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The highly damaging state of spinal cord injuries has provided much inspiration for the design of surface
modification of the implants that can promote nerve regeneration and functional reconstruction. DOPA-
IGF-1, a new recombinant protein designed in our previous study, exhibited strong binding affinity to
titanium and significantly enhanced the growth of NIH3T3 cells on the surface of titaniumwith the same
biological activity as IGF-1. In this article, surface modification of poly(lactide-co-glycolide) (PLGA) films
with recombinant DOPA-IGF-1 was performed to promote the paracrine activity of human umbilical cord
mesenchymal stem cells (hUCMSCs) by secreting neurotrophic factors. DOPA-IGF-1 exhibited the
strongest binding ability to PLGA films than commercial IGF-1 and nonhydroxylated YKYKY-IGF-1.
In vitro cultures of hUCMSCs on the modified PLGA films showed that DOPA-IGF-1@PLGA substrates
significantly improved the proliferation, adhesion, and neurotrophic factors secretion of hUCMSCs,
especially for nerve growth factor, as confirmed by qRT-PCR and western blot analysis. Subsequently, the
acquired neurotrophic factors secreted by the hUCMSCs cultured on the DOPA-IGF-1@PLGA films obvi-
ously enhanced neurite outgrowth of PC12 cells. Taken together, PLGA substrates with DOPA-IGF-1
immobilization is a promising platform for neural tissue engineering via neurotrophic factors secre-
tion from MSCs and should be further tested in vivo.

© 2019 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
Introduction

Spinal cord injury (SCI) is a damaging state that causes perma-
nent neurological deficits in injured persons.1 As is well known, the
limited regenerative capacity of central nervous system and the
short of a physical matrix where neurons and endogenous repairing
cells can adhere are 2 main reasons of poor recovery after SCI.2

Consequently, biomaterials science and tissue engineering show
great potential in new strategies for SCI treatment.

Nowadays, synthetic degradable polymers has gained much
attention such as poly(lactide), poly(glicolide), and their copolymer
poly(lactide-co-glycolide) (PLGA).3 Their structure can be modu-
lated to improve their biocompatibility by controlling their mo-
lecular weight and mole ratio of two monomers. PLGA is a kind of
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the most promising degradable materials in tissue engineering
because the degradation rate of the copolymer can be adjusted by
altering the ratio of lactic acid and glycolic acid.4 Porous scaffolds,5

microfibers,6 conduits,7 and films8 based on PLGAmatrix have been
widely used in nerve regeneration and proved useful for SCI
reconstruction in vitro and in vivo. At the same time, PLGA also
shows great potential as a cell carrier in tissue regeneration.9

However, hydrophobicity and lack of biofunctionality seriously
restrict its biological applications. The surface modification of the
PLGA implants toward improving biological performance has been
a major focus of biomaterials research recently for developing
functional nerve regeneration materials.

Several modification of existing synthetic degradable polymers
approaches, such as grafting chains10 or bioactive molecules11 have
been already widely used and these methods often alter the orig-
inal material’s physical properties. Matrix, growth factors, and cells
are the three important elements in tissue engineering. Among
them, growth factor proteins play an important role for tissue
regeneration.12 However, because of their instability and diffusible
sociation.
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Scheme 1. Schematic illustration of DOPA-IGF-1 binding to a PLGA film and exhibiting significant bioactivity on neurite outgrowth of PC12 cells by promoting neurotrophic factor
secretion of hUCMSCs. This DOPA-IGF-1@PLGA substratesesupported paracrine activity of MSCs may provide an attractive technology for neural regeneration applications.
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nature when used in vitro and in vivo, many attempts have been
made to improve the performance. To generate biofunctional sub-
strates and regulate cell functions in a novel approach, conjugating
growth factors and matrix has been performed by various re-
searchers.13 Sun et al.14 produced a fusion protein using the
collagen-binding nerve growth factor (NGF) combined with a
collagen membrane for peripheral nerve regenaration. Another
study reported fibrin-binding growth factor appeared to function-
alize the fibrin in the form of improving wound-healing.15 The
adhesive protein secreted by marine mussels is widely used in
many surface modifications of biomaterials.16 Yang modified PLGA
with DOPA to enhance contact guidance and neuronal differentia-
tion of human neural stem cells.17 In another study, DOPA was
noted to coat the surface of TiO2 nanoparticles to exhibit the pro-
liferation of Schwann cells in peripheral nerve regeneration.18 This
indicated that DOPA-assisted immobilization resulted in large
amount of peptides coated on the materials. It was confirmed that
DOPA was a protein composed of a repeat sequence of DOPA and
lysine. In our previous study, we introduced the site-specific DOPA
into IGF-1 using recombinant DNA technique.19 We incorporated
Tyr-Lys-Tyr-Lys-Tyr (YKYKY) residues at the C-terminal of IGF-1,
then hydroxylate the residues into DOPA-Lys-DOPA-Lys-DOPA
(XKXKX, X ¼ DOPA) via tyrosinase. When pH was regulated to
8.5, the oxidation reaction of catechol groups of DOPA was
considered to resulted in chemical cross-linking; it demonstrated
that this DOPA-IGF-1 would lead to the formation of a protein layer
on the surface of titanium, enhanced the NIH3T3 adhesion, and
increased the cell growth activity. It was noteworthy that as one
kind of somatomedin, IGF-1 was produced by almost all types of
neural cells in the brain.20 It facilitates neuron progenitor prolif-
eration, differentiation, and promotes cell survival through its
antiapoptotic actions.21 Furthermore, it has also been shown that
IGF-1 could enhance mesenchymal stem cells (MSCs) pluripotency
and self-renewal.22 But few studies were reported about using
DOPA-IGF-1 for biofunctionalization of implants in neural tissue
regeneration. It was speculated that the binding affinity of this
recombinant protein DOPA-IGF-1 to the surface of PLGA implants
could be enhanced significantly by the hydroxylation of the tyro-
sine residues with tyrosinase.

