Each tube was boosted thereafter twice/day with 25 μL of 1% (v/v) methanol and
allowed to grow for 24 h to induce. Cultures were harvested 48-h post-induction. Cells were pelleted by spinning for
10 min at 1000×g at 4 °C. The expression and purification
of exon I resilin (Rec1-Res, without ColBD) were previously described [15]. Rec1-Res was used in all assays as
negative control.

Binding of Res-ColBD to Collagen I
Qualitative binding potential of crude Res-ColBD was performed using lyophilized human type I collagen (Advanced
BioMatrix, San Diego, CA). A total of 150 μg/mL of ResColBD was added to 150 μg of collagen I at neutral pH. Rec1Res was used as a control to establish nonspecific interaction
between resilin and collagen I. The mixture was incubated
under gentle shaking for 30 min at room temperature. The
mixture was centrifuged and the supernatant (unbound fraction) was removed, boiled with running buffer for 10 min, and
analyzed using SDS-PAGE on a 4–20% gel.

AFM Imaging and Force Measurements
Collagen I sample was prepared by depositing 50 μL of collagen solution (3 mg/mL in acetic acid) onto a mica surface for
10-min adsorption. Non-adsorbed collagen I was washed
away with deionized water. Three-dimensional images were
collected in air using the AFM tapping mode technique and
standard Si cantilevers (AC240TS, Olympus America, Center
Valley, PA).

Fig.1 (A) Amino acid sequence of secreted collagen-binding resilin. Underline indicates cleaved α-mating factor secretion signal tag, and bold indicates
collagen-binding domain. (B) Vector map for pD912-Resilin-ColBD
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For the force measurements, Rec1-Res and Res-ColBD
were covalently attached to AFM cantilevers, supplied with
an immobilized 10-μm gold-coated borosilicate glass sphere
(Novascan, Ames, IA), through a two-step protocol. In the
first step, AFM probes were incubated with 2 mM
HS-(CH2)11-PEG6-COOH (Prochimia, Sopot, Poland) in ethanol, overnight and at RT; the sulfhydryl, the alkyl chain, the
six polyethylene glycol (PEG) units, and the carboxyl group
provide covalent attachment to gold, self-assembling, an inert
layer, and the reactive group for protein coupling, respectively. In the second step, standard EDC/NHS chemistry was used
to couple the protein to the modified AFM probes, carrying
the –COOH groups using the following protocol: (i) rinse with
phosphate buffer (PB) pH 6.0; (ii) incubate with 2 mM EDC
and 5 mM NHS in PB pH 6.0 for 15 min at RT; (iii) rinse with
PB pH 6.0; (iv) rinse with PBS pH 7.4; (v) incubate with ~
0.2 mg/mL protein solutions in PBS pH 7.4, overnight at 4 °C;
and (vi) rinse with PBS pH 7.4. Force spectroscopy scans
were obtained in the force-volume mode [23, 24]. The AFM
cantilevers were calibrated before each experiment, using a
previously described three-step procedure [25]. Spring constants were within 10% error from the ones supplied by the
manufacturer (i.e., 0.02 N/m). A force-volume data set
consisted of an array of 400 (20 × 20) force measurements,
scanning in contact mode at 2 μm/s an area of 20 × 20 μm2,
with each pixel point spanning an approximate width of 1 μm
in both X and Y. The trigger force was set to 2 nN. All force
measurements were performed using the MFP-3DTM atomic
force microscope (Asylum Research, Santa Barbara, CA) and
the collected data were analyzed using IGOR Pro 6
(WaveMetrics, Inc., Lake Oswego, OR).

