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Abstract: Regenerative medicine using stem cells offers promising strategies for treating a variety of
degenerative diseases. Regulation of stem cell behavior and rejuvenate senescence are required for
stem cells to be clinically effective. The extracellular matrix (ECM) components have a significant
impact on the stem cell’s function and fate mimicking the local environment to maintain cells or
generate a distinct phenotype. Here, human elastin-like polypeptide-based ECM-mimic biopoly-
mer was designed by incorporating various cell-adhesion ligands, such as RGD and YIGSR. The
significant effects of bioactive fusion ELPs named R-ELP, Y-ELP, and RY-ELP were analyzed for
human bone-marrow-derived stem cell adhesion, proliferation, maintenance of stemness properties,
and differentiation. Multivalent presentation of variable cell-adhesive ligands on RY-ELP polymers
indeed promote efficient cell attachment and proliferation of human fibroblast cells dose-dependently.
Similarly, surface modified with RY-ELP promoted strong mesenchymal stem cell (MSCs) attachment
with greater focal adhesion (FA) complex formation at 6 h post-incubation. The rate of cell prolifera-
tion, migration, population doubling time, and collagen I deposition were significantly enhanced in
the presence of RY-ELP compared with other fusion ELPs. Together, the expression of multipotent
markers and differentiation capacity of MSCs remained unaffected, clearly demonstrating that stem-
ness properties of MSCs were well preserved when cultured on a RY-ELP-modified surface. Hence,
bioactive RY-ELP offers an anchorage support system and effectively induces stimulatory response to
support stem cell proliferation.

Keywords: elastin-like polypeptide; biopolymer; integrin; laminin; extracellular matrix; stem cells;
cell differentiation

1. Introduction

Mesenchymal stem cells (MSCs) are progenitor cells capable of self-renewal and
differentiation to several mesenchymal lineages, including osteoblasts, adipocytes, and
chondroblasts [1,2]. These physical characteristics are associated with organogenesis and
tissue regeneration, which has attracted widespread interest from clinical researchers [3,4].
However, the restricted number of populations doubling and becoming senescent eventu-
ally greatly hindered their clinical application, as obtaining sufficient quantities of MSCs
from culture was difficult [5,6]. The loss of stem cell characteristics after a long expansion
in culture affects their immunomodulatory and differentiation capacities that limit their
efficacy [7,8]. The regulation of stem cell behavior and survival were completely dependent
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on a complex microenvironment known as the stem cell niche. The extracellular matrix
(ECM) is an essential component of the stem cell niche, which is involved directly or
indirectly in regulation of proliferation, maintenance, self-renewal, and differentiation of
stem cells [9-13]. Thus, natural and synthetic biomaterials mimicking ECM were being
investigated for stem cells to grow and differentiate. The natural polymers, such as colla-
gen, hyaluronic acid, fibrin, or alginate, or synthetic polymers, such as polyethylene glycol
(PEG), dextran, or polyvinyl alcohol were commonly used [14,15]. However, due to the
polydispersity, lack of cell interaction, possible cytotoxicity, and immunogenicity restricted
the application of synthetic polymers [16]. Naturally derived polymers have inherent
merits in this regard, including bioactivity, the ability to present receptor-binding ligands to
cells, biodegradability, and susceptibility to natural remodeling, but antigenicity, instability,
complexity of purification, and risk of disease transmission limit their application [17].

In this context, elastin-like polypeptide (ELP)-based biomaterials with enhanced
biological and physical properties have opened the door to new approaches in stem cell
applications. ELPs are a class of genetically encodable polymers that possess temperature-
dependent phase transition properties [18]. The biocompatible, nontoxic, nonimmunogenic
nature makes ELP ideal for various applications. ELP is composed of the pentapeptide
sequence repeats [VPGXG]n (where X can represent any amino acid except proline and
n indicates the number of repeating pentapeptides) originally derived from an amino
acid motif found in the hydrophobic domain of human tropoelastin. Since ELPs are
genetically encodable, it is relatively simple to fuse biologically active peptides or proteins
to ELPs, creating ELP fusion proteins [19,20]. These ELP fusion proteins retain not only the
inverse phase transition property of traditional ELPs, but also the biological activity of the
fused peptide [21]. Hence, ELP fusion proteins can serve as an all-in-one matrix system,
without the need for chemical conjugation. The stimulus-responsive phase transition
inherent to ELPs has been used to purify engineered fusion proteins after protein expression
in microbial hosts, leading to cost-effective production of functional chimeric proteins.
ELPs have promising clinical application as systems for drug loading, targeting, and
delivery in numerous fields, such as cancer therapy [22], regenerative medicine [23,24], or
diagnostics [25]. Recently, we have demonstrated that ELP-based fusion proteins shield an
appended biologically active peptide from proteolytic degradation by forming colloidal
suspension of liquid-like coacervates [26], making this delivery system particularly well
adapted for wound care treatment [27].

Typically, native extracellular matrices (ECMs) exhibit networks of molecular inter-
actions between specific matrix proteins and other tissue components. ECM is a complex
network of different macromolecules, such as fibrous proteins, including collagen, elastin, fi-
bronectin, and laminin; proteoglycans (PGs); and glycosaminoglycans (GAGs), that confers
well-defined physical, biochemical, and biomechanical properties to direct cell behav-
iors [28]. The interactions of stem cells with ECM can be directly activated by a number of
cell receptors, including integrins, tegrins, syndecans, and other receptors. An increasing
number of studies confirmed that integrins are core receptors involved in ECM-stem cell
interactions and in the adhesion, anchorage, and homing of stem cells [29]. Accordingly, we
have designed a matrix-derived protein chimera that contains RGD, the primary integrin-
binding domain, and YIGSR, laminin-binding domain fused to an elastin-like polypeptide
(ELP). This multifunctional ELP design offers a flexible protein engineering platform:
(i) RGD, the primary integrin-binding domain of ECM proteins, mediates cell adhesion,
proliferation, and migration; (i) YIGSR binds to laminin receptors to activate signaling
pathways and promote cell adhesion; (iii) ELPs, known to be well tolerated in vivo, provide
a self-assembly scaffold with tunable physicochemical (viscoelastic, thermo responsive)
properties. The concept used to design these fusion ELPs is a multivalent interaction of
cells, based on integrin or laminin cell surface receptors, rather than monovalent interac-
tion, in order to strengthen and stabilize ligand binding to the receptor and enhance cell
proliferation and survival. It was aimed at stimulating biological responses by multiple
interactions between ligands and receptors in order to regulate the function of diverse types
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of cells. Because ECMs play a key role in controlling stem cell behavior, it was expected that
our fusion ELPs containing multi-ECM-binding domains would influence or enhance stem
cell behavior to improve MSCs for clinical applications. Therefore, we sought to study the
impact of multifunctional ELP variants on human fibroblasts and bone-marrow-derived
stem cell attachment, early FA complex formation, cell proliferation, and maintenance of
stemness properties of MSCs.

2. Materials and Methods
2.1. Culture of Bone-Marrow-Derived MSCs

Ethical clearance was obtained from Institutional Committee for Stem Cell Research
(IC-SCR/110/20(R), All India Institute of Medical Sciences, New Delhi. All the methods
described in this study were performed in accordance with the relevant guidelines and
regulations of the Institution. Human bone marrow was harvested by iliac crest aspiration
from healthy donors in the Department of Hematology. We have carefully optimized
and standardized different isolation and expansion methods with or without gradient
separation. The plating of whole bone marrow at a low cellular density has proven to
be advantageous for mesenchymal stem cell (MSC) expansion. Isolation of MSCs via
Ficoll density gradient centrifugation require approximately 20-50 mL of blood sample.
Ficoll-Paque density gradient centrifugation (DGC) resulted in significant cell loss and
influenced graft function. Since human blood sample availability was limited, we used a
direct plating method of whole blood, for which only 5 ml of blood was required. We have
strictly followed the International Society for Cellular Therapy (ISCT) proposed criteria
to identify MSCs, such as: (1) the adherence to plastic; (2) the specific surface antigen
expression (positivity for CD105, CD73, and CD90 and the lack of expression of CD45,
CD34, CD14, or CD11b, CD79a or CD19 and HLA class II); (3) the multipotent capacity
to differentiate into osteoblasts, adipocytes, and chondrocytes under standard in vitro
differentiating conditions.

Briefly, for culturing MSCs, 1 mL of the bone marrow blood sample was seeded
in each 60-mm culture plate and was maintained at 37 °C in a humidified atmosphere
containing 5% CO, Bone-marrow-derived stem cells (MSCs) were isolated and cultured
in Dulbecco’s modified Eagle medium, low glucose (DMEM; Gibco, Grand Island, NY,
USA), supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA)
and 1% antibiotics (10,000 IU/mL penicillin, 10,000 pg/mL streptomycin, and 25 pg/mL
amphotericin B (Mediatech, Manassas, VA, USA)).