Cell transplantation has been widely recognized for SCI. The
studies of neural trans-lineage differentiation capability of MSCs
have been reported, including astrocytes, oligodendrocytes, and
even neurons.23 However, this is still a controversial topic. The
in vivo effects of MSCs are associated with their trophic activity via
secretion of bioactivemolecules and neurotrophic factors.24 Human
umbilical cord mesenchymal stems cells (hUCMSCs) are obtained
painlessly from umbilical cord; thus fewer ethical issues and being
hypoimmunogenic are two main advantages compared to other
sources of MSCs.25 Therefore, new strategies of using hUCMSCs for
SCI have been recently developed on the regulation and improve-
ment of their indirect role.26

Thus, in this study, binding growth factor DOPA-IGF-1 with a
small pentapeptide tag composed of DOPA-Lys-DOPA-Lys-DOPA
residues (XKXKX, X ¼ DOPA) at its C-terminal was applied for the
surface biofunctionalization of PLGA films using tyrosinase. The
binding affinities of the DOPA-IGF-1 toward PLGA substrates were
investigated through protein absorption, scanning electron micro-
scopy (SEM), atomic force microscope (AFM), X-ray photoelectron
spectroscopy (XPS) analysis, and hydrophilicity tests. The cell pro-
liferation, adhesion, and neurotrophic factors secretion of hUCMSCs
were investigated by culturing on the biomodified DOPA-IGF-
1@PLGA substrates as shown in Scheme 1. The aim of this study
was to explore the effectiveness of biofunctionality with the
binding proteins of DOPA-IGF-1 and provide a novel surface
modification method of PLGA implants for neural tissue
engineering.

Materials and Methods

Preparation of PLGA Films

PLGA (lactide/glycolide ratio ¼ 80/20, Mn ¼ 85,000), synthe-
sized in our laboratory according to the literature procedure,27 was
dissolved in chloroform to obtain a 3% (w/v) PLGA/chloroform so-
lution. Then the solution was spread on an 8-mm cover slide as a
0.25-mm thick layer preliminary treated with 2% dimethyldi-
chlorosilane (DMDC; Fluka). The PLGA-coated slides were vacuum-
dried for 48h under ambient temperature for the further use.

Preparation of Y-IGF-1

The expression and purification of recombinant YKYKY-IGF-1
(Y-IGF-1) were performed as literature reported previously.19 In
brief, the recombinant pET15-Y-IGF-1 was transformed into the
BL21 (DE3) strain of Escherichia coli. The bacterial culture contain-
ing the recombinant pET15-Y-IGF-1 expression vector was



Table1
Primers Used in Quantitative Real-Time Polymerase Chain Reaction for hUCMSCs

Gene Forward Primer Sequence
(50�30)

Reverse Primer Sequence
(50�30)

NGF AGCGCAGCGAGTTTTGG AGAAAGCTGCTCCCTTGGTAA
BDNF GCCAGAAAAAGCCAAGGAGT ATGCCTCCCATATGCAGACT
VEGF ATCTGCATGGTGATGTTGGA GGGCAGAATCATCACGAAG
GAPDH GCTCCCTCTTTCTTTGCAGC ACCATGAGTCCTTCCACGAT

Table 2
Primers Used in qRT-PCR for PC12 Cells

Gene Forward Primer Sequence (50�30) Reverse Primer Sequence (50�30)

SYN1 TCCTCCTGCTCAACAACGAC GGAGGGGCTGGCTTTGAG
MAP2 CCAGAAGTCCCCATGGCAAA GCTGGTGGTATGTTCTGGCT
GAPDH GCATCTTCTTGTGCAGTGCC TACGGCCAAATCCGTTCACA
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inoculated in 100mL lysogeny brothmedium containing 100 mg/mL
ampicillin in a 500-mL flask. The mixture were grown overnight at
37�C with shaking and then transferred to a 2-L flask containing 1 L
of sterilized terrific broth medium and 100 mM ampicillin at 37�C
with vigorous shaking until the optical density600 was 0.8. Isopro-
pyl-b-d-thiogalactoside was added for expression to a final con-
centration of 0.1 mMwith overnight growth. Recombinant proteins
from E coli were purified as described in the manual (Qiagen). The
cleared lysate supernatant was purified over a Ni-NTA column.
Nonobjective proteins were removed by washing the column with
wash buffer. Y-IGF-1 was eluted from the Ni-NTA spin columnwith
elution buffer. Then Y-IGF-1 protein was dialyzed with PBS for
removing urea in a semipermeable membrane. After dialysis, Y-
IGF-1 protein solution was put into a 50-mL centrifuge tube, frozen
at �80�C for 30 min, and freeze-dried to obtain protein powder.