Results
Res-ColBD plasmid was successfully constructed by fusing
resilin exon 1 (Rec1) with collagen-binding domain (ColBD)
from ColH collagenase of C. histolyticum (Fig. 1B). After
transformation of the plasmid into K. pastoris (ATUM), expression was carried out and cells were induced with 1%
methanol. Cultures were centrifuged 48-h post-induction and
supernatant collected.
The conformational properties of Exon I (Rec1-Res) has
been extensively studied. An FTIR spectrum of non-crosslinked Rec1-Res, Res-ColBD, and collagen I was obtained
to confirm our results (Fig. 2). Based on the ATR-FTIR spectra, collagen I showed all expected characteristic peaks of
human collagen type I. Rec1-Res and Res-ColBD were slightly different but showed similar IR absorption peaks [26]. The
three proteins showed peaks corresponding to amide I (1700–
1600 cm−1), amide II (1480–1350 cm−1), and amide III
(1300–1230 cm−1) stretching at approximately 1640, 1540,
and 1240 cm−1, respectively. All the protein spectra also
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Fig. 2 ATR-FTIR spectra of lyophilized (A) Res-ColBD; (B) Rec1-Res;
and (C) neat collagen I. Peaks corresponding to amide I (1700–
1600 cm −1 ), amide II (1480–1350 cm −1 ), and amide III (1300–
1230 cm−1) are shown

appeared to contain amide A (3400–3100 cm−1) and B
(~2930 cm−1) peaks that corresponds to hydroxyls and free
amines of amide A group and alkyl stretching peaks of amide
B group. Collagen I, Rec1-Res, and Res-ColBD exhibited IR
absorptions at approximately 3300, 3300, and 3200 cm−1, respectively, corresponding to NH groups involved in hydrogen
bonding (νN-H). All three spectra also showed hydrogen
bonded-hydroxyl bond stretching at around 3100 cm−1 [27].
The presence of hydrogen bonding in amide A group is indicative of the secondary structure of all three proteins. They also
showed carbon-hydrogen alkyl bond stretching peaks (νC-H)
at around 2950 to 2847 cm−1 and carbon-oxygen stretching
peak (νC-O) at 1035 cm−1 [28]. Res-ColBD also showed a
peak between 1100 and 800 cm−1 which corresponds to C–H
bond and is possibly due to the ColBD presence in resilin
nanocomposite. Similar peaks have been shown in other
resilin fused with binding domains, such as cellulosebinding domain [29].
The ColBD was added to the elastomeric resilin to obtain
added functionality allowing resilin nanocomposite to bind to
collagen-containing tissues. Lyophilized collagen I incubated
with water-soluble Res-ColBD or Rec1-Res at 1:1 ratio to
examine collagen binding. After incubation for 30 min at
room temperature, the mixture was centrifuged and unbound
(supernatant) fractions were analyzed with SDS-PAGE
(Fig. 3). Collagen I showed only two distinct bands, alpha
(~ 120 kDA) and beta (~ 250 kDA). The gamma region was
not observed due to its size, which is approximately 300 kDA;
there was, however, a dark band inside the well suggested the
presence of the gamma region. The Res-ColBD band was
absent in the unbound fraction indicating complete binding
to collagen I. The Rec1-Res band was observed in the
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Fig. 3 Binding of Res-ColBD binding to collagen I. Res-ColBD, Rec1Res, and insoluble collagen I were incubated in neutral pH for 30 min and
analyzed by SDS-PAGE. Lane M, ladder; lane 1, Res-ColBD; lane 2,
unbound fraction of Res-ColBD mixed with collagen I; lane 3, Rec1Res; lane 4, unbound fraction of Rec1-Res mixed with collagen I; lane
5, collagen I. Numbers on the left are molecular masses (in kDa) of the
ladder

