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bioactive soft material is the integration of biomacromolecules with polymers. However, limited by their
complex structures and sensitivity to temperature and chemicals, it is relatively difficult to maintain the
bioactivity of biomacromolecules during their preparation, storage, and application. Here, a new kind of
bioactive soft material based on the molecular integration of metal ions and polymers is designed and
exemplified by a hybrid of magnesium ion (Mg?*) and poly(glycerol-sebacate-maleate) (PGSM-Mg).
Mg?* was firmly incorporated into PGSM molecules through a complexation interaction as evidenced
by X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR). The
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Controlled release PGSM matrix provided the soft nature and facile processing of the hybrid, which could serve as an inject-
Schwann cells able material and be fabricated into elastic porous three-dimensional (3D) scaffolds. The Mg?* immobi-
Soft biomaterials lized in the PGSM chain conferred neuroactivity to the resultant hybrid. PGSM-Mg exhibited adequate

biodegradability and a sustained release of Mg?*. PGSM-Mg 3D scaffolds promoted the adhesion and pro-
liferation of Schwann cells (SCs) more effectively than poly(lactic-co-glycolic acid) (PLGA) scaffolds.
Furthermore, SCs on PGSM-Mg scaffolds expressed significantly more neural specific genes than those
on PLGA, PGS, and PGSM, including nerve growth factor (NGF) and neurotrophic factor-3 (NTF3). All these
results indicated that Mg?" immobilized through molecular integration could efficiently regulate the
bioactivity of polymers. In view of the wide availability, diverse bioactivity, and high stability of metal
ions, the strategy of molecular coupling of metal ions and polymers is expected to be a new general
approach to construct bioactive soft materials.

Statement of Significance

Bioactive soft materials are designed on the basis of the molecular integration of metal ions and poly-
mers. Immobilized metal ions offer a new way to endow bioactivity to polymers. Different from biomo-
lecules such as proteins and genes, metal ions are quite stable and can resist harsh processing conditions.
Further, the polymeric matrix provides the soft nature and facile processing of the hybrid. Different from
stiff metal-containing inorganic materials, the hybrid is a biomimetic soft material and can be readily
processed just like its polymer precursor under mild conditions. In view of the diversity of metal ions
and polymers, this strategy is expected to be a new powerful and general approach to construct bioactive
soft materials for a wide range of biomedical applications.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Synthetic polymers play an increasingly important role in

* Corresponding author. widely used biomedical devices and emerging regenerative
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medicine because of its widely available composition and architec-
tures, controllable and reproducible structures, diverse and tun-
able properties, easy purification and processing, and low risks of
immunogenicity and disease transmission [1-3]. Bioactivity is a
major direction of new-generation biomaterials [4]. However, most
synthetic polymers are biologically inert and cannot achieve effec-
tively biological communication. Therefore, bio-functionalization
of polymers is of great significance [5]. A common strategy to cre-
ate bioactive polymers is the integration of biomacromolecules
such as proteins [6,7], genes[8,9], and their subunits [10,11]. How-
ever, owing to their complex structures and sensitivity to temper-
ature and chemicals, it is relatively difficult to maintain the
bioactivity of biomacromolecules during their preparation, storage,
and application.

Metal ions play important roles in various biological processes.
It is well established that a number of metal ions (such as Mg?*,
Zn?*, and Fe®") are essential to life, participate in many biological
reactions (such as RNA and DNA in protein synthesis), and regulate
biological activity (enzyme activation and inflammatory response)
[12-14]. In recent years, increasing evidence in literature indicates
that the integration of metal ions into materials can provide impor-
tant biological cues to effectively promote cell adhesion, prolifera-
tion, differentiation, and even in vivo regeneration process [15-18].
Therefore, the use of bioactive metal ions instead of complex
biomacromolecules to control the bioactivity processes makes
them a great potential candidate for biomedical applications. How-
ever, most studies on integrating metal ions into biomaterials are
based on inorganic materials, which are usually applied for hard
tissues but not suitable for soft tissue applications owing to their
stiff nature [19-21].

Here, we reason that incorporating metal ions into polymers
through molecular integration is a promising strategy to produce
bioactive soft materials for various biomedical applications, espe-
cially for soft tissues. Metal ions usually have high thermal and
chemical stability, and hence, they are compatible to various pro-
cesses of polymers and easily integrate with various polymers.
Thus, metal ions provide a much more facile and efficient way than
complex biomacromolecules to modulate the bioactivity of diverse
polymers. Despite their great potential for biomedical applications,
studies on metal ions/polymers hybrids are limited. Some previous
reports showed composite scaffolds or hydrogels prepared by
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physical blending of polymers with metal or metallic oxide
nanoparticles [18,22]. However, owing to the difficulty in the dis-
persion of nanoparticles, it is difficult to obtain uniform compos-
ites. In addition, few studies used metal ions as crosslinkers to
synthesize natural polymer-based hydrogels [23]. Nevertheless,
the distribution of metal ions in hydrogels was usually inhomoge-
neous because of uncontrolled crosslinking, and the influence of
metal ions on cell behavior had not been well studied [23].

