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Abstract

Cell-biomaterial interactions are primarily governed by cell adhesion, which arises from the
binding of cellular integrins to the extracellular matrix (ECM). Integrins drive the assembly of
focal contacts that serve as mechanotransducers and signaling nexuses for stem cells, for example
integrin a4P1 plays pivotal roles in regulating mesenchymal stem cell (MSC) homing, adhesion,
migration and differentiation. The strategy to control the integrin-mediated cell adhesion to
bioinspired, ECM-mimicking materials is essential to regulate cell functions and tissue
regeneration. Previously, using one-bead one-compound (OBOC) combinatorial technology, we
discovered LLP2A was a high-affinity peptidomimetic ligand (IC50 = 2 pM) against integrin
a4pl. In this study, we identified LLP2A had a strong binding to human early gestation chorionic
villi-derived MSCs (CV-MSCs) via integrin a4p1. To improve CV-MSC seeding, expansion and
delivery for regenerative applications, we constructed artificial scaffolds simulating the structure
of the native ECM by immobilizing LLP2A onto the scaffold surface as cell adhesion sites.
LLP2A modification significantly enhanced CV-MSC adhesion, spreading and viability on the
polymeric scaffolds via regulating outside-in signaling pathways including phosphorylation of
focal adhesion kinase (FAK) and AKT, NF-kB and Caspase 9. In addition, we also demonstrated
LLP2A had strong binding to MSCs of other sources, such as bone marrow-derived mesenchymal
stem cells (BM-MSCs) and adipose tissue-derived mesenchymal stem cells (AT-MSCs).
Therefore, LLP2A and its derivatives not only hold great promise for improving CV-MSC-
mediated treatment of fetal diseases, but can also be widely applied to functionalize various
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biological and medical materials, which are in need of MSC recruitment, enrichment and survival,
for regenerative medicine applications.

Graphical Abstract
Untreated Scaffold

OBOC Library Chorionic Villus

Introduction

A number of fetal diseases may result from pathogen exposure, at any time during
pregnancy, which can be devastating for afflicted children and their families!. Over the past
three decades, fetal surgery has progressed from an investigational therapy to an accepted
mode of therapy for selected fetal diseases including congenital diaphragmatic hernia, spina
bifida and urinary tract abnormalities?™. Fetal tissue engineering can augment existing in
utero surgical techniques and has been shown to be an effective treatment option for fetal
diseases>’.

Tissue engineering is the combination of suitable stem cells, biological motifs and
biomaterials to improve biological functions of tissues®. Biomaterial scaffolds provide
structural support to guide cell growth and tissue regeneration®. Polyester scaffolds have
received considerable attention for tissue engineering because of their appropriate
mechanical properties, lower cost, and easy fabrication into complex shapes0. The
electrospinning technique is a powerful tool used to make nano/microfibrous scaffolds that
imitate the native tissue architecture, allow for the integration of the grafts/scaffolds with the
surrounding cells, and promote tissue regeneration!l. We have successfully used
electrospinning techniques to fabricate microfibrous scaffolds for various tissue regeneration
applications such as peripheral nervel2. 13, spinal cord4-16, and vascular tissue
regeneration!’, drug delivery!8, and wound healing®®. Though electrospun microfibrous
scaffolds have a three-dimensional structure that mimics the native extracellular matrix
(ECM) architecture, and they lack biological motifs and surface cytocompatibility.
Furthermore, cell adhesion is an important precondition for promoting cell behavior and
tissue construction, and surface modification can endow the biomaterials with special
biological functions for targeting special types of cells/tissues to improve their cyto/
histocompatibility20. Therefore, it is particularly pivotal to construct approaches to modify
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biomaterials so as to improve their biological functions. Many methods of introducing
hydrophilic compounds onto the polymeric scaffold surfaces have been explored, such as
plasma treatment?1, surface oxidation2 and photo-induced grafting?3. However, these
physiochemical approaches to enhance biological interactions between cells and scaffolds
are not biologically specific. Many different types of cell adhesive proteins and biofunctional
motifs, such as RGD peptide2* 25, ECM-derived proteins?6-28, and other bioactive factors?®,
have also been used to enhance cell adhesion and tissue regeneration. However, general
difficulties of these include lack of high binding affinity and specificity to targeted cells, and
high stability /n vivo. The native ECM includes numerous ligands targeting different types of
integrins that are important for cell function and cell-ECM interactions39-32, Integrin
binding specificity regulates the effects of the biomaterial surface on the cell focal adhesion,
signaling pathway, and functions33: 34, Therefore, integrins play critical roles in
pancreatic3®, cartilage36, bone37, neuronal?6, and vascularl® tissue engineering. In addition,
different integrin adhesion receptors on the ECM support the actin cytoskeleton and transmit
biochemical signals and mechanical force to the cells38-40, Therefore, a stable and specific
integrin-binding ligand is essential for biological functionalization of materials to improve
cell and tissue functions in fetal tissue engineering.