Green fluorescent protein (GFP)-tagged IHF (Human Fibroblast Cell Line) cells were
grown in DMEM high glucose (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (Hyclone, Thermo Fisher Scientific, Waltham,
MA, USA) and 100 U/mL penicillin and 100 mg/mL streptomycin (Sigma Aldrich, St.
Louis, MO, USA). The media was changed every three days and the culture was maintained
at 37 °C in a 95% humidified environment with 5% CO,. Cells were grown undisturbed
until they reached 70% confluency.

2.2. ELPs Expression and Purification

BL21 (DE3) competent E. coli cells were further transformed with a modified pET
25b+ vector containing ELP, R-ELP, Y-ELP, and RY-ELP gene for protein expression. Starter
cultures were prepared by inoculating transformed colonies in 15 mL of terrific broth media
(IBI Scientific, Dubuque, IA, USA) containing 100 mg/mL ampicillin (Sigma Aldrich, St.
Louis, MO, USA) for 6 h at 37 °C. Starter cultures were then transferred into 700 mL of
fresh terrific broth media containing ampicillin and incubated for 16 h at 37 °C. The cells
were then harvested by centrifugation at 4000 rpm for 20 min at 4 °C and suspended
in a 15 mL lysis buffer. Cells were lysed by sonication at 4 °C, and ELP protein was
purified using inverse transition cycling (ITC). Four rounds of ITC were performed to
eliminate cell contaminants. All the protein samples were filtered with 0.2 uM syringe
filters. The filtered protein samples were subjected to endotoxin removal by using Pierce
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High-Capacity Endotoxin Removal Spin Column (Thermo Scientific, Waltham, MA, USA)
as per the manufacturers’ instructions. Endotoxin levels were measured using the Thermo
Scientific Pierce LAL Chromogenic Endotoxin Quantitation Kit (A39552).

ELP purity was checked by SDS-PAGE, followed by Coomassie blue staining (Bio-
Rad, Hercules, CA, USA). ELP concentration was measured by a UV-visible spectropho-
tometer (Agilent Technologies, Santa Clara, CA, USA) using an extinction coefficient of
5690 M~! ecm 1.

2.3. Cell Adhesion Assay

A 6-well plate was coated with 5 UM concentrations of fusion ELPs at 4 °C overnight.
Human fibroblast cells (5 x 10%) were seeded on ELP-protein-coated plates and incubated
for different time intervals (0-24 h) at 37 °C. Time-dependent cell adhesion was assessed by
live imaging fluorescence microscopy based on GFP fluorescence (Etaluma, Lumascope
620, Carlsbad, CA, USA).

2.4. Phalloidin Staining

Phalloidin staining of MSCs was performed for clear visualization of cell adhesion
and spreading at optimum ELP (5 uM) concentration. Briefly, coverslips were coated with
respective fusion ELPs and adherence of cells was observed at different time points. At
specific time intervals (6 h and 24 h), cells were fixed with 4% PFA for 15 min and washed
extensively with PBS. Then, cell membranes were permeabilized with 0.5% Triton X-100
for 5 min. The cells were washed with PBS and stained with 50 pg/mL Alexa Fluor 488
phalloidin (Sigma Aldrich, St. Louis, MO, USA) for 40 min at room temperature in the
dark. After 40 min, the unbound stain was washed with PBS and stained with Hoechst
for 10 min at room temperature. Coverslips were mounted using DPX Mountant (Sigma
Aldrich, St. Louis, MO, USA) and the cells were imaged using a fluorescence microscope
(Leica, Wetzlar, Germany).

2.5. Cell Viability Assay

The 96-well plates were coated with different concentrations (0.625, 1.25, 2.5, and
5 uM) of ELP, R-ELP, Y-ELP, and RY-ELP at 4 °C overnight. Then, both IHF and MSCs,
3 x 10 cells/well, were seeded on ELP-protein-coated plates and incubated for 48 h at
37 °C. The cell viability was assessed by CCK-8 kit. Briefly, after incubation of cells for a
specific time interval, wells were washed with PBS, and then 10 puL of CCK-8 solution was
added to each well. After 1-2 h of incubation, the absorbance of each well was quantified
using the microplate reader at 450 nm.

2.6. Cell Proliferation Assay

To analyze the impact of fusion ELP on cell proliferation, 96-well plates were coated
with 5 uM concentration of ELP, R-ELP, Y-ELP, and RY-ELP at 4 °C overnight. Both IHF
and MSCs of 3 x 103 cells/well were seeded on coated plates (5 pM) and incubated for
different time intervals at 37 °C. Cell proliferation was assessed by CCK-8 kit at each time
interval. After incubation, the absorbance of each well was quantified using the microplate
reader at 450 nm after adding CCK-8 solution.

2.7. Population Doubling Assay

To examine the effect of fusion ELP coatings on the growth rate of MSCs, we measured
the population doubling levels (PDLs) compared to the untreated control. A total of
0.6 x 10* cells of MSCs (at P3) were seeded on 48-well plates. Upon reaching confluence,
the cells were passaged at the same cell density. The population doubling time was
determined by cumulative addition of total numbers generated after day 1, 3, 6, and 10.
PDLs were calculated using the following formula (Equation (1)):

PDL = log; (collected cell number/seeded cell number) 1
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2.8. Migration Assay

A scratch assay was used to measure cell population migration on the influence
of fusion ELPs. IHF and MSCs were cultured in 5% CO; at 37 °C in DMEM high/low
glucose media. Six-well polystyrene plates were coated with 5 uM ELPs at 4 °C overnight.
After washing the plate with PBS, cells (2 x 10° cells/well) were seeded and grown to
confluence. 3 h prior to scratch assay, the culture medium was substituted with a fresh
medium containing mitomycin (10 pg/mL; Sigma-Aldrich, St. Louis, MO, USA) to avoid
the influence of cell proliferation. Then, the medium was removed and a cell-free gap was
created by scratching the confluent cell layer with a sterile P10 micropipette tip. Cells were
washed several times with PBS and replaced with fresh media. At specific time points,
images of three nonoverlapping regions of each scratched zone were captured using a
phase contrast microscope. Scratched wound recovery index (SWRI, %) was determined
with the equation (Equation (2)):

SWRI (%) = (total wound area — present wound area)/total wound area x 100 (2)

2.9. Calcium Deposition Analysis

MSCs were seeded on a 5 uM ELP-coated 6-well plate and cultured to grow to 60%
confluence. After 2 days, cells were cultured in DMEM medium containing 10% FBS
supplemented with 10~3 M dexamethasone (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA), 50 ug/mL L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, MO, USA),
10 mM f3- glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), and 0.1 uM vitamin
D (Enzo Life Sciences, Farmingdale, NY, USA) to induce osteogenesis. Medium changes
occurred every 3 days, and the success of differentiation was assessed 7, 14, and 21 days
after induction. Alizarin Red stain (Rowley Biochemical Institute, Danvers, MA, USA) was
used to examine the calcium deposition on the ELP-coated plates 14 days after induction.
The cells were rinsed twice with PBS, fixed with 60% isopropanol (Sigma-Aldrich, St. Louis,
MO, USA) for 1 min, washed three times with ddH,0O, and stained with 2% Alizarin Red
stain for 5 min. Cells were then washed extensively with ddH,O and imaged using a bright
field microscope (Nikon, Tokyo, Japan).

2.10. Lipid Droplet Staining

MSCs were seeded on respective ELP-coated 6-well plates and cultured to grow to
60% confluence. To induce adipogenesis, the culture medium was supplemented with
107% M dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), and 1 pg/mL insulin
were purchased (Sigma-Aldrich, St. Louis, MO, USA). For adipocyte differentiation, lipid
droplets were stained by Oil Red O staining on day 14. Briefly, post-induction cells were
rinsed twice with PBS and fixed with 10% formalin (Thermo Fisher Scientific, Waltham,
MA, USA) for 60 min at room temperature. The cells were then washed with PBS and
incubated with 60% isopropanol for 5 min. Freshly prepared Oil Red O staining solution
(4 mg/mL) was added to the cells and agitated for 20 min. After several washes with
ddH,O to remove excess dye, cells were imaged using Nikon Bright Field Microscope.

2.11. Alcian Blue Staining

The differentiation capacity of MSCs into chondrocytes was analyzed by culturing
the cells (3 x 10%) in respective ELP-coated U-shaped 96-well plates in the presence of
induction media. MSCs were cultured in high-glucose DMEM (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), 1% antibiotics, 1% ITS+ Premix (6.25 pg/mL insulin,
6.25 ug/mL transferring, 6.25 ug/mL selenious acid, 1.25 mg/mL bovine serum albumin,
and 5.35 ug/mL linoleic acid; BD Biosciences), 1 mM sodium pyruvate (Sigma-Aldrich,
St. Louis, MO, USA), 50 pg/mL L-ascorbic acid 2-phosphate, 40 pg/mL L-proline (Fluka,
St. Louis, MO, USA), 0.1 uM dexamethasone, 10 ng/mL TGFf1 and 150 ng/mL BMP7
(Peprotech, Rocky Hill, CT, USA). Medium changes occurred every 3 days, and the success
of differentiation was assessed 7, 14, and 21 days after induction.
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Chondroblasts were fixed with 4% (v/v) formaldehyde for 20 min at room temperature.
Afterward, cells were washed twice with ddH,O, followed by a 3-min incubation at RT
with 3% (v/v) acetic acid (Merck Millipore, Germany, Cat. No. 100063) in ddH,O. Alcian
Blue solution (0.1 g Alcian Blue 8GX (Sigma-Aldrich, St. Louis, MO, USA) diluted in 10 mL
3% (v/v) acetic acid in ddH20 at pH = 2.5) was added for 60 min, followed by a washing
step with 1 M HCl for 3 min. Afterward, wells were washed four times with ddH,O and
cells were imaged in Nikon bright-field microscope.