As a proof of principle, herein, we designed a novel Mg>*/poly-
mer hybrid, PGSM-Mg, and demonstrated its ability to promote the
expression of nerve growth factor (NGF) and neurotrophic factor-3
(NTE3) of SCs (Fig. 1). The design is based on the following consid-
erations: (i) Poly(glycerol sebacate) (PGS) was selected as the poly-
meric backbone. PGS has been widely used to regenerate soft
tissues including the nerve [24-28] owing to its excellent biocom-
patibility, biodegradability, and biomimetic mechanical properties
[29]. Furthermore, PGS has extensive hydroxyl groups, which pro-
vided a great potential for postmodification including incorpora-
tion of metal ions. (ii) Magnesium ion (Mg®*) was selected as the
model metal ion. Mg?* was found to play a vital role in the repair
or regeneration of peripheral nerve [30,31]. Particularly, it could
induce SCs to secrete NGF and promote the regeneration of nerve
axons [31,32]. Thus, the Mg?*/polymer hybrid may be neuroactive.
(iii) The carboxyl group was selected as the molecular bridge
between PGS and metal ions. This group is widely distributed in
living organisms and one of the most common groups that bind
metal ions in the body [13]. Herein, we used a biocompatible
maleic acid unit to readily attach carboxyl groups to the pendent
hydroxyl groups of PGS in one step [33]. The concise synthesis
would enable the wide availability of resultant hybrid materials.

2. Materials and methods
2.1. Materials and reagents

Sebacic acid and anhydrous N,N-dimethyl formamide (DMF)
were purchased from J&K. Sebacic acid was recrystallized from
anhydrous ethanol three times. Anhydrous glycerol was provided
by Sigma-Aldrich. Maleic anhydride, magnesium chloride hexahy-
drate (MgCl,-6H,0), and organic solvents were all obtained from
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Fig. 1. Design and synthesis of PGSM-Mg. PGSM can be gained by PGS and maleic anhydride without any catalyst. The free carboxyl group can easily bind Mg?*, which serves

as a neuroactive factor.
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Sinopharm Chemical Reagent Co., Ltd., and used without further
purification.

2.2. Synthesis of PGS

PGS was synthesized according to a previous report [29]. The
equimolar amounts of recrystallized sebacic acid and anhydrous
glycerol were added to a 500-mL three-neck flask. The reactants
were steadily heated to 135°C and bubbling N, was passed
through a bubbler. The mixture was stirred at 135°C for 24 h
before the N, bubbler was removed and vacuum was applied.
The reaction mixture was stirred continuously at 1 Torr and
135 °C for another 24 h. The resultant polymer was a pale yellow,
highly viscous semi-solid.

2.3. Synthesis of PGSM

Maleic anhydride (2 equivalents based on the theoretical molar
amount of hydroxyl groups in PGS) was added to an anhydrous
DMF solution of PGS under a nitrogen atmosphere at 110 °C. The
mixture was stirred at 110 °C for 50 min. Then, it was quenched
with deionized water and concentrated on an evaporator. The
raw product was redissolved in THF, precipitated in deionized
water, and lyophilized under vacuum at room temperature to yield
PGSM.

2.4. Synthesis of PGSM-Mg

An equivalent molar amount of PGSM and MgCl,-6H,0 was
mixed and dissolved in acetone in a round-bottom flask. The mix-
ture was stirred at 60 °C for 24 h. Then, it was quenched with
deionized water and concentrated on an evaporator. The raw pro-
duct was redissolved in acetone, precipitated in deionized water,
and lyophilized under vacuum at room temperature to yield
PGSM-Mg as a faint yellow semi-solid.

2.5. Fabrication of scaffolds

Porous scaffolds of PGS, PGSM, and PGSM-Mg were prepared by
a modified salt fusion method [34]. The process is briefly described
below. Salt particles with a size range of 75-150 um were placed
into a mold consisting of three components: a Teflon-coated
stainless-steel disk, a Teflon-coated ring-shaped steel shim, and
permanent magnets to join the assembly. The thickness of the final
scaffold was 1 mm and was controlled by the corresponding shim.
The molds were transferred to and kept in a humidity chamber at
37 °C and 85% relative humidity for 1.5 h. The fused salt templates
were dried in an oven at 120 °C for 1.5 h. The aforementioned
PGSM-Mg reaction mixture in acetone was added to the salt mold.
The acetone was allowed to evaporate in a fume hood for 30 min.
The mold was transferred to a vacuum oven and cured at 150 °C
under 1 Torr for 24 h. The resultant PGSM-Mg-impregnated salt
template was soaked in deionized water at room temperature for
24 h, with the water changed every 6 h. Then, the scaffold was
lyophilized.