In utero surgical procedures, supplemented by autologous stem cell therapy, are an ideal
option for the prenatal treatment of a variety of birth defects. The placenta is a unique
autologous stem cell source®: 42, and first trimester fetal stem cells possess several
advantages for regenerative medicine over adult and perinatal stem cells*3-47. Our previous
study has shown that human early gestation chorionic villi-derived mesenchymal stem cells
(CV-MSCs) possessed excellent functions, such as expansion, paracrine secretion, and
neuroprotection, for fetal tissue engineering® 7. 15 16,48 Therefore, an integrin-based ligand
with a high binding affinity to CV-MSCs and high stability /n vivo will be crucial to improve
the interaction between biomaterials and fetal stem cells, and serve as a promising
application for fetal tissue engineering.

One-bead one-compound (OBOC) combinatorial technology is an ultra-high throughput
chemical library synthesis and screening method suitable for ligand discovery against
integrins*®. Previously, we employed the OBOC combinatorial technology to screen cell
adhesion molecules and identified various potent ligands, such as LXY30, LXW?7, and
LLP2A targeting integrins a3p1, avp3, and a4f1, respectively®?-52, In particular, LLP2A,
a very high-affinity peptidomimetic ligand (IC50 = 2 pM) has a high binding affinity to
integrin a4p1, which is highly expressed on mesenchymal stem cells (MSCs) and regulates
MSC homing, adhesion, migration and differentiation. In addition, LLP2A contains
unnatural amino acids, therefore it would be resistant to proteolysis and be more stable than
other conventional peptides /in vivo. LLP2A has been successfully applied in the drug field
to direct MSCs for bone disease treatment®3 54, In this study, we first introduced LLP2A for
tissue engineering applications. We designed a “Click chemistry’ strategy to functionalize
the electrospun scaffold using LLP2A and evaluated the C\V-MSC behaviors, including
adhesion, spreading, survival and signal transduction, on the LLP2A modified scaffold to
provide a new sight and evidence for fetal tissue engineering and also a promising strategy
to construct MSC-dependent, integrin-based, ECM-mimicking materials for regenerative
medicine.
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Results and discussion
High binding affinity of LLP2A to CV-MSCs

Most of the biomolecules and strategies used to modify biomaterial-based scaffolds are
limited in their translational application due to their low cell binding affinity, unstable
structure, and lack of the ability to functionally interact with cells/tissuel® 55, LLP2A was
discovered by OBOC technology and synthesized with D-amino acids, unnatural amino
acids, and small molecule moieties so that it possessed high affinity and proteolytic
stability®C. Ligands with high binding affinity to cells not only support rapid and stable cell
adhesion on biomaterial surfaces, but also potentially enhance cell engraftment and survival
after transplantation. To confirm the high binding affinity of LLP2A to CV-MSCs, resin
beads displaying LLP2A or blank resin beads (as control) were incubated with CV-MSCs.
At different time points after incubation (1 min, 5 min, 10 min, or 30 min), phase contrast
images were taken to determine the cell binding affinity on beads (Fig. 1A). We found that
LLP2A efficiently supported CV-MSC binding, and the number of CV-MSCs attached to
LLP2A beads increased over time. But very few CV-MSCs bound to the blank beads (Fig.
1A). Remarkably, A significant number of CV-MSCs already bound to the beads after only 1
min incubation (Fig. 1A), indicating that the CV-MSCs could bind to the LLP2A-modified
beads rapidly. Quantification of the number of cells bound to each bead showed that the
beads were almost fully covered by CV-MSCs at 10 min, and there was no significant
increase in cell binding at 30 min, compared to 10 min (Fig. 1B). These results demonstrated
that LLP2A possessed rapid and strong binding affinity to C\V-MSCs.