Tyrosine Hydroxylation

TheY-IGF-1proteinwas dilutedwith PBS to 1mg/mL. The tyrosine
residues of Y-IGF-1 were hydroxylated using solutions of tyrosine
hydroxylase (500 mg/mL, 500 mL) (Sigma-Aldrich, St. Louis, MO),
ascorbic acid (250 mM, 500 mL), Y-IGF-1 (1 mg/mL, 500 mL), and PBS
(500 mL, pH7.2) at room temperature for 2 h, then regulated PH to 8.5.

SDS-PAGE and Western Blot Assays

SDS-PAGE and western blot assays were performed using an
established protocol.28 SDS-PAGE analysis was performed using a
15% gel for different protein fractions according to the manual. For
western blot, migrated protein band in the gel were transferred to a
polyvinylidene difluoride membrane (Roche Diagnostic, Boston,
MA) using an electroblotting apparatus (Bio-Rad) at 200 mA for
40min in 25mM Trise192mM glycine. Themembranewas blocked
for 1 h by incubating with 10% bovine serum albumin in Tris-HCl-
buffered saline and Tween 20 (TBST) solutions, and then incubated
with anti-IGF-1 polyclonal antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). After washing, the membrane was incubated with
anti-IgG (Santa Cruz Biotechnology Inc.) added at a dilution of
1:1000 in TBST solution. The bound antibody was detected using
enhanced chemiluminescence.

Protein Adsorption on the PLGA Films

The obtained DOPA-IGF-1, Y-IGF-1, and commercial IGF-1 (cIGF-
1) were prepared as a solution of 500 ng/mL in PBS. The PLGA films
were immersed in the DOPA-IGF-1, Y-IGF-1, and cIGF-1 protein so-
lutions for up to 12 h at 4�C while shaking (60 rpm) to enable ho-
mogeneous dispersionof protein. The amount ofDOPA-IGF-1, Y-IGF-
1, and cIGF-1 proteins adsorbed on the PLGA filmswere determined
through the decrease of the proteins within the solutions using
double-antibody sandwich ELISA method (ab108873; Abcam,
Cambridge, UK). All the samples were 500 times diluted for detec-
tion to fit the sensitivity of ELISA assay (2.74-2000 pg/mL). It was
determined through HRP-conjugated secondary antibody (1:500;
Bioss, Shanghai, China) in Turbo-ELISA substrate solution (Thermo
Scientific) at an absorbance 450 nm using an ELISA plate reader.

Surface Morphology Analysis and Surface Characterization

The morphology of aforementioned DOPA-IGF-1@PLGA, Y-IGF-
1@PLGA, cIGF-1@PLGA, and pure PLGA films were observed by SEM
(Zeiss supra 40 VP scanning electron microscope) and AFM
(multimode scanning probe atomic force microscope, Veeco In-
struments). The surface composition of different samples was
detected using XPS (Thermo) to obtain the elemental compositions.
In addition, the water contact angle for all the different substrates
was measured on a Krüss DSA 10 instrument.

In Vitro Culture of hUCMSCs Cells

The hUCMSCs were obtained from Jilin Heze Biotechnology Co.,
Ltd. and cultured in high glucose DMEM medium (HyClone) sup-
plemented with 10% fetal bovine serum (Invitrogen), penicillin G
(100 units/mL), streptomycin (100 mg/mL), and amphotericin B (25
mg/mL).29 The cells were incubated at 37�C in the incubator with
5% CO2 and 95% humidity. The hUCMSCs were cultured to 80%
confluency and then passaged for expansion. hUCMSCs of passages
2 or 3 were used for the experiments.

Cell Proliferation and Adhesion

The DOPA-IGF-1@PLGA, Y-IGF-1@PLGA, and cIGF-1@PLGA films
were washed with PBS and placed into a 24-well plate. PLGA films
immersed in PBS at the same conditions were used as control.
hUCMSCs cellswere seeded ondifferent groups at initial densities of
20,000 cells per well. After 1, 3, and 7 days of culture, cell prolifer-
ation was studied by Cell Counting Kit-8 (CCK-8; Dojindo, Kuma-
moto, Japan). After 2 h of incubationwith CCK-8 solution added into
thewells, 200 mL of the reaction solutionwas transferred into a new
96-well plate, and the absorbance values at 450 and 600 nm were
measured on a multifunctional microplate scanner (Tecan Infinite
M200). For morphological description of cell adhesion at 24 h and
72 h, actin filaments of cells were stained with Acti-stain 555
phalloidin, and the cell nucleus was stained with DAPI.

Paracrine Activity of hUCMSCs

The secretion of neurotrophic factors from hUCMSCs cultured
for 7 days and 14 days on the different PLGA films was assessed. The
mRNA levels of representative neurotrophic factors including NGF,
brain-derived neurotrophic factor (BDNF), and vascular endothelial
growth factor (VEGF) were detected by quantitative real-time po-
lymerase chain reaction (qRT-PCR). After culture for different time
intervals, cells were gathered from each sample and total RNA was
isolated using the TRIzol Reagent (Invitrogen), according to the
manufacturer’s protocol. The RNAwas reverse-transcribed to cDNA
using PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real
Time, TaKaRa). PCR amplification was performed using qPCR SYBR
Green Mix Kit (TaKaRa). The relative transcript quantities were
calculated using the cycle threshold method with the GAPDH as the
endogenous reference gene amplified from the samples. The
primers of genes are shown in Table 1.