2.12. Western Blotting of Bone Marrow MSCs

Lysate of MSCs grown in ELP and ELP-fusion-coated plates were prepared using RIPA
buffer. Cell lysates were centrifuged at 16,000x g value for 30 min at 4 °C and protein con-
centrations were determined using the BCA assay (Thermo Scientific, Rockford, IL, USA).
Aliquots (30 mg) of total cellular proteins were separated by SDS-PAGE on 10-12% (w/v)
gradient NuPAGE gels (Invitrogen), transferred to PVDF (Amersham Bioscience Bucking-
hamshire, UK), and incubated with specific antibodies. Immunoreactive proteins were
detected by enhanced chemiluminescence.

Endogenous protein expression of type I collagen was assessed in MSCs grown in
different ELP-coated plates. All the primary and secondary antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA).

2.13. Analysis of Stemness Properties of MSCs

To study the effect of ELPs on MSC stemness properties, MSCs were cultured on
ELP-coated plates with growth medium and were sub-cultured every 4-5 days. After
the last passage (P10), cells were harvested and divided into three groups to perform
the following assays: the expression level of hMSCs markers was investigated by flow
cytometry. Harvested cells after the last passages were fixed in 10% formalin for 15 min at
room temperature. After washing with PBS, cells were permeabilized with 0.1% triton X-
100 for 15 min, followed by incubation in blocking buffer for 30 min and primary antibodies
against CD45, CD73, CD90, and CD105 for 30 min or corresponding isotype control. After
washing, cells were incubated with corresponding secondary antibodies for 30 min at RT.
For each sample, 5000 events were counted and run on a flow cytometer (Merck Millipore,
guava easy Cyte HT, Singapore). Lysate of MSCs grown in ELP- and ELP-fusion-coated
plates were prepared using RIPA buffer. Western blot was performed after loading an equal
amount of protein in SDS-PAGE to measure the endogenous protein expression of NANOG,
OCT4, and SOX2 in MSCs grown in different ELP-coated plates. All the antibodies were
purchased from Cell Signaling Technology.

2.14. Statistical Analysis

All data analysis was conducted using Graph Pad Prism 5 software (GraphPad Soft-
ware, San Diego, CA, USA). Unless otherwise stated, p values were calculated using
one-way ANOVA and error bars indicate the standard deviation of three separate experi-
ments performed in triplicates. *** p < 0.0001, ** p < 0.001, and * p < 0.05 are considered
statistically significant.

3. Results and Discussion
3.1. Genetic-Encoded Synthesis of Fusion ELPs and Protein Expression

Elastin, an elastomeric, insoluble, and fibrous protein, is one of the principal compo-
nents of the extracellular matrix (ECM) and is mainly found in many supporting tissues
in which high deformations are required (lung, skin, blood vessel, urinary bladder, and
cardiac tissues). The recombinant methods of generation of elastin-based polymers by
iterative recursive methods guarantees a high control of amino acid sequence that directs
the synthesis of elastin biopolymers of high monodispertsity [18,30]. This exquisite con-
trol allowed the repetition of multiple copies of ECM-binding ligands (RGD and YIGSR)
along the backbone of ELP with desirable properties and specific bio-functionalities for
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the target application in stem cell culture (Figure S1A). The fusion ELP polymers, such as
R-ELP, Y-ELP, and RY-ELDP, of suitable length and molecular weight were synthesized using
recursive directional ligation (RDL) method, as with our previous study [31]. Repeated
rounds of RDL yielded polymers of different length, such as [R-Vi]n, [Y-Vg]n, and [RY-V5]y,
where n =2, 4, 8, and 16 repeats. The multifaceted polymers used in the study have the
composition [R-Vgli6, [Y-Vili6, and [RY-V5]16 containing 16 repeats of cell-adhesive domain
(RGD and YIGSR) sequence. Later, the fusion ELPs were referred to as R-ELP, Y-ELP, and
RY-ELD, respectively, in accordance with types of domain constitution. As schematically
shown in Figure 1A, the fusion RY-ELP of desired length was ligated into pET 25 b+, which
was already modified by insertion of gene cassette including Sfil enzyme site for ELP
ligation. Proper ligation of ELPs in the vector was confirmed by double digestion with
Nde I and Hind III, followed by DNA sequencing. Later, for ELP gene expression, pET 25
b+ plasmid harboring R-ELP, Y-ELP, and RY-ELP was transformed into BL21-D3 E. coli.
Inherent thermal responsive phase transition characteristics of fusion ELP were exploited
for purification by inverse transition cycling (ITC).

A
- - - RELP Modified
Ligation Digestion
- S - Y-ELP > P —
5.5 kb 3
- - RY-ELP Ndel and HinDill
RGD | YIGSR  Cysteine (Cys) I ELP
1 pPET-R-ELP
. 5 PET-Y-ELP
3. PET-RY-ELP
B
|
X &
Supemalant Pellel @z **'\’ &
165
« M5 o
*+ <« Dimer
.O.,\,. ot spin . _Cold spin _ ' 4 cycles S0
-~ , ‘ of ITC 52‘
— -"'ﬂ
— - ‘Superatant 2
. L ] )« 24
v "w B 17
Total cellu n = n T — 479 493 505

Figure 1. Expression and purification of ELP derivatives. (A) Schematical representation of R-ELP,
Y-ELP, and RY-ELP ligation into pET 25 b+ after linearization with Sfil enzyme. Similarly, all the
fusion ELP (R-ELP, Y-ELP) was ligated into pET 25 b+ vector for protein expression. Proper ligation of
fusion ELPs in the vector was confirmed by double digestion with Nde I and Hind III (right). Size of
the DNA fragments after digestion was indicated on the right. (B) All the fusion ELPs were purified
by triggering phase transition at room temperature by adding NaCl. Repeated cycle of hot spin to
aggregated protein and cold spin to dissolve ELP pellet was continued for four rounds to obtain
fusion ELPs from cell lysate to homogeneity. The purity of fusion ELPs were confirmed through
SDS-PAGE analysis (on right). The molecular weight fusion ELPs were indicated below (KDa).

After removal of endotoxin from the protein samples, the endotoxin levels of the
ELP, R-ELP, Y-ELP, and RY-ELP were found to be 0.215, 0.211, 0.217, and 0.206 EU/mL,
respectively. The expression levels and purity of ELPs were confirmed by SDS-PAGE,
followed by Coomassie blue staining. Gel electrophoresis analysis revealed a single band
with the appropriated molecular weight of ~47.9 kDa for R-ELP, ~49.3 kDa for Y-ELP, and
~50.5 kDa for RY-ELP, confirming the efficiency of the process to purify the polypeptides
from bacterial lysate (Figure 1B). The sharp single bands of respective ELPs approximately
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corresponding to theoretical calculated molecular weight based on amino acids demon-
strated the possibility of successful removal of impurities after four-round ITC. In contrast
to other polymers, these fusion ELPs can be purified cost-effectively. It provided an ap-
proach to eliminate the expensive mode of purification by chromatography and replace it
with simplified large-scale purification using the ITC method with relatively high yields
(~100-400 mg/L).

3.2. Thermal Characteristics of Fusion-ELPs

The thermal responsive sol-gel transition of ELPs is a useful attribute for utilization
in regenerative medicine and tissue engineering purposes. We further investigated the
transition temperature, Tt, of respective fusion ELP proteins at the range of 20-55 °C in
1 °C/min increment (Figure S1B). The entropically driven phase transition in response to in-
creasing temperature was evaluated by turbidimetry at 25 uM concentration. Temperature-
dependent phase separation was observed for all biopolymers. The Tt was found to be
34.71 °C, 21.5 °C, and 22.21 °C for R-ELP, Y-ELP, and RY-ELP, respectively. For a similar
concentration of 25 uM, Y-ELP and RY-ELP displayed depressed Tt up to 14 or 13.3 °C
compared to control ELP (Tt 35.5 °C). The negative correlation between Tt and the fraction
of hydrophobic surface area on ELP-fused proteins is well established [32]. When YIGSR
was incorporated repeatedly in either Y-ELP or RY-ELP, the transition temperature of ELP
decreased, whereas substituting RGD did not substantially change the ELP transition tem-
perature. All fusion ELPs form insoluble aggregates above Tt and exhibit sol-gel transition.
Polymer suspension progressively dissolved when temperature decreased under 20 °C.
Incubation below 15 °C led to a complete loss of turbidity after thermally triggered aggre-
gation, demonstrating that the phase transition is reversible. A thermo-induced sol-to-gel
transition will likely lead to the formation of coacervate layers or thin films, which can be
used to embed ELPs on bioinert surfaces that can support the morphological characteristics
and functions of different types of cells.