unbound fraction along with collagen I bands indicating no
binding of this construct was observed.
In addition to examining the specificity of this interaction,
it was also important to determine the quantitative strength of
interaction between Res-ColBD and collagen I. In the
Fig. 4 Schematic representation
of surface modifications. (A)
PEGylation of AFM gold spear
using self-assembled monolayer
of (HS-(CH2)11-PEG6-COOH)
(SAM) and conjugation of ResColBD or Rec1-Res using EDC/
NHS modifications. (B)
Approach and retraction of functionalized tip onto collagencoated surface. (C) AFM images
(5 × 5, 2 × 2, and 1 × 1 μm2) of
collagen I fibrils physically
absorbed and dried onto the mica
chip
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envisioned applications of a resilin capable of collagen binding, the strength of the resulting intermolecular forces between
tissue and Res-ColBD needs to be sufficient to counteract the
mechanical forces within the tissue being repaired. AFM was
used to determine the binding strength of Res-ColBD with
collagen at the molecular level to study this interaction.
Collagen I was first physically absorbed as typical collagen
fibrils onto a mica surface, allowed to dry, and images were
taken (Fig. 4A). A spherical gold AFM tip on a cantilever was
then used to probe the interaction between Res-ColBD or
Rec1-Res (control) and the collagen surface. The spherical
gold ASFM tip was first PEGylated (HS-(CH2)11-PEG6COOH) to minimize nonspecific interactions of the gold
sphere with collagen-mica surface. The carboxyl groups on
the PEG derivative were used for the attachment of either
Res-ColBD or Rec1-Res (Fig. 4B). AFM force-distance
curves were collected as the protein-functionalized tips
approached the collagen-coated surface, were allowed to adhere, and then were retracted to measure the unbinding forces
(Fig. 4C). Control experiments, with an unmodified gold
AFM tip, were undertaken to measure the interaction with
collagen I using adhesion forces ranging from 0.5 to 5 nN to
determine the specificity of ColBD binding (Fig. 5).
Histograms representing the frequency of the nonspecific adhesion force are shown in Fig. 5A and the corresponding
adhesion force-volume maps are shown in Fig. 5B.
Nonspecific interactions were minimized by the presence of
the PEG layer and the residual nonspecific interactions
(Fig. 6A, left) were excluded in the data analysis. In general,
a single adhesion peak is observed in the Rec1-Res (control)
force-distance plots (Fig. 6B), while multiple adhesion peaks
were observed for Res-ColBD (Fig. 6C). Herman-Bausier and
Dufrêne had previously demonstrated two distinct binding

Regen. Eng. Transl. Med. (2019) 5:362–372
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Fig. 5 Nonspecific interactions between unmodified gold tip and
collagen by AFM spectroscopy using trigger forces ranging from 0.5 to
5 nN. (A) Histograms representing the frequency and distribution of
adhesion forces above 50 pN (threshold), including the total frequency

(%) versus the amount of measurements (n = 196). (B) Adhesion forcevolume maps. (C) Example of three different force-distance curves. The
trigger force (compression force during contact at short distances) was
increased from top to bottom in (A) and (B)

events/peaks, a weak and a strong peak, are typically observed
in ColBD and collagen interactions [30]. In the current study,
a weak signature peak of 36 pN and a stronger signature peak
of 91 pN were observed in the interaction of Res-ColBD with
collagen I (Fig. 7A). In addition, above the major peaks in

Res-ColBD, a few additional minor peaks were observed.
Similar minor peaks have also been previously reported as
associated with single-molecule interactions [31].
Interestingly, even at the single-molecule adhesion level, weak
and strong peaks are observed. Thus, the primary signature

Fig. 6 Specific interactions between collagen and ColBD by AFM
spectroscopy. (A) Example force-distance curves for (i) no interaction
and (ii) nonspecific interaction. (B) Specific interactions of Rec1-Res
with collagen I. (C) Specific interactions of Res-ColBD with collagen I,

(left) a three-peak specific interaction curve; (right) a two-peak specific
interaction curve. Arrows pointing up and down show compression and
pullout, respectively

Regen. Eng. Transl. Med. (2019) 5:362–372
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Fig. 7 Force mapping analysis of individual events by AFM. (A) The
histograms represent the frequency of the adhesion force events above
20 pN for Rec1-Res (left) and Res-ColBD (right), fitted with a 1-peak and
a 2-peak Gaussian curves, respectively. (B) Adhesion force-volume maps
for Rec1-Res (left) and Res-ColBD (right) with collagen I. Nonspecific
interactions are represented by dark pixels and specific interactions are
represented by white pixels. The percentage of events with adhesion force
above 20 pN is also reported. Each data set consisted of an array of 400
(20 × 20) force measurements, scanning in contact mode at 2 μm/s an
area of 20 × 20 μm2, with each pixel point spanning an approximate
width of 1 μm in both X and Y. The trigger force was set to 2 nN

peaks for this interaction might also be the results of multiple,
parallel binding events as shown in the Gaussian fitted curves
(Fig. 7A). It is also noteworthy that the frequency of these
events is significantly higher in the Res-ColBD than in the
Rec1-Res. In the force maps of individual adhesion events,
Rec1-Res shows a statically significantly lower frequency
(16.7%) than does the frequency observed for the ResColBD (40.4%) (Fig. 7B).
Since both the frequency and strength of adhesion of the
Res-ColBD nanocomposite are shown to be significantly
higher, the mechanical stability needs to be addressed.
Figure 8 illustrates the elastic properties, the stretching or
unfolding of Res-ColBD nanocomposite. During AFM measurements, the Res-ColBD molecule, attached to AFM tip,
adheres to collagen during contact and then becomes mechanically stretched as the tip is retracted away from collagen. The
mechanical properties of Res-ColBD are then recorded in the
form of force-distance (FD) curves and analyzed using the
worm-like chain (WLC) model of polymer [32].