LLP2A culture surface enhances CV-MSC attachment

The addition of tool molecules, such as biotin, to ligands will be advantageous when used in
combination with other components and when used to expand the bioengineering
applications of the ligands. Our previous work has shown that biotinylation of the ligand did
not decrease its binding affinity and showed nearly identical binding strength to the targeted
integrinl1. Therefore, we conjugated LLP2A to biotin (LLP2A-biotin, Fig. 4B), as described
in our previous study®C. We used LLP2A-bio or D-biotin (as the negative control) to treat the
culture surfaces and investigated the attachment of CV-MSCs on culture surfaces. There was
more CV-MSC attachment on the LLP2A-treated surface (Fig. 2A, b), compared to the
control surface (Fig. 2A, a). The number of attached CV-MSCs was quantified and showed
that the LLP2A-treated surface significantly improved CV-MSC adhesion compared to the
untreated surface (Fig. 2B). This finding further confirmed our previous bead-cell binding
results that the LLP2A surface supported high-affinity CV-MSC binding. In order to
characterize the binding affinity of LLP2A to other types of MSCs, bone marrow-derived
mesenchymal stem cells (BM-MSCs) and adipose tissue-derived mesenchymal stem cells
(AT-MSCs) were evaluated for cell binding. The results showed LLP2A surface also
significantly elevated both BM-MSC and AT-MSC attachment (SFig. 2), which
demonstrated LLP2A also supported strong binding to other sources of MSCs, indicating
that LLP2A has a wide range of applications in tissue engineering.
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LLP2A bound to CV-MSCs via a4p1 integrin

Integrins are transmembrane receptors that facilitate cell-ECM adhesion®6. Upon ligand
binding, integrins activate signal transduction pathways that mediate cellular signals such as
regulation of the cell cycle, organization of the intracellular cytoskeleton, and movement of
new receptors to the cell membrane®’—39, The presence of integrins such as integrin a4p1,
allows rapid and flexible responses to events at the cell surface®® 0, Integrin a4f1 has been
shown to interact with fibronectin, a major component of the ECM®1. 62, Also, integrin a4p1
has been suggested to play important roles in embryogenesis, involving fetal cell adhesion
and migration®3. Our previous work showed that LLP2A has a high binding affinity and
specificity to integrin a4p1°C. Integrin a4p1 is highly expressed on different types of MSCs,
including placenta-derived MSCs®4. To further confirm that LLP2A binds to CV-MSCs via
integrin a4p1, we performed a binding/blocking test using anti-integrin a4 and anti-integrin
B1 antibodies and flow cytometry. The results showed that both integrin subunits a4 and p1
were highly expressed on CV-MSCs (Fig. 3A). For the binding/blocking experiment, the
results showed that LLP2A has a high binding efficiency to CV-MSCs, and the binding
efficiency of LLP2A to CV-MSCs was significantly and gradually decreased after the
integrin a4p1 expressed on CV-MSCs was blocked by anti-integrin a4 antibody only, anti-
integrin B1 antibody only, or anti-integrin a4 and anti-integrin 1 antibodies together (Fig.
3B). These findings demonstrated that the binding of LLP2A to CV-MSCs was mediated by
both integrin a4 and integrin B1, which was consistent with previous studies6: 65 66,
Integrins couple the ECM molecules outside a cell to the cytoskeleton inside the cell. The
engagement of ECM and the corresponding integrins is primarily mediated by the binding of
the ligands to the specific combination of the integrin a and B subunits. To further
investigate the binding specificity of LLP2A to integrin a4p1, we chose human coronary
artery endothelial cells (HCAECSs) that do not express the integrin a4f1 combination as an
additional control. Flow cytometry was performed to evaluate integrin a4 and 1 expression
and the binding affinity of LLP2A to HCAECs (SFig. 3). The results showed HCAECs only
expressed integrin B1 but did not express integrin a4, and LLP2A had no binding to
HCAECSs. The results demonstrated that LLP2A specifically bound to integrin a4p1.