3.3. Effect of Fusion ELP on Cell Adhesion and Proliferation

Surface modification of elastin-like polypeptides (ELP) with peptides derived from
ECM proteins gained much interest in the tissue engineering and regenerative medicine
fields [33]. It offers a versatile way to modulate interactions between cells and the ECM
matrix components critical for inducing cellular adhesion, spreading, and migration. Thus,
designed ELP derivatives were further examined for their role in enhancing adhesion
and cell survival. Mesenchymal stem cells (MSCs), derived from different tissues, are
characterized by a fibroblast-like morphology. Many studies have revealed that MSCs
share many characteristics with fibroblasts, such as being present in almost every human
tissue, playing vital roles in wound healing, and representing a heterogeneous population
of cells [34]. Fibroblasts were evidenced to express many of the same markers as MSCs,
in that they can be induced to multilineage differentiation similar to MSCs [35,36]. It was
also reported to meet all the standards set by the International Society for Cellular Therapy
(ISCT) for characterization of MSCs; thus, the effect of fusion ELPs on cell attachment
and proliferation was primarily examined in human dermal fibroblasts [37—41]. All ELPs
containing RGD and YIGSR or both were estimated for their association with fibroblasts, a
key constituent of the dermal layer. The ability of ELPs to bind IHF cells was evaluated
using a crystal violet assay (Figure S2A). When IHF was allowed to attach at a fusion-ELP-
coated surface, the percentage of cell attachment was significantly increased in a dose-
and time-dependent manner (Figure S2B,C). RY-ELP showed greater cell adhesion of IHF
compared to other fusion ELPs. Simultaneously, time-dependent cell adhesion was assessed
by live imaging using GFP stably expressed IHF cells. It was further confirmed that Y-ELP
and RY-ELP displayed faster cell adhesion and proliferation compared with uncoated or
ELP controls (Figure 2A). The significant adhesion was also observed in R-ELP-coated
plates as well. The engagement of multiple copies of both domains on ELP, indeed, provide
a firm cell adherence matrix for IHF.
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Figure 2. Cell adhesion, viability, and proliferation assay of IHF cells. (A) Live imaging of IHF
cell attachment on fusion ELP (ELP, R-ELP, Y-ELP, and RY-ELP) modified surface at different time
intervals (n = 3), Scale bars: 50 um. (B) Cell viability of IHF cells was evaluated post 24 h cultured on
a fusion-ELP-coated surface (n = 3), ** p < 0.01 and * p < 0.05 significant difference of respective fusion
ELPs compared with uncoated control. (C) The proliferation rate of IHF cells on fusion-ELP-modified
surfaces was evaluated at different time intervals (12, 24, and 48 h) (n = 3), * p < 0.05 significant
difference for RY-ELP compared with uncoated surface (control).

Several ECMs contain multiple protein-binding domains, such as RGD or YIGSR
sequences, and play a critical role in the proliferation of various types of cells. The viability
of IHF cells on ELP-, R-ELP-, Y-ELP-, or RY-ELP-coated surfaces was studied for different
time intervals using CCK-8 assay. In all R-ELP-, Y-ELP-, or RY-ELP-coated surfaces, the
percentage of cell viability increased dose-dependently. Among them, RY-ELP showed
increased cell viability and proliferation in comparison to other groups (Figure 2B,C).
Overall, ELP control had the least effect on cell attachment or cell proliferation, which
directed that ELP did not possess any stimulatory effect but maintained viability of the
cells. The conjuncture of both ECM domains showed a synergistic effect by facilitating
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faster IHF attachment, which, in turn, provides structural support needed for cell survival
and proliferation.

3.4. Induction of Migratory Effect by Fusion ELP on IHF

The efficient motility of endogenous cells from wound margins into the injured site
is essential for the wound healing process. To assess the stimulatory effect of ELP deriva-
tives on IHF cell migration, a scratch assay was performed (Figure 3A). All fusion ELPs
substantially accelerated the migration of IHF cells in a time-dependent manner. The
highest rate of migration was recorded by RY-ELP at 24 h compared to another group.
At a 5 uM coating concentration of ELP control, stimulatory effect on IHF motility was
rarely observed. The accelerated motility of IHF was observed on R-ELP- and Y-ELP-coated
plates as well. Estimation of migratory effect through scratched wound recovery index
(SWRI, %) revealed 91.8 and 98.9% by Y-ELP and RY-ELP after 24 h, while ELP and R-ELP
displayed 47.4 or 69.4% of the recovery index (Figure 3B). Simultaneously, the measurement
of migratory cells per field revealed 2.85- or 2.34-fold increase in RY-ELP- or Y-ELP-coated
groups, respectively (Figure 3C), whereas R-ELP displayed a 1.82-fold increase in migratory
cells and no significant changes were detected in control ELP compared with uncoated
surfaces. Accordingly, we confirmed that our designed RY-ELP could recapitulate the
biophysical properties of the ECM, enhancing migration. It was anticipated that RY-ELP
would induce a stimulating effect on IHF cells, which, in turn, activated signaling cascades
that enhanced cellular migration.
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Figure 3. Migration assay of IHF cells. (A) Representative phase-contrast images of wounded IHF
cells cultured on a fusion-ELP-coated surface as compared with uncoated over a 24-h period (1 = 3),
Scale bars: 100um. (B) The bar graph represents the percentage of scratch wound recovery index
(SWRI). ** p < 0.01 significant difference for Y-ELP and RY-ELP compared with untreated control
(n = 3). (C) The number of migratory IHF cells at different time points (n = 3), * p < 0.05 and ** p < 0.01
significant difference of Y-ELP or RY-ELP compared with uncoated control.
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3.5. Interaction of MSCs on ELP Matrix

For wound healing, stem cell therapy is one of the emerging treatment modalities
with high potential for restoring damaged tissue. RGD and YIGSR are integrin- and
laminin-binding ligands of ECM proteins, and they are extensively used to promote cell
attachment, including stem cells [42]. Thus, fusion ELPs were further examined for their
effect on cellular adhesion of human bone-marrow-derived mesenchymal stem cells. To
understand the ability of fusion ELP on the attachment, the maintenance of the cells and
strength of MSC attachment on a modified surface was investigated and quantified. The
adhesion capabilities of MSCs on fusion ELP-modified surfaces at various time intervals
were confirmed by phalloidin staining. The incorporation of ECM domains, such as
integrins and laminin-binding ligands (RGD and YIGSR), triggered greater FA complex
formation as a cell-contact point, thereby improving the cell-adhesion process. It was
found that R-ELP-, Y-ELP-, and RY-ELP-coated surfaces stimulated profound formation
of many filopodia-like extrusions and cell-contact points (Figure 4A,B). However, RY-
ELP displayed a superior cell-adhesion process at early incubation time by increasing
FA complex formation (Figure 4A). Together, the cells cultured on an RY-ELP-coated
surface had a well-attachment morphology, with elongated extrusions and the shape of
a well-attachment cell (Figure 4B). Both R-ELP and Y-ELP showed similar influences on
FA formation and cell attachment. The engagement of these two functional motifs may
cause a synergistic effect on signaling proteins related to the FA complex cell adhesion
process, which, in turn, regulates proper attachment and cell survival processes. This
study evidenced that all recombinant fusion ELPs markedly increased MSC adhesion.
The fusion ELPs well mimicked the topology of ECM matrix and provided a matrix for
adhesion-related cell functions and stability to MSCs.
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Figure 4. Determination of focal adhesion formation by Phalloidin staining. MSCs was seeded
on fusion-ELP-coated coverslips for various time intervals and the adhered cells were fixed and
labeled for nuclei (blue) by Hoechst 33,258 and actin filament (red) phalloidin-TRITC, respectively.
Representative fluorescence microscopy images of MSCs adhering on the fusion-ELP-coated surface
at 6 h (A) and 24 h (B), Scale bars: 50 um.
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Additionally, it has been shown that integrins cluster upon association with ECM
ligands, leading to the formation of focal adhesions that regulate force transmission [43,44].
Integrin-mediated cell adhesion depends on a proper spacing to form a focal adhesion [45].
The strategy of multiple constitution of ECM-binding ligands on an ELP backbone have a
significant impact on focal adhesion formation and stimulating the cellular response. It was
clearly validated that spacing between the ligands in the designed polymers did not cause
any steric hindrance, but defined spatial arrangements lead to optimal cellular activity.