where F(x) is the distance-dependent force (kg m s−2), x is the
extension length (m), kB is Boltzmann’s constant, T is the
temperature (K), Lp is the persistence length (m), and LC is
the contour length (m) of the chain. Lp measures the stiffness
(i.e., bending and rigidity) of the chain molecule and is an
intrinsic property of the material. LC represents the theoretical
length of stretched molecule. Since extension length (x) of
each force curve varies, this is normalized by the fitted contour
length (x/LC). The data in Fig. 8B show that the average Lp is
4.65 nm which is longer than the peptide backbone length of a
single amino acid residue [33]. The results indicate that ResColBD molecule exhibits a flexibility of a folded polypeptide
chain even after 400 force measurements. Closer examination
of the table in Fig. 8B, peak curve (18, 12) has the lowest Lp
value of 1.29 nm which when corresponds to the WLC fitting
of a single peak in Fig. 8C. This value is still significantly
higher than length of a single amino acid residue, while peaks
(17, 7 a, b and c) show even higher Lp values, which is indicative of multiple parallel binding events. Taken together with
normalized stretching length of at least 90% (x/LC) concludes
that flexibility of Res-ColBD is not affected by its anchoring
to collagen molecules.

Discussion
There is a clear need to develop new mechanically and biologically functional biomaterials for regenerative engineering
applications. Among the many requirements for 3D scaffolds
or devices for the repair and regeneration of tissues are the
biocompatibility, degradation rate, architecture, and surface
chemistry; however, often, the absence of adequate mechanical properties becomes a limiting factor [34, 35]. Tissues and
organs are under constant internal and external mechanical
loading; thus, designing biomaterials, which can accommodate these forces while maintaining integrity, becomes very
challenging. Nature has rewarded us with a plethora of proteins and polypeptides having diverse biological and mechanical properties based on their various intended functionalities
across many different species. These polypeptides have
reached near evolutionary perfection over billions of years.
One such example is the super elastic resilin, a cuticular protein found in specialized regions of many arthropods where
repetitive motion, stretching, and jumping are required such as
the wings of Drosophila melanogaster, the tendon of the
pleuro-subtalar muscles in dragonflies, and the soundproducing membrane in the cicada.
The resilin gene (CG15920) from D. melanogaster consists
of three distinct regions: an N-terminal region composed of 18
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Fig. 8 Resilin stability during
force mapping. (A) Adhesion
force-volume map for Res-CBD
as in Fig. 7B. The (x, y) coordinates have been introduced to
better identify the individual force
curves, and the time scan direction is also indicated. Yellow circles show the adhesion peaks that
have been fitted using the WLC
model. (B) Table summarizing the
results from the WLC model
fitting. (C) Examples of WLC
fitting, for the case of a single
peak as in (18, 12) scan, as well as
three peaks in (17, 7) scan

copies of GGRPSDSYGAPGGGN motif (exon I), a chitinbinding domain (exon II, ChBD), and a C-terminal region
composed of 11 copies of GYSGGRPGGQDLG motif (exon
III) [17]. The elastic and resilient properties of resilin are attributed to the highly repetitive elastic segments of exons I and
III. These segments are randomly coiled and linked together
through the oxidation of tyrosine residues to form di- and trityrosine links. Both exons I and III assemble into many welldefined β-turns structures, which then form β-spirals.
Although the self-assembly of resilin into β-spirals is not
unique in naturally occurring polypeptides, the work by
Andrell et al. suggested that these β-spirals might be larger
and more irregular than other elastomers, thereby giving
resilin its exceptional mechanical properties [5]. The high
fraction of hydrophilic residues, particularly in exon I, may
be critical in the underlining sliding mechanism for resilin’s
greater elastic behavior as these minimize hydrophobic
interactions.
Many studies have focused on understanding the SAR of
full-length resilin or of exon I and exon III. The chitin-binding
domain (ChBD) (exon II) suggests a role in anchoring resilin
to chitin-rich surrounding tissue in the insect. Qin and coworkers demonstrated that exon II was in fact a chitinbinding domain with a high affinity towards cuticle chitin
[14]. Resilin functional properties are based on the combination of the super elastic properties of exons I and III, with the
adhesive nature of the ChBD in exon II, responsible for binding to the surrounding insect exoskeleton. Based on this logic,
we examined naturally occurring resilin (exons I and III) as a
highly elastic template, into which a ColBD was introduced,
to design a functional binding polypeptide-based