Figure 1. SDS-PAGE and western blot of Y-IGF-1 fusion protein. (a) SDS-PAGE analysis of purified fusion proteins. The values shown on the left of the figure are the measured
molecular weights. M, marker; 1, before induction; 2, after induction; 3, supernatant; 4, inclusion body; 5e7, flows; 8, Y-IGF-1; 9, cIGF-1. (b) Western blot of purified Y-IGF-1 (1) and
cIGF-1 (2) proteins analyzed with mouse anti-IGF-1 and HRP-labeled rabbit anti-mouse IgG antibody.

Figure 2. The adsorption ability of DOPA-IGF-1, Y-IGF-1, and cIGF-1 binding to the
PLGA films. Asterisks (*) indicate statistical significance, p < 0.05.
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Based on the gene expressions of neurotrophic factors, NGF was
chosen for further analysis of protein levels. The NGF protein
secreted by hUCMSCs in the mediumwas analyzed by western blot
with anti-NGF antibody. Culture medium of different films were
harvested and 50 mL of the medium was boiled with 10 mL 5�
sample buffer (60 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate,
10% glycerol, 5% b-mercaptoethanol, and 0.01% bromophenol blue)
for 10 min. 10 mL of each boiled sample was loaded to wells of a
gradient gel (Bio-Rad, Hercules, CA), then the proteins were
transblotted to a nitrocellulose membrane at ~2.5 h at 350 mA. The
transblotted nitrocellulose membrane was blocked by nonfat
powdered milk TBST (Tris buffer with 0.5% Tween-20) for 2 h while
shaking (60 rpm) at room temperature. Primary antibody (mouse
anti-NGF antibody; Santa Cruz Biotechnology) was diluted at
1:1000 in the nonfat powdered milk TBST solution and incubated
with the membrane overnight in a 4�C chamber. After washing by
0.5% TBST, the membrane was incubated with rabbit anti-mouse
IgG conjugated to HRP (ABCAM) diluted 1:2000. The bound anti-
body was detected using enhanced chemiluminescence.

PC12 Cells Morphology Assay to Confirm the Secretion of
Neurotrophic Factors

To confirm the secretion of neurotrophic factors by hUCMSCs
cultured on the different PLGA films, all themediumswere collected
referred to as conditioned mediums (CMs) from these cell cultures,
respectively. PC12 cells were used to investigate the effects of
secreted neurotrophic factors, particularly NGF from CMs. It was
because PC12 cells arewell-known to be highly responsive toNGF in
the neuritogenesis and differentiation.30 Cells were maintained in
RPMI 1640 (ATCC Cell Biology, Manassas, VA) containing 10% heat-
inactivated equine serum (SH30074; Hyclone, South Logan, UT)
and 5% fetal bovine serum, at 37�C in the incubator with 5% CO2 and
95% humidity. To observe neurite outgrowth, PC12 cells were plated
at 10,000 cells per well of a 24 well plate. The CMs obtained from
hUCMSCs cultured on the PLGA, cIGF-1@PLGA, Y-IGF-1@PLGA, and
DOPA-IGF-1@PLGA films were centrifuged at 1000 rpm for 5 min to
remove the suspended hUCMSCs. PC12 cells were grown in the
different CMs. PC12 cells which were maintained in maintenance
medium (MM) were set as control. The neurite outgrowth patterns
of PC12 cellswere observed byopticalmicroscopy at 1, 3, and 6 days.
Basedon theopticalmicroscopyphotos, neurite outgrowthpatterns,
such as number of cells with neurite outgrowth and average length
of neurite outgrowth, were analyzed.

Neurogenic Genes Expression

PC12 cells were incubated in CMs or MM for 3 days and 6 days
and the expression of neurogenic genes was explored via qRT-PCR.
The extraction of RNA and analysis by qRT-PCR was conducted
according to the procedure as mentioned previously. Specific PCR
primer sequences are given in Table 2.
Statistical Analysis

The data were presented as the mean values ± standard de-
viations. Statistical analyses were performed using Origin 8.0 for
paired samples and ANOVA formultiple samples. A value of p< 0.05
was considered statistically significant.
Results and Discussion

Preparation of DOPA-IGF-1

After induction with 0.2 mM isopropyl-b-d-thiogalactoside at
22�C, the BL21 (DE3) E coli containing pET15-Y-IGF-1 produced a
clear 10.5 kDa band detected by SDS-PAGE as shown in Figure 1a.
The result showed that recombinant Y-IGF-1 protein could be
expressed efficiently in E coli. Then Y-IGF-1 was purified and
refolded by affinity chromatography and desalting chromatog-
raphy. Western blot was performed for purified Y-IGF-1 and cIGF-1
using themouse anti-human IGF-1monoclonal antibody and rabbit
anti-mouse IgG conjugated to HRP. As shown in Figure 1b, we
observed a 10.5 kDa band for Y-IGF-1 and a 7.4 kDa band for cIGF-1,
which was in accordance with the result of SDS-PAGE (Fig. 1a).
These results demonstrated that Y-IGF-1 could bind to IGF-1 anti-
body specifically, and these bands were correspondence with the
theoretical molecular weights. These data indicated that the re-
combinant Y-IGF-1 presented in the E coli cell supernatants and it



Figure 3. SEM and AFM images of the surface of different PLGA films. (a) PLGA, (b) CIGF-1@PLGA, (c) Y-IGF-1@PLGA, (d) DOPA-IGF-1@PLGA. The scale bars for SEM are 2 mm, the
scale scise for AFM is 2 mm � 2 mm.
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could be isolated with a high degree of purity by affinity chroma-
tography on nickel-chelating sepharose.