Surface characterization after LLP2A modification

ECM provides a three-dimensional structure and native ligands for cell attachment and
tissue growth and function8”. To mimic the ECM structure, we employed electrospinning
technology to produce microfibrous scaffolds using PLLA and PCL polymer blends. SEM
images showed that the electrospun scaffolds had a porous network structure of microfibers
(Fig. 6A), similar in morphology to the native ECM. To improve the biological functions of
the electrospun microfibrous scaffolds, we developed a protocol to functionalize the polymer
surface by the addition of LLP2A, via Click chemistry (Fig. 4D). LLP2A-DBCO, a
functional derivate of LLP2A, was synthesized by adding a ring structure with an alkynyl
group to LLP2A (Fig. 4C). Microfibrous scaffolds were functionalized by covalently
attaching NH,-PEG-Nj3 to the carboxylic groups on the microfibers using EDC and Sulfo-
NHS (Fig. 4D). LLP2A-DBCO was then conjugated to the NH,-PEG-N3 functionalized
microfibers by Click chemistry (Fig. 4D). X-ray photoelectron spectroscopy (XPS), also
known as Electron Spectroscopy for Chemical Analysis (ESCA), is generally regarded as a
key technique for the surface characterization and elemental composition analysis of
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biomedical polymers®8. The XPS results are shown in Fig. 5. There was no nitrogen peak in
the untreated group, because the PLLA/PCL scaffold did not include any nitrogen. In
contrast, a small nitrogen peak appeared in the linker only group that demonstrated the NH,-
PEG-Nj3 linker had been immobilized on the PLLA/PCL scaffold successfully, due to the
nitrogen included in the NH,-PEG-Nj3 linker. Compared to the linker only group, the
nitrogen peak was significantly higher in the LLP2A with the linker group predicated
LLP2A-DBCO containing additional nitrogen had been immobilized on to the scaffold
successfully by adhering to the NH»-PEG-N3 linker. All these findings confirmed that
LLP2A had been successfully immobilized on the electrospun microfibrous PLLA/PCL
scaffold surface. The surface morphology of the scaffold after modification plays an
important role for the cell attachment, growth and penetration. The scanning electron
microscope (SEM, Hitachi TM-1000) was used to characterize the structure of the
membrane after LLP2A modification. The results showed the significant decrement of fiber
diameters after LLP2A modification compared to before modification (Fig. 6A and B),
which may be because hydrolysis was performed during the process of modification to
increase the density of carboxyl group on the scaffold.

LLP2A madification enhanced hydrophilic properties of the PLLA/PCL scaffold

Scaffold surface wettability in part reflects its physical and chemical properties, which play
an important role in the interactions between cells and biomaterials. Hydrophilic
enhancement of polymers leads to increased cell adhesion and spreading®: 70. Contact
angles were employed to detect changes in the wettability of the scaffold surface. The results
showed it was easier for a water droplet to come into contact with the LLP2A-modified
PLLA/PCL scaffold surface (Fig. 7A, b) than the untreated PLLA/PCL scaffold surface (Fig.
7A, a). The quantification results indicated that the contact angles decreased significantly
after incorporating the LLP2A onto the surface of PLLA/PCL scaffolds (Fig. 7B). This
decrease in contact angle indicated that the LLP2A modification increases the hydrophilicity
of the surface of the PLLA/PCL scaffold, which would further enhance its cell
cytocompatibility.

LLP2A modification improved CV-MSC adhesion and viability on scaffold via activated
related biological signals

Cell adhesion is essential in cell communication and regulation, and is of fundamental
importance to the development and maintenance of tissues’?. Cell viability is the most
important challenge in the success of cell-based functional biomaterial implants for tissue
regeneration’2. To determine the effect of LLP2A modification on CV-MSC adhesion and
viability on electrospun PLLA/PCL scaffolds, CV-MSCs were seeded and cultured on
untreated scaffolds and LLP2A-modified scaffolds for 2 h and 7 d. CellTiter 96® AQueous
One Solution Cell Proliferation Assay (MTS) results showed LLP2A modification
significantly improves CV-MSC adhesion after 2 h seeding (Fig. 8A) and CVV-MSC viability
after 7 d culture (Fig. 8B). These results demonstrated that the function of LLP2A was well
maintained after chemical modification, and LLP2A-modified biomaterials support excellent
attachment and viability of CV-MSCs.

J Mater Chem B. Author manuscript; available in PMC 2021 February 26.
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Cell adhesion is involved in stimulating signals that regulate cell differentiation, cell cycle
cell migration, and cell survival”3. Once the integrin receptors located on the cell membrane
recognize and bind to the ligand on the substrate, focal adhesions will be formed and
subsequently activate focal adhesion kinase (FAK) by auto-phosphorylation. The activation
of FAK is considered a marker of integrin-mediated signaling. Our results demonstrate that
the activated form of FAK, phosphorylated-FAK (p-FAK), of CV-MSCs was significantly
improved on the LLP2A-modified PLLA/PCL scaffolds compared with that on the untreated
scaffold after 10 min cell seeding (Fig. 9A and C) or 6 h cell seeding (SFig. 4), indicating
that LLP2A modification can initiate a specific integrin-mediated signal transduction
between CV-MSCs and the LLP2A-modified PLLA/PCL scaffolds. The auto-
phosphorylation of FAK can create a binding site that binds with phosphoinositide 3-kinase
(P1-3K) and activates AKT by phosphorylation. The activated AKT plays a central role in
regulating the downstream effects of the PI3K pathway. Our subsequent data showed that the
activated form of AKT, phosphorylated-AKT (p-AKT), of CV-MSCs was also significantly
up-regulated on the PLLA/PCL scaffold with LLP2A modification compared with that on
the untreated scaffold after 10 min cell seeding (Fig. 9A and B) or 6 h cell seeding (SFig. 4).
Our results also showed the p-FAK and p-AKT signals at the shorter time point 10 min were
stronger than at 6 h, because it is known that phosphorylation is a very quick process. The
activation of AKT does not only inhibit the pro-apoptotic factors such as caspase-9, but also
activates the transcription of anti-apoptotic genes through the activation of transcription
factor nuclear factor kappa B (NF-kB) related to the regulation of cell viability. Our results
showed that NF-kB expression was significantly improved (Fig. 9A and D) and activation of
Caspase 9 was significantly decreased (Fig. 9E) respectively of CV-MSCs on the LLP2A-
modified PLLA/PCL scaffolds compared with that on the untreated scaffold after 10 min
cell seeding. These findings demonstrate that LLP2A-modified PLLA/PCL scaffolds could
activate FAK signaling, therefore up-regulate PI-3K/AKT pathway of CV-MSCs and
regulate the downstream biological pathways related to cell viability, which are consistent
with the previous studies?>: 74,