2.6. Characterization and measurement

The molecular weights and their distributions in polymers were
determined by Waters gel permeation chromatography (GPC)
(Malvern TDAmax, USA) with a differential refractive index detec-
tor and a Brookhaven multi-angle light scattering detector. The
measurement was performed at 40 °C using THF (HPLC grade) as
the eluent. The 'H NMR spectrum was recorded on a Bruker
AVANCE 400 NMR. The surface compositions of the PGSM and
PGSM-Mg were determined using an X-ray photoelectron spec-

trometer (XPS; Thermo ESCALAB 250X) with a monochromatized
Al Ko source (1486.6 eV). All binding energies were normalized
with the C1s (284.6 eV) peak of the contamination carbon as an
internal standard. The attenuated total reflectance-Fourier-
transform infrared (ATR-FTIR) spectra were recorded on a Thermo
Scientific Nicolet 6700 spectrometer. Inductively coupled plasma
atomic emission spectra (ICP-AES) were recorded on a Leeman
Prodigy ICP spectrometer. The samples were degraded with nitric
acid before the ICP test. For the measurement of static air-water
contact angles, glass slides were coated with an acetone solution
of PGSM and PGSM-Mg. The glass slides were dried at room tem-
perature under 1 Torr for 24 h after the solvent was evaporated
in air to produce thin films of PGSM and PGSM-Mg. Then, the static
air-water contact angles of the films were recorded on a contact
angle instrument (Contact Angle System OCA 40, Dataphysics Co.,
Germany) at room temperature. Ten measurements were made
and averaged for each sample. Thermogravimetric analyses (TGA)
of PGS, PGSM, and PGSM-Mg were conducted on a Discovery TGA
(TA, USA) from 40 °C to 600 °C at a heating rate of 10 °C min~!
under nitrogen atmosphere. Differential scanning calorimetry
(DSC) was conducted on a NETZSCH DSC 204 F1 Phoenix from
—70°C and 150 °C at a heating rate of 10 °C min~! under nitrogen
atmosphere. The glass transition temperature (Tg) was defined as
the midpoint of the glass transition and determined using
NETZSCH. Rheology tests were carried out on a rotational rheome-
ter (RS 150, Haake Co., Germany), with a shear rate from 0 to 50 s~
at different temperatures. Morphology of the sample and magne-
sium distribution in it were characterized using a field-emission
scanning electron microscope (FE-SEM; HITACHI SU-8010, Japan)
and energy-dispersive X-ray spectroscopy (Oxford Inca X-Max,
UK) with an acceleration voltage of 1 or 15 kV and an emission cur-
rent of 10 pA, respectively.

2.7. Mg?* release of PGSM-Mg film and scaffold

The tetrahydrofuran solution of PGSM-Mg (100 mgmL~!,
80 uL) was dropped into cylinder-shaped bottles with an inner
diameter of 20 mm and then dried at room temperature under
1 Torr for 48 h after solvent evaporation in air to produce a thin
film of the PGSM-Mg film. In addition, disk-shaped PGSM-Mg scaf-
folds (9.38 mm in diameter by 1 mm thickness) were used directly.
An in vitro release test was performed in phosphate-buffered saline
(PBS). Then, at each time point, 6 mL of PBS was taken out and 6 mL
of fresh PBS was added back. The release of Mg?* was determined
using a Leeman Prodigy ICP spectrometer. The values of three sam-
ples were averaged.

2.8. Mechanical properties of the PGSM-Mg scaffold

The mechanical properties of the PGS, PGSM, and PGSM-Mg
scaffolds were evaluated by compression tests using an Instron
5969 universal testing machine with a 5N sensor. Disk-shaped
specimens (11.5mm in diameter by 4 mm thickness) were
punched from the PGSM-Mg scaffold. Each specimen was com-
pressed to a strain of 40% at a rate of 1.00 mm min~! with an initial
load of 0.01 N. The compression modulus was calculated by taking
the initial slope of the stress—strain curve. The data from 5 speci-
mens were averaged for each sample. In the cyclic compression
test, the specimens were compressed to a strain of 40% and then
allowed to recover to 5% before immediately compressing to a
strain of 40% at a rate of 1.00 mm min~! for 4 times.

2.9. In vitro degradation of the PGSM-Mg scaffold

An in vitro degradation test was performed in PBS. Disk-shaped
samples (9.38 mm in diameter by 1 mm thickness) were weighed
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and placed in the PBS solution (6 mL per sample) and incubated at
37 °C. To maintain the concentration of the solution, 6 mL of PBS
was taken out and 6 mL of fresh PBS was added back every 7 days.
Samples were retrieved, washed with deionized water, lyophilized,
and weighted every 7 days. The degree of degradation was deter-
mined by dry weight change. Three replicates were performed
and the values averaged.