Neurotrophic factor supplementation plays important roles in
the regeneration of central nerve injury, which can stimulate axons
regeneration, regulate inflammatory cells, protect the injured
neurons, and inhibit scar formation.31 Growth factors also promote
MSCs proliferation, differentiation, and maturation.32 However,
because of their instability and diffusible manner, many attempts
have been made to improve the performance of growth factors.12

Since recombinant DNA technology arose, designs of binding
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growth factors with target-binding peptides have been developed.
These recombinant growth factors not only bind to biological
substrates, but also to artificial substrates. The DOPA-assisted
immobilization strategy was inspired by mussel-adhesion phe-
nomena in nature.33 Ko and Yang reported that PLGA films were
more rougher and wetter after coated with DOPA.34 Considering
DOPA is a noncanonical amino acid, YKYKYwas firstly incorporated
into IGF-1 at the terminus and subsequently converted these resi-
dues into DOPA using a tyrosinase.

Adsorption Rate of Protein on PLGA Films

The DOPA-IGF-1 protein was obtained after hydroxylation using
tyrosine hydroxylase. The protein adsorption studies of DOPA-IGF-
1, Y-IGF-1, and cIGF-1 onto PLGA films are shown in Figure 2. After
incubation for 12 h, it could be seen that the DOPA-IGF-1 and Y-IGF-
1 adsorption on PLGA films was obviously higher than those of
cIGF-1 adsorption on PLGA films. CIGF-1 showed the lowest protein
adsorption capacity on PLGA films for its weak interactions on the
surface of PLGA. Moreover, YKYKY residues were converted into
DOPA-Lys-DOPA-Lys-DOPA (XKXKX) after tyrosine hydroxylation,
Figure 4. Surface characterization of DOPA-IGF-1e, Y-IGF-1e, and cIGF-1emodified
PLGA films. (a) XPS analysis of different samples. (b) Water contact angle measurement
for different samples. Asterisks (*) indicate statistical significance, p < 0.05.
the DOPA-IGF-1 adsorption capacities on PLGA films were the
highest in comparison with Y-IGF-1 on PLGA films. The adsorption
capacity of Y-IGF-1 was also higher than cIGF-1 because of YKYKY-
contained lysine. Previous studies illustrated lysine molecules
adsorb strongly to various solid surfaces, leaving cationic sites
which combinewith the anionic sites on cell surface.35 More DOPA-
IGF-1 was absorbed than Y-IGF-1 and cIGF-1 because DOPA-IGF-1
contains DOPA. Nowadays, DOPA-promoted surface functionaliza-
tion of materials had been used for tissue engineering.33 In our
previous studies, DOPA deposition processes for incorporation of
peptides36 or growth factors37 on scaffolds or microcarriers that
efficiently regulate osteogenic differentiation of preosteoblasts of
cells. In this study, when pH was regulated to 8.5, the YKYKY res-
idues were hydroxylated into DOPA-Lys-DOPA-Lys-DOPA via
tyrosinase, the catechol groups of DOPA oxidized to form a protein
layer (DOPA-IGF-1) on the surface of a wide range of organic ma-
terials, such as polymers.38 Meanwhile, previous studies reported
binding IGF-1 on the surface of materials. For example, Van Lonk-
huyzen et al. produced a chimeric protein of IGF-I and vitronectin
(VN),39 and the VN: IGF-I/IGF-BP complex exhibited a higher cell
proliferation activity via receptor-mediated and integrin-mediated
pathways. In our study, the binding ability of DOPA-IGF-1 was
higher than Y-IGF-1 and cIGF-1 on the PLGA films. It indicated that
it regulated cellular functions more efficiently at the same
concentration.

Surface Morphology

The surface morphology of the materials, such as surface to-
pology (roughness), greatly affect the cell adhesion, spreading, and
proliferation.40 Figure 3 displays the topology and roughness of
bare and DOPA-IGF-1e, Y-IGF-1e, and cIGF-1emodified PLGA films
analyzed by SEM and AFM. No morphological difference was
observed from the SEM images, and all the PLGA films exhibited
smooth surfaces before and after surface modification. Subse-
quently, further analysis of morphology and topology of different
PLGA films was performed via AFM. The pure PLGA and cIGF-
1@PLGA films exhibited regular and smooth surface with surface
roughness root mean square (RMS) 0.529 nm and 0.543 nm via
analyzing the topography scans of the film’s surface. This might be
due to the weak interaction between cIGF-1 and PLGA. However, Y-
Figure 5. Proliferation of hUCMSCs for 1, 3, and 7 days on PLGA, cIGF-1@PLGA, Y-IGF-
1@PLGA, and DOPA-IGF-1@PLGA films, and the concentrations of cIGF-1, Y-IGF-1, and
DOPA-IGF-1 solutions for the protein immobilization were 1, 10, 50, 100, and 500 ng/
mL, respectively. Asterisks (*) indicate statistical significance, p < 0.05.
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IGF-1@PLGA demonstrated rough and irregular surface
morphology with surface roughness RMS 0.764 nm due to the ex-
istence of lysine. While there was more rugged surface morphology
in DOPA-IGF-1@PLGA group and its surface roughness RMS was
1.39 nm. Ellipsoidal particles were observed on the DOPA-IGF-
1emodified films at protein concentrations of 500 ng/mL, as shown
in Figure 3d2. These results demonstrated that surface functional-
ization of PLGA with DOPA-IGF-1 could enhance the surface to-
pology, which may facilitate initial cellularization.
Surface Characterization of DOPA-IGF-1e, Y-IGF-1e, and cIGF-
1eModified PLGA Films