nanocomposite biomaterial. We were motivated by the need
for a mechanically superior biomaterial with good biocompatibility and cytocompatibility that could withstand the repetitive load exerted on tissues while maintaining its integrity for
prolonged periods of time. Collagen I is the most abundant
extracellular structural protein in many tissues of the human
body as well scar tissues. Therefore, a resilin decorated with
collagen-binding domain could serve as a biomaterial for use
in films, adhesive bandages [36, 37] (films, fiber matts, or
hydrogels), sutures, screws and rods, 3D scaffolds, and delivery vehicles. Thus, the ChBD was replaced with collagen I–
binding domain to ensure seamless healing and good adhesion
to the surrounding human tissue.
Musculoskeletal-related injuries and disorders are the second largest cause of disabilities worldwide. Significant pain,
neurological discomfort, limited mobility, and substantial financial burden are associated with these disorders [36–39].
Intervertebral disc (IVD), lower extremities, and kneerelated disorders or injuries are common musculoskeletal procedures. Treatment usually requires invasive surgical procedures and prolonged pain management and follow-up procedures are common. Thus, patient quality of life is adversely
impacted resulting in a significant socioeconomic burden.
Tissue engineering strategies have been developed in
recent years to alleviate the burden of currently available
treatment by fully restoring the structure and function of
damaged tissue [40, 41]. Examples of such strategies include polymeric sutures, meshes, or plugs for intervertebral disc (IVD)–related disorders [42]. The IVD is comprised of three regions, a gelatinous core called the nucleus pulposus (NP), a fibrocartilaginous anulus fibrosus
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(AF) envelop, and cartilaginous end plates on surrounding
bony structures [43]. Damage or tearing in the AF layer
causes disc herniation (slipping of NP core) impinging on
the peripheral nerves. AF is composed of collagen fibers,
mainly collagen I, and its main function is to resist the
high tensile stresses caused by flexion-extension, bending,
and pressurized NP core. These tissue engineering devices
are typically made of metals, such as titanium, or polymers such as alginate, collagen, chitosan, silk, polylactic
acid (PLA), poly(glycolic) acid, and poly(lactic-coglycolic) acid (PLGA) [41, 42]. Although these polymers
are good candidates, none match the elastic and resilient
strength of resilin. Such elastic strength is required for the
repetitive load-bearing tissues such as IVD and bones
[44]. Although synthetic PLA, PGA, and PLGA can be
chemically modified or blended with other biomaterials in
an effort to increase their elasticity, they remain relatively
stiff and can further damage the surrounding tissue [45,
46]. The use of metals as an alternative material can also
cause further damage because their mechanical properties
are much higher than bone. More importantly, the
biomaterial-tissue interface becomes a critical aspect of
the design [47]. Most such materials, although biocompatible, adhere only very weakly to surrounding tissues.
Further chemical modification or the addition of biological moieties is often required. Therefore, by engineering a
nanocomposite of resilin and collagen-binding domain
might address the limitations of current tissue engineering
strategies.
Previous studies have shown that exon I is more
resilient than exon III. Indeed, combining exon III with
exon I did not significantly improve the overall elasticity and resilience of resilin [15]. Therefore, we examined the potential use of a polypeptide encoded by exon
I that had been functionalized with collagen-binding domain as the template biomaterial for multiple regenerative devices such as adhesive bandages or films,
electrospun fibers, screws, sutures, and drug delivery
vehicles. Exon I (Rec1) from the native resilin gene of
Drosophila (CG15920) fused with collagen-binding domain (ColBD) from ColH collagenase of C. histolyticum
was successfully cloned and expressed in
methylotrophic K. pastoris (Fig. 1B). Although ResColBD was not tagged, since the protein was expressed
in the culture supernatant, its purification was easily
performed by centrifugation. Indeed, some of the other
major advantages of using K. pastoris as an expression