2.10. Material-SC interaction

2.10.1. Preparation of polymer surfaces for cell culture

PGSM-Mg was coated on tissue culture-treated polystyrene
(TCPS) surfaces as follows. A 2,2,2-trifluoroethanol solution of
polymer (1 g L™!) was filtered through a 0.2 pm filter and added
to 24-well (80 pL per well) or 96-well (20 pL per well) TCPS plates.
The plates were dried under vacuum overnight after solvent evap-
oration in air, sterilized with UV light for 12 h, and washed with
PBS (3 x 1 mL per well for a 24-well plate, 3 x 100 pL per well
for 96-well plate) and culture medium (1 x 500 pL per well for
24-well plate and 1 x 100 pL per well for 96-well plate) with gen-
tle shaking before use. PLGA, PGS, and PGSM coating on TCPS sur-
faces were used as controls and prepared in the same manner as
that of the PGSM-Mg coating.

2.10.2. Cell culture

Wallerian-degenerated sciatic nerves were harvested from
adult rats. Schwann cells (SCs) were cultured by enzymatic diges-
tion and differential adhesion methods. SCs were cultured in 89%
Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose)
(~19.2 mg L' Mg?") supplemented with 10% fetal bovine serum
(FBS) (~23.1 mg L~! Mg?") and 1% penicillin-streptomycin formu-
lation in a fully humidified incubator (37 °C, 5% CO,). The culture
medium was changed 1 day after isolation and every subsequent
third day. Within approximately 5-7 days, cells reached subconflu-
ency and were passaged. Passage 2 SCs were used for all cell func-
tion tests.

2.10.3. Cell morphology

SCs single-cell suspensions (500 cells per well) were cultured
on TCPS, PLGA, PGS, PGSM, and PGSM-Mg surfaces in 96-well
plates in a humidified incubator. SC images were captured to
observe the cytoskeletal structure after seeding for 4 days and
6 days using an inverted microscope (Olympus IX-71, Japan).

2.10.4. Cell proliferation

To investigate the effect of PGSM-Mg on the proliferation of SCs,
CCK-8 assay was performed. SCs were seeded on TCPS, PLGA, PGS,
PGSM, and PGSM-Mg surfaces for 2, 4, 6, and 8 days in 96-well
plates (500 cells per well, n = 8 per surface per time point). At each
time point, 3 pL of the CCK-8 solution was added to each of the 96
wells. After culturing for 3.5h in a fully humidified incubator
(37 °C, 5% CO,), the absorbance at a wavelength of 450 nm was
measured by a SynergyMX plate reader (Biotek, Winooski, VT).

2.10.5. Real-time quantitative PCR (RT-qPCR) analysis for neural-
specific gene expression of SCs

The effect of PGSM-Mg on SC neural-specific gene expression
was assessed by RT-qPCR to measure the mRNA expression of
NGF in all groups after 6 days of culture. Total RNA was extracted
using Trizol Reagent (Invitrogen, Life Technologies). Complemen-
tary DNA was synthesized from 1 pg of total RNA using RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) follow-
ing the manufacturer’s protocol. The RT-qPCR primers were
designed based on cDNA sequences from the NCBI Sequence data-
base, and the primer specificity was confirmed by BLASTN
searches. RT-qPCR was performed on the ABI Prism 7300 Sequence

Detection System (Applied Biosystems, Australia) using FastStart
Universal SYBR Green Master (Rox) reagent (Roche). In brief, cDNA
samples (2.5 pL of 1:10 diluted template for a total volume of
25 pL per reaction) were analyzed for the gene of interest and
the reference gene glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH). All experimental samples were run in triplicate for three
independent experiments. Dissociation curve analysis was per-
formed to validate the absence of primer dimers and nonspecific
PCR products. The mean cycle threshold (Ct) value of each target
gene was normalized against the Ct value of GAPDH and the

relative expression calculated using the following formula:
2—(normalized average Cts) % 104

2.11. Material-SC interaction on 3D scaffolds

2.11.1. Cell culture on polymer 3D scaffolds

The disk-shaped scaffolds (diameter: 4.5 mm for 96-well plates
and 34.8 mm for 6-well plates, thickness: 1 mm) were punched
from porous polymer sheets. After autoclaving, the scaffolds were
progressively soaked in 70%, 50%, and 25% ethanol, as well as PBS
for 30 min each with gentle shaking on an orbital shaker. Then,
the scaffolds were washed with PBS again and preconditioned
overnight in cell culture medium. The scaffolds were transferred
to 96-well and 6-well plates, and the residual culture medium
was removed by vacuum. SCs were cultured in 89% DMEM (high
glucose) supplemented with 10% FBS and 1% penicillin-strepto-
mycin formulation in a fully humidified incubator (37 °C, 5%
CO,). The culture medium was changed every 2 days.

2.11.2. Live/dead staining assay

Briefly, after sterilization with UV light for 1 h, the PLGA, PGS,
PGSM, and PGSM-Mg scaffolds were fixed at the bottom of the
24-well plate, and then SCs were seeded on these films at a density
of 5000 cells cm~2. After cultured for 8 days, cells on each films
were washed with PBS three times and treated with propidium
iodide (PI, 0.5 uM) and calcein AM (0.25 uM) (Live/Dead Viability
Kit; Molecular Probes) for 45 min. Cells were observed under an
inverted fluorescence microscope (Olympus IX-71, Japan).