After the surface modification of DOPA-IGF-1, Y-IGF-1, and cIGF-
1, the XPS analysis of PLGA films was shown in Figure 4a. After
immersed in 500 ng/mL of protein solutions at 4�C for 12 h, for
DOPA-IGF-1@PLGA films, a very high nitrogen peak (N1s) addi-
tionally appeared at ~400 eV, which indicated successful immobi-
lization of protein on the substrates. This was due to the existence
of DOPA-binding domain. In contrast to DOPA-IGF-1@PLGA films, Y-
IGF-1@PLGA films exhibited a small nitrogen peak (N1s). However,
there was no nitrogen peak (N1s) for cIGF-1@PLGA and PLGA films.
Probably, the physically adsorbed IGF-1was diffusible and unstable.
This hypothesis was verified in the following cell experiments.

The hydrophilicity of materials plays an important role in
interacting with cells.41 We measured the water contact angle of
PLGA, cIGF-1@PLGA, Y-IGF-1@PLGA, and DOPA-IGF-1@PLGA films
to analyze the change in wetting of the PLGA surface. As shown in
Figure 4b, the contact angle on pure PLGA films was 84.06 ± 3.1�,
and was 84.42 ± 1.26� for cIGF-1@PLGA films. It indicated that the
wettability of PLGA substrates was not improved by the physically
adsorbed cIGF-1 in 500 ng/mL protein solutions. The water contact
angle for Y-IGF-1@PLGA samples was decreased compared with
those of the bare PLGA and cIGF-1@PLGA samples, with a statisti-
cally significant difference (p < 0.05). After binding to DOPA-IGF-1,
Figure 6. (a and b) Cell morphology of hUCMSCs grown on the PLGA, cIGF-1@PLGA, Y-IG
croscope. The actin filaments (red) were stained by phalloidin and the cell nucleus (blue) w
the average water contact angle dramatically decreased from 75.64
± 2.26� for the Y-IGF-1@PLGA films to 21.9 ± 5.0�, indicating the
maximum wettability attributed to DOPA-IGF-1 immobilization.
These results were correlated with the AFM, which demonstrated
that surface topology and hydrophilicity of DOPA-IGF-1@PLGA
films were both highly increased via efficient immobilization.
Cell Proliferation and Morphology on DOPA-IGF-1@PLGA Films

The enhancement of cell proliferation and adhesion on the nerve
scaffolds is usually responsible for functional recovery of the injured
spinal cord.42 Theproliferationof hUCMSCswasassessedusingCCK-8
assay from1to7daysandshowninFigure5. Thecellproliferationwas
observed to rise with the increase of cIGF-1@PLGA, Y-IGF-1@PLGA,
and DOPA-IGF-1@PLGA films. IGF-1 has been shown to enhance
proliferation ofMSCs in vitro.43 Similar results were also found in this
study. The optical density values of cell viability were slightly
increased for the cIGF-1@PLGA compared with pure PLGA films, but
there was no statistical significance (p > 0.05). In addition, the
bioactivity of Y-IGF-1@PLGA and DOPA-IGF-1@PLGA films markedly
increased at 10 ng/mL and 50 ng/mL (p < 0.05) at 3 and 7 days. It was
concluded that 50 ng/mL DOPA-IGF-1 was the most effective in the
enhancementof cell proliferation among thefive concentrations used
in this study. However, the promotion of cell proliferation seemed to
be decreased when the density of DOPA-IGF-1 solution was 100 ng/
mL and Y-IGF-1 was 500 ng/mL. Cell proliferation was significantly
suppressed at 500 ng/mL of DOPA-IGF-1. It indicated that there was
dose correlation between IGF-1 and cell viability and small dose (not
more than 100 ng/mL) of DOPA-IGF-1 played a better biological effect
owing to its inherent adhesion. In this study, hUCMSCs proliferation
was greatly promoted by 50 ng/mL of DOPA-IGF-1 immobilized PLGA
films. So the concentrationof50ng/mLwasapplied in the subsequent
experiments.

As shown in Figure 6, the adhesion of the hUCMSCs grown on
PLGA films at 24 and 72 h was observed using confocal laser
F-1@PLGA, and DOPA-IGF-1@PLGA films were assayed by confocal laser scanning mi-
as stained by DAPI. Scale bars are 100 mm.