3.6. Effect of Fusion ELP on Viability and Proliferation of MSCs

Biomaterial-based techniques that replicate stem cell niches are important for pre-
serving stem cell behavior and promoting stem cell survival. Thus, fusion ELPs were
investigated for their role in supporting MSC proliferation. Fusion ELPs, such as R-ELP-,
Y-ELP-, and RY-ELP-coated plates, showed enhanced cell adhesion compared with the
uncoated control (Figures 5A and S3). The best condition for cell adhesion was observed in
RY-ELP-coated surfaces. Estimation of adhered cells displayed 1.49-, 3.03-, and 3.81-fold
increase in R-ELP, Y-ELP, and RY-ELP compared with uncoated surfaces. The surface chem-
istry affected the number of adherent cells. Simultaneously, the viability of MSCs on ELP-,
R-ELP-, Y-ELP-, or RY-ELP-coated surfaces monitored after 24 h revealed an increase in the
percentage of cell viability in a dose-dependent manner. Among them, RY-ELP showed an
increased cell index ratio in comparison to other groups (Figure 5B). Further, evaluation of
cell proliferation rate at different time intervals showed RY-ELP-coated surface induced
greater MSC proliferation compared with the control (Figure 5C). ELP control showed
lower cell index ratio, indicating that ELP did not play a crucial role in cell attachment
but acted as a polymer backbone to support the presentation of ECM ligands in proper
conformation to form a cell-adhesive matrix.

As a result of their short shelf life and accelerated senescence, MSCs are not readily
accessible for clinical applications. Following validation of the morphology of adherent cells
and viability of MSCs cultivated on fusion-ELP-coated surfaces, the inductive properties of
the ELPs in growth rate were optimized. MSCs were cultured in a fusion-ELP-modified
surface and, upon confluency of the cells, PDTs were calculated. Cells cultured for 7 days
showed a PDT similar to that of the short-term, 2 days. In contrast, cells cultured for more
than 7 days showed a significantly higher PDT, indicating that it took those cells much
longer to form a confluent monolayer (Figure 5D). In accordance with the growth curve,
the population doubling times of R-ELP, Y-ELP, and RY-ELP were 13.3 £ 0.52, 13.3 £ 0.91,
and 13.3 = 0.53, respectively, while untreated and ELP controls have a similar population
doubling time of 25.4 + 0.31 h. Hence, R-ELP, Y-ELP, and RY-ELP were predicted to lessen
PDT of MSCs up to ~2-fold compared to controls, thus confirming the enhanced cellular
proliferation. Additionally, it appeared that there were no significant changes in the rate
of proliferation post 7 days in untreated or ELP groups, whereas cells showed remarkable
increases in growth rate, even after 10 days in the case of Y-ELP and RY-ELP groups
(Figure 5D). Collectively, ECM mimetic fusion ELP is attributed to provide structural
support and form an environment favorable to stem cell survival and proliferation, which
are crucial for tissue regeneration. This multivalent pattern of adhesive epitopes at distinct
surface densities had significant benefits in stimulating the growth of MSCs.
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Figure 5. Cell viability and proliferation assay of MSCs. (A) Quantification of adhered cells observed
per field (n = 3). ** p < 0.01 and *** p < 0.001 significant difference of Y-ELP or RY-ELP compared with
uncoated control. (B) Cell viability of MSCs was evaluated post 24 h using CCKS8 (1 = 3). * p < 0.05
significant difference of fusion ELPs compared with uncoated surface. (C) Relative cell proliferation
rates at 1, 3, 7, and 10 days were determined by CCK-8 assay (1 = 3). ** p < 0.01 significant difference
RY-ELP compared with uncoated surface. (D) A total of 0.6 X 104 cells of MSCs (at P3) were seeded
on 48-well plates coated with ELP variants. The effect of fusion ELP on the proliferation of MSCs
was monitored by measuring the cell population at different time intervals. ** p < 0.01 significance of
RY-ELP compared with untreated control.

3.7. Effect of Fusion ELP on Migratory Effect of MSCs

To assess the effects of fusion ELPs on the behavior of MSCs, including proliferation
and migration, a scratch assay was performed (Figure 6A). All fusion ELPs substantially
accelerated the migration of MSCs in a time-dependent manner. At a 5 uM coating concen-
tration of ELP control, the stimulatory effect on MSC motility was rarely observed, as with
the untreated control; however, the highest rate of migration was recorded in the case of
RY-ELP at 24 h. Likewise, the accelerated motility of MSCs was observed on R-ELP- and
Y-ELP-coated plates, but lesser in comparison with RY-ELP. The effect of different fusion
ELPs on the migration of MSCs was evaluated by measuring the scratch wound recovery
index (SWRI) in correspondence to reduction in cell-free areas mimicking the wound heal-
ing process. After 24 h, except for the control group, all experimental groups exhibited
cell migration, with a significant decrease in cell-free areas (Figure 6B,C) (p < 0.001). The
analysis of the scratched wound recovery index (SWRI, %) revealed wound recovery of 63.7
and 81.5% by Y-ELP and RY-ELP after 24 h, while ELP and R-ELP displayed a minimum
recovery index of 18.1 or 23.8% compared to the control (15.9%). After 48 h, cell migration
was recorded in all groups, including the control group, through a significant decline in
cell-free areas compared with those at the 24 h time point. Hence, the propensity of cell
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migration is similar in all groups, which means that cells in all groups tend to fill the
wounded areas after being scratched. Nonetheless, each group affected cell migration at
distinct levels. At 24 h time points, both Y-ELP and RY-ELP had the narrowest cell-free areas
and significantly lower levels than all other groups (p < 0.001), although RY-ELP showed
the lowest cell-free areas, which were significantly narrower than another group (p < 0.001).
Correspondingly, the number of migratory cells in the scratch area was predominant in
the RY-ELP-coated surface than other groups. Accordingly, it could be interpreted that
RY-ELP stimulated MSC migration with the best outcomes, even better than standard cell
culture medium. At the same time, measurement of migratory cells per field revealed 12.0-
or 9.3-fold increase in RY-ELP- or Y-ELP-coated groups, respectively (Figure 6C). However,
R-ELP displayed a 2.4-fold increase in migratory cells and no significant changes were
detected in control ELP in comparison with uncoated surfaces. Thus, the presence of RGD
and YIGSR on ELP has a great impact on stimulating the MSCs” migration.
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Figure 6. Migration assay. (A) Representative phase-contrast images of wounded MSCs cultured on a
fusion-ELP-coated surface as compared with uncoated over a 24-h period (1 = 3), Scale bars: 100 pm.
(B) The bar graph represents the percentage of scratch wound recovery index (SWRI) at different
time points. *** p < 0.001 significance difference of Y-ELP or RY-ELP compared with untreated control
(n =3). (C) Quantitative determination of total migratory MSCs at different time points (n = 3),
*** p < 0.001 significance of Y-ELP or RY-ELP compared with untreated control.

3.8. Effect of Fusion ELP on ECM Secretion

In recent years, there has been immense attention to MSCs, as a primary candidate
for cell-based therapies. The great potential of MSCs has been attributed to the array
of MSC secretome, secretion of which is essential for tissue regeneration, apart from
their differentiability, antiapoptotic, anti-inflammatory roles, immune suppression, and
migration abilities to the injured tissues [46]. Secretome includes soluble paracrine factors,
such as proangiogenic, antiapoptotic, immunomodulatory, anti-scarring, chemo-attractive,
and mitogenic, required for tissue regeneration [47]. In addition, MSCs also secrete various
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ECM proteins, proteases, and their inhibitors, which play a crucial role in matrix rebuilding
and remodeling [48]. Thus, the presence of type I collagen on fusion-ELP-modified surfaces
was qualitatively visualized from immunofluorescence images compared to controls at
various time points (Figure 7A,B). The images of the cells in respective groups were obtained
after normalization with fluorescence intensity of uncoated surface. All fusion-ELP-coated
groups displayed detectable type I collagen intensity at day 10, with none detectable in day
1 cultures from images. The intensity of collagen I was significantly higher in Y-ELP and
RY-ELP than other groups (Figure 7B). Furthermore, Western blot analysis of MSCs grown
on ELP-, R-ELP-, Y-ELP-, and RY-ELP-coated plates showed that Y-ELP- and RY-ELP-coated
plates showed significant increases in the expression of endogenous type I collagen protein
when compared to control and ELP-coated group (Figure 7C).
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Figure 7. Determination of ECM secretion. Representative fluorescence images showing the ex-
pression of extracellular matrix proteins (type I collagen) using immunofluorescent staining of the
MSC cultured for 1 day (A) or 10 days (B) on fusion-ELP-coated surfaces (1 = 3), Scale bars: 50 pm.
(C) Western blot showing the endogenous protein expression of (type I collagen) of MSCs cultured at
day 10. The graph represents the quantification of Western band using image-J software. and data
were expressed as mean + SEM (n = 3), * p-value < 0.05.
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Thus, the presence of RGD and YIGSR peptide on ELP backbone promotes significant
deposition of type I collagen protein compared to control. The greater induction of collagen
deposition was highly anticipated to influence MSC survival, proliferation, migration, and
other functional responses.