LLP2A madification enhances CV-MSC spreading and behavior on the scaffold

The degree of cell shape and spreading has important consequences for a variety of cellular
behaviors, including migration, proliferation, and differentiation’>~"8. The cellular responses
to cell spreading or shape appear to be regulated by forces generated through the
cytoskeleton and cell-ECM adhesions’%-8, The SEM analysis showed that C\V-MSCs grow
and spread much better on the LLP2A-modified scaffold (Fig. 10A, b) compared to the
untreated scaffold (Fig. 10A, a). Quantification of the cell-covered area showed that there
was significantly more cell-covered area on LLP2A-modified scaffolds compared to
untreated scaffolds (Fig. 10B). The cytoskeleton staining showed narrow and spindly CV-
MSCs on untreated scaffolds (Fig. 11A, a, ¢), whereas CV-MSCs on LLP2A-modified
scaffolds were wide and flared (Fig. 11A, b, d). Quantification of the single cell-area showed
that there was significantly more cell area on the LLP2A-modified scaffolds compared to the
untreated scaffolds (Fig. 11B). These results demonstrate that LLP2A modification provides
a better platform for CV-MSCs in fetal tissue regeneration.
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Experimental

Cell isolation and culture

Human placental tissues (n = 4) from first trimester gestation (<12 weeks of gestation) were
collected from healthy consented patients during elective abortions at the UC Davis Medical
Center, with approval from the Institutional Review Board. CV-MSCs were isolated from
chorionic villus tissue using an explant culture method, previously established in our lab®8.
Chorionic villus tissue was washed in phosphate buffered saline (PBS, Hyclone), containing
100 U/ml penicillin and 100 pg/ml streptomycin (1% pen-strep, Thermo Fisher Scientific),
and dissected into smaller pieces. Tissues were evenly spread across tissue culture-treated
flasks and cultured in D5 media containing DMEM high glucose (Hyclone), 5% fetal bovine
serum (FBS, Hyclone), 20 ng/mL recombinant human bFGF (R&D systems), 20 ng/mL
recombinant human EGF (R&D systems), and incubated at 37°C. Cells were allowed to
migrate from the tissue and grow to 80-90% confluency, before the first passage. The media
was changed every 3-4 days. CV-MSCs were used between P3 to P5 for all experiments.
HCAECSs were purchased from ATCC. BM-MSCs were obtained from Dr. Arnold I. Caplan
(Case Western Reserve University). AT-MSCs were obtained from Dr. David E. Sahar
(University of California, Davis).

Synthesis and screening of the OBOC peptide library

In our previous study, we synthesized and screened the OBOC peptide library and
discovered a high-affinity peptidomimetic ligand, LLP2A, targeting integrin a4p1 (half
maximal inhibitory concentration (IC50) = 2 pM)®C. Integrin subunits a.4 and p1 are
expressed on the surface of MSCs84. In this study, we synthesized LLP2A on TentaGel resin
beads and used them as a convenient platform for cell-bead binding assay to investigate the
ligand—cell binding affinity.

CV-MSC-bead binding assay

For the cell bead-binding assay, 6 x 10° CV-MSCs in 2 mL of D5 media were added to an
ultralow attachment 35 mm Petri dish (Corning Incorporated), followed by blank resin beads
or resin beads displaying with LLP2A%9, The dishes were incubated in a shaking incubator
at 37 °C for various time points, at 40 rpm. Phase contrast images were taken at different
time points using an Olympus 1X81 microscope.