Figure 7. Neurotrophic factors expressed by the hUCMSCs cultured on different substrates assessed by the mRNA levels for 7 and 14 days. The expression of three neurotrophic
factors genes (a) NGF, (b) BDNF, (c) VEGF) was analyzed by qRT-PCR. Asterisks (*) indicate statistical significance, p < 0.05.

Y. Zhang et al. / Journal of Pharmaceutical Sciences 108 (2019) 551-562558
scanning microscope by actin microfilaments (red) and nuclei
(blue) staining. The attachment of cells cultured on Y-IGF-1@PLGA
and DOPA-IGF-1@PLGA samples was better compared with that on
bare PLGA and cIGF-1@PLGA samples due to the surface topology
and hydrophilic enhancement on lysine residues and immobiliza-
tion of DOPA residues, respectively. Furthermore, there were
greater cell quantities and positive cellular interactions on DOPA-
IGF-1eimmobilized films. This might be due to efficient immobi-
lization of DOPA-IGF-1. In addition, the cell adhesion on the cIGF-
1@PLGA films was also better than that of the pure PLGA samples
at any time point, which likely contributed to the physically
adsorbed cIGF-1, but the cell adhesion was still unsatisfactory.



Figure 8. Protein level of neurotrophic factors (NGF) assessed by western blot analysis
after 14 days of culture on different substrates of (a) PLGA, (b) cIGF-1@PLGA, (c) Y-IGF-
1@PLGA, and (c) DOPA-IGF-1@PLGA.
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Paracrine Activity of hUCMSCs Grown on Different PLGA Films

hUCMSCs are capable of secreting certain neurotrophic factors,
such as NGF, BDNF, and VEGF during SCI for enhancing regenerating
axon growth and neuron survival.44 Therefore, the degree of
secreted neurotrophic factors can be considered another measure
Figure 9. The neuritogenesis behavior of PC12 cells was influenced by the release of neurotro
3, and 6 days. Red arrows were used to mark the axons. Scale bars are 100 mm.
of cell differentiation.45 As such, NGF, BDNF, and VEGF expressed by
hUCMSCs cultured within different PLGA films for 7 and 14 days
were assessed by qRT-PCR (Fig. 7). The expression of NGF in the Y-
IGF-1@PLGA and DOPA-IGF-1@PLGA groupswas higher than that of
the other two groups at 7 days (p < 0.05). At 14 days, the expression
was much stronger for the DOPA-IGF-1@PLGA groups compared
with other samples (p < 0.05, Fig. 7a). The levels of BDNF and VEGF
gene expression for cIGF-1@PLGA, Y-IGF-1@PLGA, and DOPA-IGF-
1@PLGA were slightly higher than pure PLGA samples (p < 0.05)
at 7 days. Furthermore, there were no significant differences on the
cIGF-1@PLGA, Y-IGF-1@PLGA, and DOPA-IGF-1@PLGA groups (p >
0.05, Figs. 7b and 7c). At 14 days, the BDNF gene expression was
higher in DOPA-IGF-1@PLGA groups than cIGF-1@PLGA and PLGA
samples (p < 0.05, Fig. 7b). The expression of VEGF was stronger for
the DOPA-IGF-1@PLGA groups compared with other samples (p <
0.05, Fig. 7c).
phic factors (especially for NGF) from the hUCMSCs cultured on different samples for 1,



Figure 10. Effects of neurite outgrowth of PC12 cells cultured on the different samples.
Parameters including (a) number of cells with neurite outgrowing and (b) average
length of neurite outgrowth were shown for 3 and 6 days. Asterisks (*) indicate
statistical significance, p < 0.05.

Figure 11. PC12 cells were cultured on the different samples for 3 and 6 days. SYN1 (a)
and MAP2 (b) genes were significantly up-regulated for the group of DOPA-IGF-
1@PLGA þ MSCs. Asterisks (*) indicate statistical significance, p < 0.05.

Y. Zhang et al. / Journal of Pharmaceutical Sciences 108 (2019) 551-562560
The protein levels of NGF was further assessed by gathering the
supernatants of culture medium at 14 days and analyzed by
western blot (Fig. 8). There was a weakest protein band signal for
PLGA films. However, the NGF level from cIGF-1@PLGA samples
was not found to be significantly different with PLGA. Furthermore,
the band expressions weremore evident for the Y-IGF-1@PLGA and
DOPA-IGF-1@PLGA, particularly the DOPA-IGF-1@PLGA samples.

It is indicated that IGF-1 plays an important role in hUCMSCs
differentiation toward neurons, astrocytes, and neural progenitor
cells (NPCs).46 However, strategies to use paracrine activity of
hUCMSCs in SCI have been paid more and more attention. In this
case, IGF-1 receptor can induce transcriptional activity to promote
survival, differentiation, and paracrine activity of hUCMSCs.47 We
investigated the expression of a series of genes including NGF,
BDNF, and VEGF. The mRNA levels, particularly those for NGF and
VEGF, were expressed significantly higher in the DOPA-IGF-
1@PLGA groups at 14 days. Compared with these results, the
expression of NGF for the DOPA-IGF-1@PLGA samples was not
obviously higher than that of Y-IGF-1@PLGA at 7 days, even though
they both expressed stronger than the pure PLGA and cIGF-1@PLGA
groups. This was because YKYKY residues contained lysine which
could adsorb strongly to various solid surfaces and leave cationic
sites which combine with the anionic sites on cell surfaces before
tyrosine hydroxylation. After hydroxylation, YKYKY residues were
converted into DOPA-Lys-DOPA-Lys-DOPA (XKXKX), the increase of
adsorption capacities and the hydrophilicity on the surface of PLGA
films both affected hUCMSCs adhesion and paracrine activity. This
gene level of NGF was further confirmed by western blot assessing
protein level of the secreted medium from hUCMSCs cultured on
different PLGA films. In this case, the highest expression was
noticed for DOPA-IGF-1@PLGA samples, a pattern basically the
same as that observed in gene levels, reflecting the importance of
epigenetic steps of the stimulated genes.