3.9. Effect of Fusion ELP on Stemness Property of MSCs

It has been reported that the interaction between ECM with integrin receptors affect
embryonic stem cell (ESC) differentiation [49]. The impact of fusion ELP on the stemness
property of MSCs was determined by analyzing the expression of the cell surface markers
CD73, CD9Y0, and CD105. The flow cytometry analysis of the cells cultured on fusion-ELP-
coated dishes revealed normal expression of standard hMSC markers (Figure 8A-C). The
expression of positive markers CD73, CD90, and CD105 was similar in all fusion ELPs
parallel with untreated control (Figure 8D and Table S1). Endogenous protein expression
of Nanog, SOX2, and OCT4 was almost similar in all the coated plates compared to
control (Figure 8E). These results verified that fusion ELPs promoted stemness in a manner
similar to the stem cell niche. Taking these results together with those from the cell
proliferation assay, all fusion ELPs effectively maintained multipotent abilities in MSCs.
Thus, decoration of ECM-binding ligands on ELP-favored stem cells was found to hold the
multilineage potential.

3.10. Effect of Fusion ELP on Trilineage Differentiation of MSCs

Many studies have indicated that proliferation and multilineage potential are funda-
mental progenitor properties of MSCs [50]. To harness the robust therapeutic potential of
MSCs, the ability to preserve MSC progenitor potency is important, which is often abro-
gated by extensive monolayer culture. Therefore, we investigated whether designed fusion
ELPs could provide a matrix with the features resembling native stem niche and preserve
the progenitor potency. The effect of fusion ELPs on trilineage differentiation of MSCs
was determined after plating the cell on fusion ELP surfaces. To evaluate the influence of
fusion ELP on the trilineage differentiation ability of MSCs, differentiation to adipocytes,
osteocytes, and chondrocytes was achieved according to the manufacturer’s protocol. After
induction, MSCs were stained with Alizarin Red, Oil Red O, and Alcian Blue to observe
osteogenesis, adipogenesis, and chondrogenesis, respectively. It was observed that MSCs
were well differentiated to adipocytes, osteoblasts, and chondroblasts in respective in vitro
tissue culture differentiating conditions (Figure S4). Interestingly, a significant increase in
the differentiated cell population clearly demonstrated that MSC differentiation capacity
was well preserved on fusion-ELP-coated surfaces.

Lipid droplets were visualized by Oil Red O staining and showed the presence of lipid
droplets after 21 days of maintenance in adipogenic medium (Figure 9A). It was found that
Y-ELP- and RY-ELP-coated surfaces had higher Oil Red O staining than R-ELP- or ELP-
coated groups. Taken together, these data demonstrated that increased interaction of YIGSR
residue with the laminin receptor of MSCs probably induced lipid droplet accumulation.
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Figure 8. Evaluation of stemness properties of MSCs on ELP matrix. (A—C) Human bone-marrow-
derived MSCs were analyzed for three positive mesenchymal stem cell markers CD73, CD90, and
CD105 by flow cytometry. (D) The level of expression of mesenchymal stem cell markers observed in
comparison with noncoated groups. The graph represents the mean + SD (n = 3). (E) Western blot
showing the endogenous protein expression of Nanog, SOX2, and OCT4 of MSCs cultured in coated
plates and data were expressed as mean + SD (1 = 3), NS—not significant.
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Figure 9. Trilineage differentiation in ELP matrix. (A) Adipogenesis was confirmed by cytochemical
staining with Oil Red O to visualize lipid droplet formation (1 = 3). (B) Osteogenesis was confirmed
by cytochemical staining with Alzarin Red to visualize calcium nodule formation on fusion-ELP-
coated surface compared with uncoated surface (n = 3). (C) Chondrocyte differentiation of MSCs on
fusion-ELP-coated plates were visualized by Alcian Blue staining compared with uncoated control
(n = 3), Scale bars: 200 pm.

The differentiation to osteoblasts was confirmed by staining with Alizarin Red to
examine calcium nodule formation. The Alizarin Red stain indicated the presence of
calcium nodules on all groups, but calcium deposition was abundant on RGD-ELP-, Y-
ELP-, and RY-ELP-coated surface compared to uncoated or ELP-coated surface (Figure 9B).
Interestingly, enhanced calcium nodule formation on RGD or YIGSR containing ELP (R-
ELP, Y-ELP, and RY-ELP) coated groups was far greater than that of noncoated surface.
This result clearly evidenced the importance of RGD or YIGSR and their interaction with
integrin or laminin receptors on induction of matrix mineralization.

Chondrogenic differentiation of MSCs on respective fusion-ELP-coated surfaces re-
sulted in the formation of cartilage with its typical extracellular matrix post 14-day induc-
tion with chondrogenic differentiation medium. Further verification of cartilage formation
by cytochemistry staining with Alcian Blue revealed all the fusion ELPs formed intense
blue-colored spheroid with condensed cartilage formation (Figure 9C). Amongst these,
RY-ELP-coated surface formed bigger spheroids with intensely blue colored cartilage extra-
cellular matrix compared to other groups. Both uncoated and ELP groups did not show
any considerable spheroid formation.

The protein composition of ECM is variable, tissue-specific, and provides essential
scaffold and biochemical signals required for specialized cell growth, tissue homeostasis,
and development. Y-ELP and RY-ELP have significant effects on the adipogenic differenti-
ation (Figure S5), whereas R-ELP, Y-ELP, and RY-ELP have a greater effect on osteogenic
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differentiation. This clearly indicated that YIGSR peptide might be responsible for signaling
involved in adipogenic differentiation, whereas both RGD and YIGSR for osteogenic differ-
entiation. The synergistic effect of both the ECM ligands was observed in the case RY-ELP in
chondrogenic differentiation. Thus, our designed biopolymers have remarkable influence
on trilineage differentiation and tissue specificity based on ECM ligand constitution.

4. Conclusions

The genetically engineered cell-adhesive, thermal-responsive elastin-like polypeptides
showed a great potential in maintaining stem cell behavior. The designed fusion ELPs rep-
resent a humanized inert biomaterial with their bioactivity, biocompatibility, and intrinsic
structure resembling the native ECM matrix. Various in vitro studies have demonstrated
that fusion ELPs provide support and anchorage for MSCs, thereby enhancing adhesion,
survival, proliferation, migration, and differentiation. The incorporation of ECM ligands
(YIGSR and RGD) was shown to have synergistic positive effects on cell adhesion, pro-
liferation, and migration of MSCs cells. The RY-ELP matrix evidently provided a better
support and inducible microenvironment for the stem cells, mimicking the complex natural
ECM. Additionally, all fusion ELPs have significant effects on the adipogenic, osteogenic,
and chondrogenic differentiation in a tissue-specific manner. So, further incorporation of
stem cells into well-structured 3D scaffolds will increase the competence of restoring and
repairing dysfunctional tissues. Further modification of fusion ELPs for bio-fabrication
enables the precise design and scalable biomanufacturing of cell-based scaffolds using
program-controlled bioprinting or bio-assembly for potential use for clinical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10051151/s1, Figure S1: Corresponding amino acid
sequences of fusion ELPs. ECM binding domains (RGD and YIGSR) were incorporated periodically
along with ELP sequences. Temperature -dependent phase transition was observed for all the
biopolymers, Figure S2: Dose-dependent IHF cells adhesion was examined on fusion-ELP coated
plates, Figure S3: Representative images (x10) of adhered MSCs cell cultured on fusion-ELPs
modified surfaces, Figure S4: Trilineage staining of MSCs cultured on untreated surface, Figure S5:
The graph represents the average number of adipocytes per field, Table S1: The Mean and SD for the
CD73, CD90 and CD105 expressions.

Author Contributions: Conceptualization, V.S., L.K., and T.D.S.; Data curation, V.S., H.S.,, M.M.,,
R.K.S., and R.-W.P;; Formal analysis, H.S., M.M., RK.S,, and R.-W.P. and L.K,; Funding acquisition,
R.-W.P, VS, TD.S, and S.M.; Investigation, V.S. and T.D.S.; Methodology, V.S., HS.,, M.M., R.-W.P,
and T.D.S.; Project administration, V.S., T.D.S., R-W.P, and L.K,; Resources, RK.S., R-W.P, TD.S,,
and S.M.; Software, H.S. and M.M.; Supervision, V.S; R.-W.P,, Validation, V.S., T.D.S., and S.M,;
Visualization, V.S and R.K.S.; Writing—original draft, V.S.; Writing—review and editing, V.S., T.D.S.,
and S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from National Research Foundation of Korea
(NRF), Korea government (MSIT), (Grant No. 2021R1A5A2021614), Indian Council of Medical
Research (ICMR), No. 34/17/2019-TF/Nano/BMS, New Delhi, India, Department of Science &
Technology (DST) funded by the Government of India (Grant no. SR/WOS-A /LS-136/2018) and
DBT-BT/01/CoE/07/03, India.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of All India Institute of Medical Sciences,
New Delhi. Ethical clearance was obtained from Institutional Committee for Stem Cell Research C-
SCR/110/20(R), All India Institute of Medical Sciences, New Delhi. All the methods described in this
study were performed in accordance with the relevant guidelines and regulations of the Institution.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.


https://www.mdpi.com/article/10.3390/biomedicines10051151/s1
https://www.mdpi.com/article/10.3390/biomedicines10051151/s1