CV-MSC attachment assay on LLP2A surface

We synthesized biotinylated LLP2A (LLP2A-bio, Fig. 4B) using established solid phase
peptide synthesis protocols®C. Peptide-bio was designed to have biotin attached to the side
chain of lysine, and two hydrophilic linkers between the peptide and Lys (biotin). To modify
the culture surface with ligands, target culture wells in a 24-well plate were coated with 500
uL of 20 pg/mL Avidin (Thermo Fisher Scientific) and incubated for 1 h at 37 °C. Avidin
coated wells were rinsed three times with DPBS and were treated with 500 uL of 2 uM D-
biotin (Thermo Fisher Scientific) or LLP2A-bio. After 1 h, the wells were washed three
times with DPBS and blocked with 1% BSA (Thermo Fisher Scientific) for 1 h. After the
wells were rinsed three times with DPBS, for the cell attachment assay, 5 x 10* CV-MSCs,
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BM-MSCs or AT-MSCs suspended in the D5 media were added to the wells and incubated
for 10 min at 37 °C. The wells were washed three times with DPBS, and the adhered cells
were fixed in 10% formalin (Azer Scientific) for 20 min. Phase contrast images were taken
using an Olympus 1X81microscope for evaluation of the CV-MSC attachment.
Quantification of images was performed using the ImageJ software (NIH).

Flow cytometry analysis of ligand-cell binding affinity

To quantitatively compare cell-ligand binding affinity, flow cytometry analysis of LLP2A-
bio and CV-MSCs was performed following our previous protocolll. Specifically, 5 x 10°
CV-MSCs or HCAECs were incubated with 1 uM LLP2A-bio in binding buffer (1x HEPES
containing 10% FBS) on ice for 30 min. The samples were washed three times with wash
buffer (DPBS containing 1% FBS) and incubated with streptavidin-phycoerythrin (Life
Technologies) on ice for 30 min, and then washed with DPBS. To test the expression of the
a4 and B1 integrin subunits on CV-MSCs and HCAECs, samples were stained with mouse
anti-human a4 or B1 integrin antibodies (Millipore) on ice for 30 min, washed three times
with wash buffer, incubated with goat anti-mouse 546 conjugate (Life Technologies) in
DPBS on ice for 30 min, and then washed with DPBS. To confirm that LLP2A binds to CV-
MSCs mainly via integrin a4p1, we performed a binding/blocking experiment using
monoclonal anti-a4 and anti-p1 antibodies. To block a4 or 1 integrin subunits, cells were
first incubated with excess mouse anti-human a4 or 1 integrin antibodies on ice for 30 min,
washed three times with wash buffer, and then incubated with 1 uM LLP2A-bio, for another
30 min. The samples were washed three times with wash buffer and incubated with
streptavidin PECy7 conjugated in DPBS on ice for 30 min, and then washed with DPBS.
Samples were analyzed on a BD Fortessa LSR Cell Analyzer, and further data analysis and
gating were performed using FlowJo software (Treestar, Inc.).

Preparation and characterization of LLP2A-modified biomaterial scaffolds

Fabrication of electrospun microfibrous scaffolds was performed as previously reported!?.
Poly (L-lactic acid; PLLA; MW 67 400, Sigma-Aldrich) and polycaprolactone (PCL, MW
2000, Polysciences) were used to fabricate the microfibrous membranes. The polymer
blends (e.g., 19% PLLA and 5% PCL; w/v) were completely dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, Aladdin). Microfibrous membranes with a thickness of about
200 um were prepared by electrospinning polymer fibers onto the rotating drum collector.
The negative voltage of 4.5 kV was applied to the mandrel, and a positive voltage of 4 kV
was applied to the spinneret, by using a high voltage generator (Gamma High Voltage).

LLP2A was grafted onto the PLLA/PCL membrane surface in three steps (Fig. 4D). First,
membranes were incubated in 0.01 M sodium hydroxide for 10 min to expose the carboxyl
groups on the surface. Second, the membranes were further incubated in a solution of 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride (EDC, Thermo Fisher
Scientific) and N-hydroxysulfosuccinimide (sulfo-NHS, Thermo Fisher Scientific) in 0.5 M
morpholino ethanesulfonic acid (MES) buffer (pH 5.5, Thermo Fisher Scientific) for 30 min.
After brief washing with DPBS, the membranes were incubated in a solution of amine-
PEG11-azido (NH,-PEG-N3, MW 570.7, BROADPHARM) in alkalescent DPBS (pH~7.8)
for 2 h on a shaker. Third, 20 uM LLP2A-DBCO (Fig. 4C), synthesized via a similar
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approach to that for LLP2A-bio, but with a 5- azidopentanoic acid attached to the side chain
of lysine (Supporting Information Figure S1), was conjugated to azido-decorated
membranes via Click chemistry in the water system for 16 h82. The PEG linker and LLP2A
modification of the membranes was characterized by XPS using a PHI 5400 spectrometer
(Physical Electronics). The structure of the membranes was characterized with SEM. Fiber
diameters were measured using ImageJ software. 50 fiber diameters were measured and the
average was reported.