Functional Effects of Neurotrophic Factors Secreted From hUCMSCs

To clarify the biological functions of the secreted neurotrophic
factors of MSCs, particularly NGF, a model experiment was carried
out by culturing PC12 cells using different CMs which were ob-
tained from cultured hUCMSCs for 14 days. In this model, hUCMSCs
were physically separated from PC12 cells, leaving interaction with
PC12 cells via neurotrophic factors only. The morphology of PC12
cells was observed during incubation for 1, 3, and 6 days as shown
in Figure 9. After culturing for 1 day, the neuritogenesis behavior
was not observed; few neurites were generated with CM from
DOPA-IGF-1@PLGA group. When cultured for 3 days, no obvious
neurite outgrowth was observed in PC12 cells with MM and CM of
PLGA group. Some neurites were somewhat generated with CM of
cIGF-1@PLGA films, and amuch higher degree of neurite outgrowth
was noticed in the hUCMSCs with CM of Y-IGF-1@PLGA and DOPA-
IGF-1@PLGA. With culture for 6 days, the neuritogenesis behavior
was more evident for both CMs of Y-IGF-1@PLGA and DOPA-IGF-
1@PLGA samples, especially for the later one. Neurite outgrowth
patterns were analyzed systematically via number of cells with
neurite outgrowth and average length of neurite outgrowth
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(Fig. 10). With culture for 3 and 6 days, the cell number with neurite
outgrowth for CM of DOPA-IGF-1@PLGA sample was slightly more
than that of the other groups (Fig. 10a). The average neurite length
of PC12 cells for CM of DOPA-IGF-1@PLGA sample was significant
longer than all the other groups after 6 days of culture (Fig. 10b).
The quantitative results of PC 12 cells cultured in the CMs obtained
from hUCMSCs grown on the different modified substrates indi-
cated that the neurotrophic factors secreted by the hUCMSCs could
promote cell differentiation with neurite outgrowth. To further
investigate the neural differentiation of PC12 cells, synaptophysin 1
(SYN1) and microtubule-associated protein 2 (MAP2) gene
expression analyses were carried out for 3 and 6 days (Fig.11). SYN1
is a major synaptic vesicle membrane protein that is expressed in
neurons.48 MAP2 regulates tubulin polymerization and is cardinal
inmicrotubule assembly.49 The qRT-PCR analysis showed that there
was no significant difference in SYN1 expression at 3 days. How-
ever, at 6 days, the SYN1 expression in PC12 cells cultured with CMs
of cIGF-1@PLGA and Y-IGF-1@PLGA were significantly increased
compared to control and PLGA groups (p < 0.05). It was also evident
that the expression of SYN1 for DOPA-IGF-1@PLGA was the highest
than the other groups (p < 0.05). As MAP2 expression for the CM of
Y-IGF-1@PLGA sample was higher compared to control, PLGA, and
cIGF-1@PLGA samples. Among all the samples, MAP2 expression of
DOPA-IGF-1@PLGA group was the highest one at 3 days. At 6 days,
this trend was more obviously observed (p < 0.05). This indicated
that CM of DOPA-IGF-1@PLGA is more effective in eliciting neural
differentiation. As neuritogenesis of PC12 cells is known to be very
responsive to neurotrophic factors, particularly NGF.50 It was re-
ported that with the presence of NGF, PC12 cells cease division and
differentiate into sympathetic-like neurons, producing long
neuritis.51 As hUCMSCs were cultured on different PLGA films, the
amount of secreted growth factors was in accordance with the
amount of IGF-1 on unit area of PLGA. The results of qRT-PCR and
western blot analysis aforementioned indicated that the highest
expression of neurotrophic factors could be achieved with efficient
immobilization of DOPA-IGF-1 on the PLGA implants and it would
be beneficial for neural repair and regeneration processes.

Conclusion

In this study, we used a novel fusion protein DOPA-IGF-1 with an
exquisite binding ability to promote cellularization and paracrine
activity. DOPA-IGF-1 was dependable and immobilized efficiently
onto PLGA films. The cultured hUCMSCs within this sample not only
exhibited exquisite ability to promote cell proliferation and adhesion
but also supported neurotrophic factor secretion, showing significant
bioactivity on neurite outgrowth of PC12 cells. Both neurotrophic
factor secretion capacity and bioactivity of the hUCMSCs on the
DOPA-IGF-1@PLGAwere found to be significantly higher than that of
their cIGF-1 and Y-IGF-1 counterpart. Overall, it can be concluded
that DOPA-IGF-1emobilized PLGA substrates to support neuro-
trophic factor secretion of hUCMSCs in this study may provide an
attractive technology for neural regeneration applications.
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