Biomedicines 2022, 10, 1151 20 of 21

Acknowledgments: We are deeply thankful to Anis Feki, Geneva University Hospital, Switzer-
land for providing us with IHF cell line (green fluorescent protein (GFP)-tagged IHF (Human
Fibroblast Cell)).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kadereit, S.; Udolph, G. Umbilical Cord Blood: A Future for Regenerative Medicine? World Scientific Publishing Company: Singapore,
2010. [CrossRef]

2. Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, ].D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143-147. [CrossRef]

3.  Song, I-H. Adult mesenchymal stem cells for cell therapy in clinical application. Yeungnam Univ. ]. Med. 2009, 26, 1-14. [CrossRef]

4.  Parolini, O.; Alviano, F.; Bagnara, G.P; Bilic, G.; Biihring, H.].; Evangelista, M.; Hennerbichler, S.; Liu, B.; Magatti, M.; Mao, N.
Concise review: Isolation and characterization of cells from human term placenta: Outcome of the first international Workshop
on Placenta Derived Stem Cells. Stem Cells 2008, 26, 300-311. [CrossRef] [PubMed]

5. Liu,J,; Ding, Y,; Liu, Z; Liang, X. Senescence in mesenchymal stem cells: Functional alterations, molecular mechanisms, and
rejuvenation strategies. Front. Cell Dev. Biol. 2020, 8, 258. [CrossRef] [PubMed]

6. Bonab, M.M.; Alimoghaddam, K.; Talebian, F.; Ghaffari, S.H.; Ghavamzadeh, A.; Nikbin, B. Aging of mesenchymal stem cell
in vitro. BMC Cell Biol. 2006, 7, 1-7. [CrossRef] [PubMed]

7. Cheng, H.; Qiu, L.; Ma, J.; Zhang, H.; Cheng, M.; Li, W.; Zhao, X,; Liu, K. Replicative senescence of human bone marrow and
umbilical cord derived mesenchymal stem cells and their differentiation to adipocytes and osteoblasts. Mol. Biol. Rep. 2011, 38,
5161-5168. [CrossRef]

8.  Kozhevnikova, M.; Mikaelyan, A.; Payushina, O.; Starostin, V. Comparative characterization of mesenchymal bone marrow
stromal cells at early and late stages of culturing. Biol. Bull. 2008, 35, 132-138. [CrossRef]

9. Hoshiba, T.; Chen, G.; Endo, C.; Maruyama, H.; Wakui, M.; Nemoto, E.; Kawazoe, N.; Tanaka, M. Decellularized extracellular
matrix as an in vitro model to study the comprehensive roles of the ECM in stem cell differentiation. Stem Cells Int. 2016, 2016,
6397820. [CrossRef]

10. Lo, C.-M.; Wang, H.-B.; Dembo, M.; Wang, Y.-1. Cell movement is guided by the rigidity of the substrate. Biophys. J. 2000, 79,
144-152. [CrossRef]

11.  Engler, AJ; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677-689.
[CrossRef]

12.  Paszek, M.].; Zahir, N.; Johnson, K.R.; Lakins, ].N.; Rozenberg, G.I.; Gefen, A.; Reinhart-King, C.A.; Margulies, S.S.; Dembo, M.;
Boettiger, D. Tensional homeostasis and the malignant phenotype. Cancer Cell 2005, 8, 241-254. [CrossRef] [PubMed]

13.  Engler, A]; Griffin, M.A.; Sen, S.; Bonnemann, C.G.; Sweeney, H.L.; Discher, D.E. Myotubes differentiate optimally on substrates
with tissue-like stiffness pathological implications for soft or stiff microenvironments. J. Cell Biol. 2004, 166, 877-887. [CrossRef]
[PubMed]

14. Burdick, J.A.; Vunjak-Novakovic, G. Engineered microenvironments for controlled stem cell differentiation. Tissue Eng. Part A
2009, 15, 205-219. [CrossRef] [PubMed]

15. Ifkovits, J.L.; Burdick, J.A. Photopolymerizable and degradable biomaterials for tissue engineering applications. Tissue Eng. 2007,
13, 2369-2385. [CrossRef]

16. Kim, B.-S.; Park, I.-K,; Hoshiba, T.; Jiang, H.-L.; Choi, Y.-].; Akaike, T.; Cho, C.-S. Design of artificial extracellular matrices for
tissue engineering. Prog. Polym. Sci. 2011, 36, 238-268. [CrossRef]

17.  Nair, L.S,; Laurencin, C.T. Biodegradable polymers as biomaterials. Prog. Polym. Sci. 2007, 32, 762-798. [CrossRef]

18.  Chilkoti, A.; Christensen, T.; MacKay, J.A. Stimulus responsive elastin biopolymers: Applications in medicine and biotechnology.
Curr. Opin. Chem. Biol. 2006, 10, 652—-657. [CrossRef]

19. Johnson, T.; Koria, P. Expression and purification of neurotrophin-elastin-like peptide fusion proteins for neural regeneration.
BioDrugs 2016, 30, 117-127. [CrossRef]

20. McCarthy, B.; Yuan, Y.; Koria, P. Elastin-like-polypeptide based fusion proteins for osteogenic factor delivery in bone healing.
Biotechnol. Prog. 2016, 32, 1029-1037. [CrossRef]

21. Koria, P; Yagi, H.; Kitagawa, Y.; Megeed, Z.; Nahmias, Y.; Sheridan, R.; Yarmush, M.L. Self-assembling elastin-like peptides
growth factor chimeric nanoparticles for the treatment of chronic wounds. Proc. Natl. Acad. Sci. USA 2011, 108, 1034-1039.
[CrossRef]

22. Ryu, ].S.; Raucher, D. Elastin-like polypeptide for improved drug delivery for anticancer therapy: Preclinical studies and future
applications. Expert Opin. Drug Deliv. 2015, 12, 653-667. [CrossRef] [PubMed]

23. Jeon, W.B. Application of elastin-mimetic recombinant proteins in chemotherapeutics delivery, cellular engineering, and regenera-
tive medicine. Bioengineered 2013, 4, 368-373. [CrossRef] [PubMed]

24. Dash, B.C.; Thomas, D.; Monaghan, M.; Carroll, O.; Chen, X.; Woodhouse, K.; O’Brien, T.; Pandit, A. An injectable elastin-based

gene delivery platform for dose-dependent modulation of angiogenesis and inflammation for critical limb ischemia. Biomaterials
2015, 65, 126-139. [CrossRef] [PubMed]


http://doi.org/10.1142/6952
http://doi.org/10.1126/science.284.5411.143
http://doi.org/10.12701/yujm.2009.26.1.1
http://doi.org/10.1634/stemcells.2007-0594
http://www.ncbi.nlm.nih.gov/pubmed/17975221
http://doi.org/10.3389/fcell.2020.00258
http://www.ncbi.nlm.nih.gov/pubmed/32478063
http://doi.org/10.1186/1471-2121-7-14
http://www.ncbi.nlm.nih.gov/pubmed/16529651
http://doi.org/10.1007/s11033-010-0665-2
http://doi.org/10.1134/S1062359008020064
http://doi.org/10.1155/2016/6397820
http://doi.org/10.1016/S0006-3495(00)76279-5
http://doi.org/10.1016/j.cell.2006.06.044
http://doi.org/10.1016/j.ccr.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16169468
http://doi.org/10.1083/jcb.200405004
http://www.ncbi.nlm.nih.gov/pubmed/15364962
http://doi.org/10.1089/ten.tea.2008.0131
http://www.ncbi.nlm.nih.gov/pubmed/18694293
http://doi.org/10.1089/ten.2007.0093
http://doi.org/10.1016/j.progpolymsci.2010.10.001
http://doi.org/10.1016/j.progpolymsci.2007.05.017
http://doi.org/10.1016/j.cbpa.2006.10.010
http://doi.org/10.1007/s40259-016-0159-4
http://doi.org/10.1002/btpr.2269
http://doi.org/10.1073/pnas.1009881108
http://doi.org/10.1517/17425247.2015.974546
http://www.ncbi.nlm.nih.gov/pubmed/25350837
http://doi.org/10.4161/bioe.24158
http://www.ncbi.nlm.nih.gov/pubmed/23475122
http://doi.org/10.1016/j.biomaterials.2015.06.037
http://www.ncbi.nlm.nih.gov/pubmed/26151745

Biomedicines 2022, 10, 1151 21 of 21

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

Langer, R,; Tirrell, D.A. Designing materials for biology and medicine. Nature 2004, 428, 487-492. [CrossRef] [PubMed]

Dooley, K.; Devalliere, J.; Uygun, B.E.; Yarmush, M.L. Functionalized biopolymer particles enhance performance of a tissue-
protective peptide under proteolytic and thermal stress. Biomacromolecules 2016, 17, 2073-2079. [CrossRef] [PubMed]

Yeboah, A.; Cohen, R.I; Faulknor, R.; Schloss, R.; Yarmush, M.L.; Berthiaume, F. The development and characterization of
SDF1a-elastin-like-peptide nanoparticles for wound healing. |. Control. Release 2016, 232, 238-247. [CrossRef] [PubMed]
Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4-27.
[CrossRef]

Legate, K.R.; Wickstrom, S.A.; Féssler, R. Genetic and cell biological analysis of integrin outside-in signaling. Genes Dev. 2009, 23,
397-418. [CrossRef]