Contact angle measurement

The contact angles of ultrapure water over the surface of untreated PLLA/PCL scaffolds and
LLP2A-treated PLLA/PCL scaffolds were measured with a VCA2000 video contact angle
system (Advanced Surface Technology Inc.). For this measurement, a drop of ultrapure
water was placed over the surface of the scaffold. Subsequently, an image of the drop of
water over the surface was immediately obtained. The computer processed the pictures and
calculated the angle of contact for the pictures. Five independent measurements were
performed per treatment.

CV-MSC attachment and viability

The LLP2A-modified electrospun microfibrous membranes and untreated membranes were
placed in 35 mm tissue culture dishes. The membranes were rinsed with DPBS and
incubated with CV-MSCs in D5 media, at a density of 1 x 10° cells/cmZ2. For the cell
attachment test, after 2 h of incubation, the media was aspirated and unattached cells were
washed off with DPBS three times. The adhered cells were characterized using MTS. For
the cell viability test, after 2 h of incubation, new D5 media was added into the dishes, and
the cells were sequentially cultured for 7 d. The cell viability was determined by an MTS
assay. The amount of soluble formazan product produced by the reduction of MTS by
metabolically active cells was measured by a 96-well spectrophotometer, at a 490 nm
absorbance. The cell morphologies on the membranes were characterized using SEM. The
cell-covered area was quantified using ImageJ software.

Western-blot and Caspase 9 analysis

Immunoblotting of FAK, p-FAK, AKT, p-AKT and NF-kB was performed after 10 min or 6
h cell seeding. The detached cells were collected first. The attached cells were washed twice
with ice cold DPBS, and membranes were cut into small pieces using a blade and pooled
with the unattached cells in 1.5 ml centrifuge tubes. After centrifugation, lysis buffer
containing RIPA lysis buffer, sodium metavanadate (NaVVO3), PMSF and complete protease
inhibitor cocktail tablet (all from Santa Cruz Biotechnology) were added to the cell pellets
and the remaining materials, and then they were incubated for 1 h at 4 °C. The protein
concentrations were determined using a BCA protein assay (Thermo Fisher Scientific). A
total of 15 g of each sample was loaded, separated using a 4-12% Bis-Tris NUPAGE gel
(Thermo Fisher Scientific), and transferred to a nitrocellulose membrane. The membrane
was blocked in 5% BSA in TBST (Trisbuffered saline with 0.5% Tween-20) and
subsequently incubated with primary antibodies anti-FAK, anti-phospho-FAK, anti-AKT,
anti-phospho-AKT, anti-NF-kB and GAPDH (all purchased from Cell Signaling
Technologies) overnight at 4 °C. After washing three times with TBST, the membranes were
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incubated with respective conjugated secondary antibodies in 5% nonfat dry milk in TBST
(BioRad) for 1 h at room temperature. After washing, the protein bands were visualized
using a West Dura Substrate (Thermo Fisher Scientific) under a Gel Documentation System
(Bio-Rad) and quantified using ImageJ software. Sensitive measurement of Caspase 9
activity in CV-MSCs was performed by Caspase 9 Assay Kit (Abcam) according to the
instruction. The colorimetric was measured by a 96-well spectrophotometer, at a 405 nm
absorbance.

Cytoskeleton staining

Cells were incubated on untreated and LLP2A-modified electrospun microfibrous
membranes for 3 days after seeding. Cells were washed three times with DPBS before
fixation in 4% paraformaldehyde for 20 mins. The cells were incubated with TRITC-
conjugated Phalloidin and DAPI (Millipore), according to the manufacturer’s instructions.
After three washes with DPBS, the cells were imaged using an Olympus 1X81 microscope.
The cell area was quantified using ImageJ software.

Statistical analysis

For two-sample comparison, student’s t test was used. For multiple-sample comparison,
analysis of variance (ANOVA) was performed to detect whether a significant difference
existed between groups with different treatments. A p-value of 0.05 or less indicates a
significant difference between samples in comparison.