2.11.3. Scanning electron microscopy

The morphology of the constructs was investigated by SEM. SCs
were seeded on 24-well TCPS plates. After 8 days, the phase con-
trast images were captured on the inverted microscope Eclipse Ti
(Nikon, Melville, NY) with a RETIGA-SRV digital camera (QImaging,
BC, Canada).

2.11.4. Cell proliferation on 3D scaffold

To investigate the effect of PGSM-Mg scaffolds on the prolifera-
tion of SCs, CCK-8 assay was performed. SCs were seeded on PLGA,
PGS, PGSM, and PGSM-Mg scaffolds for 2, 4, 6, and 8 days in 96-
well plates (500 cells per well, n =6 per surface per time point).
At each time point, 3 pL of the CCK-8 solution was added to each
of the 96 wells. After culturing for 3.5 h in a fully humidified incu-
bator (37 °C, 5% CO,), the absorbance at a wavelength of 450 nm
was measured using a SynergyMX plate reader (BioTek, Winooski,
VT).

2.11.5. Real-time quantitative PCR (RT-qPCR) analysis for neural-
specific gene expression of SCs

The effect of PGSM-Mg scaffolds on SC neural-specific gene
expression was assessed by RT-qPCR to measure the mRNA expres-
sion of NGF and NTF3 in all groups after 6 days of culture. Total
RNA was extracted using Trizol Reagent (Invitrogen, Life Technolo-
gies). Complementary DNA was synthesized from 1 pig of total RNA
using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) following the manufacturer’s protocol. The RT-qPCR
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primers were designed depending on cDNA sequences from the
NCBI Sequence database, and the primer specificity was confirmed
by BLASTN searches. RT-qPCR was performed on the ABI Prism
7300 Sequence Detection System (Applied Biosystems, Australia)
using FastStart Universal SYBR Green Master (Rox) reagent
(Roche). In brief, cDNA samples (2.5 pL of 1:10 diluted template
for a total volume of 25 uL per reaction) were analyzed for the gene
of interest and the reference gene glyceraldehyde-3-phosphate-d
ehydrogenase (GAPDH). All experimental samples were run in trip-
licate for three independent experiments. Dissociation curve anal-
ysis was performed to validate the absence of primer dimers and
nonspecific PCR products. The mean cycle threshold (Ct) value of
each target gene was normalized against the Ct value of GAPDH

and the relative expression calculated using the following formula:
2—(normalized average Cts) % -104

2.12. Statistical analysis

Statistical analysis was performed using one-way ANOVA and
LSD post hoc multiple comparison with a minimum confidence
level of p < 0.05 for statistical significance. All values are reported
as the mean # standard deviation.

3. Results
3.1. Synthesis and characterization of PGSM-Mg

PGS with a number average molecular weight (M,,) of 21.3 kDa
and a polydispersity index (PDI) of 3.2 was synthesized by poly-
condensation between glycerol and sebacic acid according to pre-
vious reports [35]. PGS reacted with maleic anhydride to produce
PGSM with a M,, of 37.6 kDa and a PDI of 2.9. The structure of PGSM
was confirmed by '"H NMR (Fig. S1). PGSM-Mg was prepared by an
exchange reaction between PGSM and MgCl, (Fig. 1). The crude
product was extensively washed with water to remove physically
absorbed Mg?*. For comparison, MgCl, was directly reacted with
unmodified PGS to produce PGS-Mg under the same conditions.

ICP revealed that the amount of Mg?* in PGSM-Mg was
563+038mgg !, much more than that in PGS-Mg
(0.57 £0.18 mg g ') (Fig. 2A), thus indicating that carboxyl groups
could immobilize Mg?* effectively. In addition, SEM elemental
mapping and EDS semi-quantitative analysis showed that Mg?*
on the PGSM-Mg film was more than that on the PGS-Mg film
(Fig. 2B and Fig. S2). The characteristic symmetric stretching vibra-
tion of the —COO— group at 1438 cm! in ATR-FTIR spectra indi-
cated the presence of interaction between the carboxyl group
and Mg?* (Fig. S3). Moreover, XPS analyses further confirmed the
chemical bonding between Mg?* and the carboxyl group. Two
peaks were labeled O; and O, in PGSM and PGSM-Mg spectra,
and accordingly, the curve fitting of the 0,5 peak was associated
with different oxygen species: O; with oxygen in —O—
(532.18 eV) and O, with carbonyl oxygen C=0 (533.68eV)
(Fig. 2C). The increase in O, signal and the simultaneous decrease
in O; of PGSM-Mg, compared to that in PGSM, revealed the inter-
action between Mg?* and carboxyl groups.