Won, J.-L; Barron, A.E. A new cloning method for the preparation of long repetitive polypeptides without a sequence requirement.
Macromolecules 2002, 35, 8281-8287. [CrossRef]

Sarangthem, V.; Cho, E.A.; Bae, S.M,; Singh, T.D.; Kim, S.J.; Kim, S.; Jeon, W.B.; Lee, B.H.; Park, R.W. Construction and application
of elastin like polypeptide containing IL-4 receptor targeting peptide. PLoS ONE 2013, 8, e81891. [CrossRef]

Trabbic-Carlson, K.; Meyer, D.E.; Liu, L.; Piervincenzi, R.; Nath, N.; LaBean, T.; Chilkoti, A. Effect of protein fusion on the
transition temperature of an environmentally responsive elastin-like polypeptide: A role for surface hydrophobicity? Protein Eng.
Des. Sel. PEDS 2004, 17, 57-66. [CrossRef] [PubMed]

Nettles, D.L.; Chilkoti, A.; Setton, L.A. Applications of elastin-like polypeptides in tissue engineering. Adv. Drug Deliv. Rev. 2010,
62,1479-1485. [CrossRef] [PubMed]

Gurd, EB. A Histological Study of the Skin Lesions of Pellagra. J. Exp. Med. 1911, 13, 98-114. [CrossRef] [PubMed]

Rinkevich, Y.; Walmsley, G.G.; Hu, M.S.; Maan, Z.N.; Newman, A.M.; Drukker, M.; Januszyk, M.; Krampitz, G.W.; Gurtner,
G.C. Skin fibrosis. Identification and isolation of a dermal lineage with intrinsic fibrogenic potential. Science 2015, 348, aaa2151.
[PubMed]

Sabatini, F.; Petecchia, L.; Tavian, M.; Jodon de Villeroche, V.; Rossi, G.A.; Brouty-Boye, D. Human bronchial fibroblasts exhibit a
mesenchymal stem cell phenotype and multilineage differentiating potentialities. Lab. Investig. 2005, 85, 962-971. [CrossRef]
Lorenz, K,; Sicker, M.; Schmelzer, E.; Rupf, T.; Salvetter, J.; Schulz-Siegmund, M.; Bader, A. Multilineage differentiation potential
of human dermal skin-derived fibroblasts. Exp. Dermatol. 2008, 17, 925-932. [CrossRef]

Covas, D.T.; Panepucci, R.A.; Fontes, A.M.; Silva, W.A., Jr.; Orellana, M.D.; Freitas, M.C.; Neder, L.; Santos, A.R.; Peres, L.C,;
Jamur, M.C,; et al. Multipotent mesenchymal stromal cells obtained from diverse human tissues share functional properties and
gene-expression profile with CD146+ perivascular cells and fibroblasts. Exp. Hematol. 2008, 36, 642—654. [CrossRef]

Haniffa, M.A.; Wang, X.N.; Holtick, U.; Rae, M.; Isaacs, ].D.; Dickinson, A.M.; Hilkens, C.M.; Collin, M.P. Adult human fibroblasts
are potent immunoregulatory cells and functionally equivalent to mesenchymal stem cells. J. Immunol. 2007, 179, 1595-1604.
[CrossRef]

Chang, Y.; Li, H.; Guo, Z. Mesenchymal stem cell-like properties in fibroblasts. Cell. Physiol. Biochem. 2014, 34, 703-714. [CrossRef]
Denu, R.A.; Nemcek, S.; Bloom, D.D.; Goodrich, A.D.; Kim, J.; Mosher, D.F.; Hematti, P. Fibroblasts and Mesenchymal Stro-
mal/Stem Cells Are Phenotypically Indistinguishable. Acta Haematol. 2016, 136, 85-97. [CrossRef]

Bellis, S.L. Advantages of RGD peptides for directing cell association with biomaterials. Biomaterials 2011, 32, 4205-4210.
[CrossRef] [PubMed]

Tang, ].D.; McAnany, C.E.; Mura, C.; Lampe, K.J. Toward a Designable Extracellular Matrix: Molecular Dynamics Simulations of
an Engineered Laminin-Mimetic, Elastin-Like Fusion Protein. Biomacromolecules 2016, 17, 3222-3233. [CrossRef] [PubMed]

Van der Flier, A.; Sonnenberg, A. Function and interactions of integrins. Cell Tissue Res. 2001, 305, 285-298. [CrossRef] [PubMed]
Arnold, M,; Cavalcanti-Adam, E.A ; Glass, R.; Blimmel, J.; Eck, W.; Kantlehner, M.; Kessler, H.; Spatz, ].P. Activation of integrin
function by nanopatterned adhesive interfaces. ChemPhysChem 2004, 5, 383-388. [CrossRef]

Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal stem cells: Environmentally responsive therapeutics for regenerative
medicine. Exp. Mol. Med. 2013, 45, e54. [CrossRef]

Meirelles Lda, S.; Fontes, A.M.; Covas, D.T.; Caplan, A.I. Mechanisms involved in the therapeutic properties of mesenchymal
stem cells. Cytokine Growth Factor Rev. 2009, 20, 419-427. [CrossRef]

Williams, A.R.; Hare, ].M. Mesenchymal stem cells: Biology, pathophysiology, translational findings, and therapeutic implications
for cardiac disease. Circ. Res. 2011, 109, 923-940. [CrossRef]

Hoch, A.IL; Leach, ].K. Concise review: Optimizing expansion of bone marrow mesenchymal stem/stromal cells for clinical
applications. Stem Cells Transl. Med. 2014, 3, 643—652. [CrossRef]

Wang, H.; Luo, X.; Leighton, J. Extracellular Matrix and Integrins in Embryonic Stem Cell Differentiation. Biochem. Insights 2015, 8
(Suppl. 2), 15-21. [CrossRef]


http://doi.org/10.1038/nature02388
http://www.ncbi.nlm.nih.gov/pubmed/15057821
http://doi.org/10.1021/acs.biomac.6b00280
http://www.ncbi.nlm.nih.gov/pubmed/27219509
http://doi.org/10.1016/j.jconrel.2016.04.020
http://www.ncbi.nlm.nih.gov/pubmed/27094603
http://doi.org/10.1016/j.addr.2015.11.001
http://doi.org/10.1101/gad.1758709
http://doi.org/10.1021/ma020892i
http://doi.org/10.1371/journal.pone.0081891
http://doi.org/10.1093/protein/gzh006
http://www.ncbi.nlm.nih.gov/pubmed/14985538
http://doi.org/10.1016/j.addr.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20385185
http://doi.org/10.1084/jem.13.1.98
http://www.ncbi.nlm.nih.gov/pubmed/19867399
http://www.ncbi.nlm.nih.gov/pubmed/25883361
http://doi.org/10.1038/labinvest.3700300
http://doi.org/10.1111/j.1600-0625.2008.00724.x
http://doi.org/10.1016/j.exphem.2007.12.015
http://doi.org/10.4049/jimmunol.179.3.1595
http://doi.org/10.1159/000363035
http://doi.org/10.1159/000445096
http://doi.org/10.1016/j.biomaterials.2011.02.029
http://www.ncbi.nlm.nih.gov/pubmed/21515168
http://doi.org/10.1021/acs.biomac.6b00951
http://www.ncbi.nlm.nih.gov/pubmed/27627061
http://doi.org/10.1007/s004410100417
http://www.ncbi.nlm.nih.gov/pubmed/11572082
http://doi.org/10.1002/cphc.200301014
http://doi.org/10.1038/emm.2013.94
http://doi.org/10.1016/j.cytogfr.2009.10.002
http://doi.org/10.1161/CIRCRESAHA.111.243147
http://doi.org/10.5966/sctm.2013-0196
http://doi.org/10.4137/BCI.S30377

	Introduction 
	Materials and Methods 
	Culture of Bone-Marrow-Derived MSCs 
	ELPs Expression and Purification 
	Cell Adhesion Assay 
	Phalloidin Staining 
	Cell Viability Assay 
	Cell Proliferation Assay 
	Population Doubling Assay 
	Migration Assay 
	Calcium Deposition Analysis 
	Lipid Droplet Staining 
	Alcian Blue Staining 
	Western Blotting of Bone Marrow MSCs 
	Analysis of Stemness Properties of MSCs 
	Statistical Analysis 

	Results and Discussion 
	Genetic-Encoded Synthesis of Fusion ELPs and Protein Expression 
	Thermal Characteristics of Fusion-ELPs 
	Effect of Fusion ELP on Cell Adhesion and Proliferation 
	Induction of Migratory Effect by Fusion ELP on IHF 
	Interaction of MSCs on ELP Matrix 
	Effect of Fusion ELP on Viability and Proliferation of MSCs 
	Effect of Fusion ELP on Migratory Effect of MSCs 
	Effect of Fusion ELP on ECM Secretion 
	Effect of Fusion ELP on Stemness Property of MSCs 
	Effect of Fusion ELP on Trilineage Differentiation of MSCs 

	Conclusions 
	References