host includes its ability to be grown in very high cell
densities, producing gram-scale amounts of products
[48]. AXO1, a tightly regulated promoter, was used
with in pD912 vector to promote the overexpression
of proteins in simple and relatively inexpensive media.
FTIR analysis of both Res-ColBD and Rec1-Res shows
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all the same major character peaks characteristic of
Rec1-Res with minor differences in Res-ColBD having
bands at 1200–800 cm−1 possibly due to the presence of
a collagen-binding domain.
Many collagen-binding domains having different morphologies and biological roles exist in nature. Mammalian ColBD
proteins, such as MMPs, engage in the remodeling of tissues,
and thus, their prolonged presence may cause unfavorable
outcomes [49]. A goal here is to anchor the resilin protein to
damaged tissues to allow repair and regeneration. Bacterial
ColBDs have generally evolved specifically to target mammalian collagen and ensure tight binding to the tissue [22].
Bacterial ColBDs are much smaller than their mammalian
counterparts, which is advantageous when expressing a
ColBD in a fusion protein. Gel electrophoresis analysis
showed Res-ColBD bound very tightly to collagen I with no
band present in the unbound fraction. When mixed with collagen, Rec1-Res band was present in the unbound fraction
demonstrating limited, if any, nonspecific interactions. AFM
studies were carried out to examine the binding specificity as
well as to confirm the strength of the interaction between
ColBD and collagen I.
Although a single-peak in Rec1-Res was observed
(Fig. 6B), nonspecific interactions are possible due to
two different possible nonspecific events: (i) the binding
of unmasked COOH groups, as a result of PEGylating
(HS-(CH2)11-PEG6-COOH) the spherical tip with collagen
I, and (ii) indentation caused by the high force (2 nN) can
result in nonspecific tip-collagen interactions [50]. The
frequency of these nonspecific interactions is significantly
lower for the Rec1-Res-collagen interaction. Res-ColBD
interaction with collagen resulted in two Gaussian curves/
peaks, typical of a ColBD binding profile [31]. Multiple
binding events are possible because of the nature of the
AFM probe, its chemical modification, and its spherical
shape. Thus, multiple (i.e., 2, 3, or more) resilin molecules might bind at the same time to collagen and result
in different binding/unbinding peaks. This explains the
presence of a third major peak for Res-ColBD, which
seems to be of similar magnitude to one of the other
peaks. Moreover, based on the adhesion force-volume
map, Res-ColBD is statistically significantly higher than
unfunctionalized Rec1 resilin.
The resilience of native resilin stems from its random coils
made up of secondary β-spirals configuration with inter-spiral
spacers which in turn allow for a suspended-like chain [17].
Thus, we examined whether Res-ColBD maintained its folded
configuration when tethered and released repetitively. The
present AFM study shows no conformational changes occurred to Res-ColBD during repetitive force stretching even
at 90% extension. These results unequivocally demonstrate
the intrinsic elasticity and resilience of Res-ColBD
nanocomposite.
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Conclusion
A collagen I–binding domain from ColH collagenase of
C. histolyticum was successfully fused to exon I resilin (ResColBD) and the recombinant plasmid was expressed in
K. pastoris. The engineered Res-ColBD nanocomposite was
compared with non-functionalized exon I–based protein
(Rec1-Res). SDS-PAGE data showed 100% binding of
Resilin-ColBD (Res-ColBD) to collagen I, while Rec1-Res
showed no binding. AFM intermolecular force results show
a bimodal binding profile, which is typical of a ColBDbinding interaction. Moreover, based on the adhesion forcevolume map, Res-ColBD was statistically significantly higher
than resilin without ColBD. Thus, the resilin polypeptidebased nanocomposite biomaterial design presented here demonstrates the unique opportunity to engineer multi-domain
biopolymer with different functionalities. This modular design
not only can be used to target a specific tissue but also can be
further functionalized by the addition of growth factors and/or
cells to enhance its regenerative potential.
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