Thermal properties of PGSM-Mg were investigated by TGA and
DSC. PGSM-Mg was stable up to 191 °C (Fig. 2D), while the thermal
decomposition temperature of PGS and PGSM was 319 °C (Fig. S4)
and 185 °C (Fig. S5), respectively. Because of the introduction of the
maleic acid moiety, PGSM-Mg and PGSM exhibited no crystalliza-
tion from —70°C to 150 °C compared to the PGS (Fig. SG). The
PGSM-Mg had a low T, of —34.2 °C (Fig. 2D), which was similar
to that of PGSM (Fig. S7). PGSM-Mg was in a semisolid state at
room temperature and exhibited shear thinning (Fig. S8); thus, it
could be used as an injectable material (Fig. 2F). The hydrophilicity
of PGSM-Mg was investigated by measuring its static air-water
contact angle. As expected, PGSM-Mg had favorable hydrophilicity
with a water contact angle of 50.9 + 2.8°, which is likely due to the
introduction of hydrophilic maleic acid groups and Mg?*, as indi-
cated by the relatively higher water contact angles of PGSM
(65.1+6.1°) and PGS (80.0 £ 5.2°).

One of the potential applications of PGSM-Mg is to serve as a
reservoir for the sustained release of bioactive Mg?*. As shown in
Fig. 2G, PGSM-Mg gradually released Mg?* in PBS with a total mass
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Fig. 2. Characterization of PGSM-Mg: (A) ICP quantitative analysis of the loading amounts of Mg?* on PGSM-Mg and PGS-Mg. (B) Mg elemental mapping of PGS-Mg and PGS-
M-Mg film. (C) XPS analyses of PGSM-Mg and PGSM revealed the interaction between carboxyl and Mg?*. (D) TGA and DSC thermograms of PGSM-Mg. (E) Contact angles of
PGS, PGSM, and PGSM-Mg. (F) Macroscopic images showed that PGSM-Mg was a viscous semi-solid and could be readily injected. (G) Release profile of Mg?* from the PGSM-

Mg film in PBS solution.
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loss of 31.0 + 2.4% during a period of 28 days. This indicated the
strong interaction between PGSM and Mg?*, which enabled a
long-term release of Mg2"*.

3.2. Preparation and characterization of the PGSM-Mg scaffold

PGSM-Mg could be readily processed similar to its precursor
polymer PGSM. We used thermal curing and salt leaching methods
to fabricate a porous PGSM-Mg 3D scaffold. The impregnated salt
template was cured at 150 °C and 1 Torr for 48 h followed by salt
leaching and freeze-drying. The morphology of the scaffold was
analyzed by SEM (Fig. 3A). Macropores (75-150 um) controlled
by a porogen (salt particles) were well distributed throughout
the scaffold and connected to each other, and they had similar
porosity (Fig. S9). ICP showed that the cured PGSM-Mg scaffold

0.8

Stress (kPa)

04

contained Mg?* of 5.40 + 0.40 mg g~ ', similar to that in the original
PGSM-Mg. This revealed Mg?* had adequate compatibility with the
harsh processing. Furthermore, elemental mapping of the PGSM-
Mg scaffold revealed the uniform spatial distribution of Mg?* along
the scaffold (Fig. 3B), thus indicating the efficient incorporation of
Mg?* and PGSM at the molecular level.

The TGA of the PGSM-Mg scaffold revealed that it was stable up
to 309 °C (Fig. S10). The DSC curve of the PGSM-Mg scaffold
showed a T; of —30.3 °C and no crystallization between —70 °C
and 150 °C (Fig. S11), hence indicating its elastic nature at ambient
and body environment. The mechanical properties of the PGSM-Mg
scaffold were investigated by the compression test (Fig. 3C). The
simple compression test revealed that the modulus of the PGSM-
Mg scaffold was 4.99 + 0.83 kPa (Fig. 3D), similar to that of the
PGSM scaffold (4.63 £ 0.34 kPa) and slightly higher than that of
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Fig. 3. Characterization of the thermally cured PGSM-Mg porous scaffolds. (A) SEM image of the PGSM-Mg scaffold showed its hierarchical porous structure with
interconnected macropores (75-150 pm) derived from porogens (salt particles) and extensive micropores (several microns) throughout the walls of the macropores. This
structure was beneficial for cell penetration, cell-to-cell interactions, and mass transport. (B) Representative elemental mapping of the PGSM-Mg scaffold, carbon mapping
(red), oxygen mapping (green), and magnesium mapping (yellow) confirmed that the spatial distribution of Mg?* along the scaffold was uniform. (C) Typical stress vs. strain
curve of the PGS, PGSM, and PGSM-Mg scaffolds in a uniaxial compression test with a strain up to 40%. (D) Comparison of the moduli of PGS, PGSM, and PGSM-Mg scaffolds,
thus indicating the soft nature of the PGSM-Mg scaffold. (E) Typical stress vs. strain curve of the PGSM-Mg scaffold in a cyclic compression test, and a strain up to 40% for 5
cycles revealed adequate elasticity. (F) The PGSM-Mg scaffold degraded gradually in the PBS solution while steadily releasing the Mg2 + . (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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the PGS scaffold (3.55 + 0.16 kPa). Furthermore, cyclic compression
test with a strain up to 40% for 5 cycles showed that the PGSM-Mg
scaffold could recover well from dynamic deformation (Fig. 3E).
These results indicated that the introduction of Mg?* did not have
an effect on the soft nature of materials.