Conclusions

In this study, we described the use of LLP2A, a ligand with a high binding affinity to
integrin a4P1, in engineering the surface of polymeric material scaffolds for MSC
transplantation, and investigated the interactions between the LLP2A-modified surface and
different types of MSCs, such as CV-MSCs, BM-MSCs and AT-MSCs. In the current proof
of concept study, we chose a representative type of MSCs, CV-MSCs, which hold significant
promise for fetal tissue engineering, but do not seem to be able to survive well after
transplantation. LLP2A has an exceptionally high binding affinity to CV-MSCs, via integrin
a4pl, and a high stability /n vivo, which is why it is able to overcome the key obstacles that
other biomolecules have previously encountered when used to improve CV-MSC loading on
polymeric scaffolds for fetal tissue engineering applications. Furthermore, we can also use
LLP2A as an excellent lead ligand, for further optimization and modification, to develop
LLP2A-based bioactive ligands with an even higher binding affinity, more specific binding
capability and superior functionality for MSC-based tissue regeneration applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Binding affinity of LLP2A to CV-MSCs. (A) Blank beads (a-d) and beads displaying with
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performed. Data were expressed as mean + standard deviation: *p < 0.05, **p < 0.01 (n =
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Fig. 2.

Atg',[achment of CV-MSCs on LLP2A-treated surface. (A) Images of attached CV-MSCs on
(a) untreated surface and (b) LLP2A-treated surface; (B) The number of CV-MSCs attached
to different surfaces was quantified, and statistical analyses were performed. Data were
expressed as mean + standard deviation: **p < 0.01 (n = 4).
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Fig. 3.

Bi%ding mechanism of LLP2A to CV-MSCs. (A) Integrin a4 and 1 were highly expressed
on CV-MSCs. (B) LLP2A effectively bound to CV-MSCs (blue curve), and the binding
efficiency was markedly blocked by anti-integrin a4 and anti-integrin f1 antibodies together
(orange curve), anti-integrin f1 antibody only (green curve), or anti-integrin a4 antibody
only (black curve).
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LLP2A was modified onto electrospun scaffold via Click chemistry. Chemical structures of

(A) LLP2A, (B) LLP2A-Bio, and (C) LLP2A-DBCO; (D) Schematic diagram of the
chemical process involved in the LLP2A immobilization on the electrospun scaffold.
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Fig. 5.
XPS analysis of the untreated scaffold, the scaffold modified with linker only, and the
scaffold modified with the linker and LLP2A.
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Efgfects of LLP2A modification on surface morphology of PLLA/PCL scaffold. (A) SEM
analysis was employed to evaluate the surface morphology of (a) untreated PLLA/PCL
scaffold and (b) LLP2A-modified PLLA/PCL scaffold. (B) Quantification and correlative
statistical analysis of the fiber diameters; Data were expressed as mean + standard deviation:
**p < 0.01 (n = 50).
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Fig. 7.
Effects of LLP2A modification on hydrophilic properties of PLLA/PCL scaffold. (A)

Contact angle assay was employed to evaluate the hydrophilic property of (a) untreated
PLLA/PCL scaffold and (b) LLP2A-modified PLLA/PCL scaffold. (B) Quantification and
correlative statistical analysis; Data were expressed as mean + standard deviation: **p <
0.01 (n =5).
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Effects of LLP2A modification on CV-MSC attachment and viability on PLLA/PCL
scaffold. MTS assay was employed to determine (A) CV-MSC attachment at 2 h after cell
seeding, and (B) CV-MSC viability at 7 day after cell seeding on untreated and LLP2A-
modified scaffolds; Data were expressed as mean + standard deviation: **p < 0.01 (n = 4).
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Fig. 9.

Ef%ects of LLP2A modification on CV-MSC biological functions on the PLLA/PCL
scaffold. (A) Western-blot analysis of FAK, phosphorylated-FAK (pFAK), AKT,
phosphorylated-AKT (pAKT), NF-kB expression in the CV-MSCs cultured on the untreated
scaffold or LLP2A-modified scaffold. Quantification and the correlative statistical analysis
of (B) p-AKT/AKT, (C) p-FAK/FAK and (D) NF-kB/GAPDH. Quantification and the
correlative statistical analysis of Caspase 9 activity assay of CV-MSCs culture on the
untreated scaffold or LLP2A-modified scaffold. Data were expressed as mean + standard
deviation: *p < 0.05 (n = 4).
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Fig. 10.
(A) SEM images of CV-MSC coverage on an untreated scaffold surface (a) and LLP2A-

modified scaffold surface (b) for 2 days; (B) Quantification and the correlative statistical
analysis of cell-covered area from the SEM images. Data were expressed as mean + standard
deviation: **p < 0.01 (n = 4).
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Fig. 11.
(A) Cytoskeleton of CV-MSCs cultured on (a, ¢) untreated scaffold and (b, d) LLP2A-

modified scaffold; (B) Quantification and the correlative statistical analysis of cell area. Data
were expressed as mean + standard deviation: **p < 0.01 (n = 4).
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