The backbone of the PGSM-Mg scaffold is based on ester bonds;
hence, it can be degraded by hydrolysis. We investigated the
in vitro degradation of cured PGSM-Mg scaffolds in PBS solution.
The scaffolds gradually degraded with a mass loss of 22.5 +3.3%
within 28 days (Fig. 3F). It confirmed the adequate biodegradabil-
ity of PGSM-Mg and indicated the ester groups were likely the pri-
mary degradation sites. PGSM-Mg scaffolds well maintained their
morphologies during the degradation as observed by SEM images
(Fig. S12). With the degradation, PGSM-Mg scaffolds continuously
released Mg?*, with an accumulated release amount of 54.8 + 4.2%
within 28 days (Fig. 3F). During the degradation, the pH values
kept stable at around 6.5-7 and had little effect on the material
degradation process (Fig. S13).

3.3. PGSM-Mg-SC interaction

For the regeneration of injured peripheral nervous system
(PNS), SCs play a critical role during this period through a syner-
getic effect with macrophages and neurons. Therefore, we used
SCs as an in vitro model to evaluate the cytocompatibility and neu-
roactivity of PGSM-Mg.
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3.3.1. Cell morphology

Phase contrast images were used to investigate cell morphology
(Fig. 4A). SCs began to adhere to the PGSM-Mg within 4 days after
cell seeding and expanded well, thus displaying a typical fusiform
shape. Cell numbers increased 2 to 3 times compared to the initial
cell numbers after 6 days postseeding. In addition, cell numbers on
the PGSM-Mg film were more than those on PLGA and TCPS films,
thus indicating the better cytocompatibility of PGSM-Mg.

3.3.2. Cell proliferation

The CCK-8 assay was used to evaluate the effect of PGSM-Mg on
cell proliferation (Fig. 4B). The number of metabolically active SCs
on TCPS, PLGA, PGS, PGSM, and PGSM-Mg significantly increased
with time. Overall, the number of SCs on PGSM-Mg was similar
to the ones on PGS and PGSM during 8 days of culture, while it
was significantly higher than the ones on TCPS and PLGA at days
6 and 8 postseeding (p < 0.05). This revealed that PGSM-Mg had
adequate cytocompatibility with SCs and a stronger ability to pro-
mote SC proliferation than TCPS and PLGA.

3.3.3. Expression of neural-specific genes of SCs on PGSM-Mg

RT-qPCR analysis showed that PGSM-Mg could enhance the
function of SCs. SCs on PGSM-Mg had the highest gene expression
of NGF, which is significantly higher than that in the PLGA group
(Fig. 4C).
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Fig. 4. Biological evaluation of PGSM-Mg (A) Phase- contrast images of SCs on TCPS, PLGA, PGS, PGSM, and PGSM-Mg surfaces at 4 and 6 days after cell seeding showed
typical morphology and an increased amount of SCs on all surfaces; (B) CCK-8 assay of SCs cultured on TCPS, PLGA, PGS, PGSM, and PGSM-Mg surfaces. The optical density
(OD) value significantly increased in another day within 8 days’ of culture and the one on PGSM-Mg surface was higher than that on other surfaces after 4 days’ of culture.
These results revealed that PGSM-Mg promoted the proliferation of SCs better than its non-metallic counterparts (PGSM and PGS) and standard culture substrates (PLGA and
TCPS). (C) Neural-specific gene expression of NGF for SCs cultured on TCPS, PLGA, PGS, PGSM, and PGSM-Mg surfaces after 6 days. The SCs on PGSM-Mg showed the highest

gene expression of NGF, which was significantly higher than that in the PLGA group.
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3.4. PGSM-Mg scaffold-SC interaction

3.4.1. Cell proliferation on 3D scaffolds

The CCK-8 assay was used to evaluate the effect of PGSM-Mg
scaffolds on cell proliferation (Fig. 5A). The number of metabolically
active SCs on PLGA, PGS, PGSM, and PGSM-Mg scaffolds significantly
increased with time in the culture. The number of SCs on the PGSM-
Mg scaffold was significantly higher than those on PGS, PGSM, and
PLGA scaffolds at days 4 and 6 postseeding (p < 0.05). These results
indicated that the PGSM-Mg scaffold had adequate cytocompatibil-
ity with SCs and a stronger ability to promote SCs proliferation than
PLGA. The image of live cells at day 8 revealed the wide distribution
of SCs throughout the scaffolds, thus indicating the scaffolds pro-
vided an instructive 3D niche for cells (Fig. S14).
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3.4.2. Cell morphology on 3D scaffolds

After 8 days of culture, SCs on scaffolds were fixed and investi-
gated by SEM (Fig. 5B). SCs on PLGA, PGS, PGSM, and PGSM-Mg
scaffolds showed similar morphology. Part of SCs on PGSM-Mg
exhibited a typical flat and slender shape with bulged center, thus
indicating PGSM-Mg was a favorable substrate for SC culture.

3.4.3. Expression of neural-specific genes of SCs on PGSM-Mg scaffolds

RT-qPCR analysis showed that PGSM-Mg scaffolds could
enhance the function of SCs. The SCs on PGSM-Mg scaffolds had
the most significantly enhanced neural-specific gene expression
of NGF (Fig. 5C) compared to those in the other groups. Similarly,
the SCs on PGSM-Mg scaffolds showed similarly enhanced
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Fig. 5. (A) CCK-8 assay of SCs cultured on PLGA, PGS, PGSM, and PGSM-Mg 3D scaffolds. SCs on PGSM-Mg scaffolds significantly proliferated another day, thus leading to
higher amounts than the ones on all other surfaces after 4 days and 6 days. (B) SEM images of SCs on PLGA, PGS, PGSM, and PGSM-Mg scaffolds after 8 days in vitro culture.
The inset showed the magnified images of cell morphology (scale bar = 5 um). (C) NGF and NTF3 expression of SCs cultured on PLGA, PGS, PGSM, and PGSM-Mg scaffolds after
6 days. PGSM-Mg efficiently enhanced neural-specific gene expression of NGF and NTF3. *: Statistically significant difference between different materials at the same time
point (p < 0.05).
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neural-specific gene expression of NTF3 compared to those on PGS
and higher than those on PGSM (Fig. 5C).

4. Discussion

In this study, we designed a new neuroactive polymer with
Mg?*, PGSM-Mg. PGSM-Mg significantly enhanced the prolifera-
tion and neural-specific gene expression of SCs compared to PLGA,
PGS and PGSM. At the same time, PGSM-Mg is a soft material with
a desirable injectability and can be used to construct a 3D elastic
scaffold. The compression modulus of the PGSM-Mg scaffold was
similar to that of the PGS scaffold, which is favorable to cells of soft
tissues [36].

Herein, a simple, general, and effective approach was developed
to construct novel bioactive soft biomaterials by hybridizing metal
ions and polymers at the molecular level. Particularly, we devel-
oped the neuroactive polymer PGSM-Mg. As the backbone of
PGSM-Mg, PGS has excellent biocompatibility, elasticity, and
biodegradability and thus has been widely used for various
biomedical applications including tissue engineering [2,3], drug
delivery [37,38], and biosensors [39,40]. However, the absence of
bioactivity limits further application of PGS. Some efforts have
been employed to enhance its bioactivity. Introducing biomacro-
molecules such as proteins into PGS presented a typical way by
using different processing methods such as coating, blending,
and covalent bonding. However, physical interaction is unstable
and may cause the denaturation of biomaterials. Recently, we inte-
grated small bioactive molecules with newly regenerated PGS -
poly(sebacoyl diglyceride) - to produce osteoconductive and neu-
roactive biomaterials [34,41]. However, these materials suffered
from complex synthetic processes. This study aimed to use metal
ions as a new, simple, and effective approach to endow polymers
with suitable bioactivities taking PGS and Mg?* as an example.
However, it was difficult to integrate PGS with metal ions directly
owing to the lack of strong interaction with metal ions (Fig. 2A).
Herein, we introduced carboxyl groups to PGS side chain (PGSM)
through a biocompatible maleate unit to serve as binding sites to
the metal ion. Carboxyl is widely distributed in living organisms
and one of the most common groups to bind metal ions in the
body. PGSM had desirable biocompatibility (Fig. 4A-B), while it
could significantly promote the the production of NGF and NTF3
by SCs (Fig. 5C), which finding was consistent with the findings
in previous reports [42]. Preimmobilized cations (such as Mg?*,
Mn?*, or Ca?* ions) in materials as bioactive cell recognition moi-
eties and integrin receptors can mediate diverse cell-material
interactions such as cell adhesion and differentiation [43,44]. For
example, it was reported that the incorporation of Mg?" moieties
in the material could effectively induce integrin binding and speci-
fic gene expression. The content of Mg?* in resultant PGSM-Mg
increased to 5.63 +0.38 mg g~!, which is approximately 10 times
of the one in PGS-Mg (0.57 £ 0.18 mg g !), thus revealing that car-
boxyl groups did immobilize Mg?* effectively. SEM mapping and
XPS analysis further confirmed the interaction between PGSM
and Mg?* (Fig. 2B-C). Moreover, cured PGSM-Mg porous scaffolds
synthesized under harsh conditions (150 °C, 1 Torr) kept a similar
content and uniform distribution of Mg?*. Both PGSM-Mg film
and cured PGSM-Mg scaffold maintained a sustained release of
Mg?* during degradation. Compared to a two-dimensional film,
the highly porous scaffold has a larger specific surface area leading
to the faster release of Mg2*. SC culture demonstrated the neuroac-
tivity of PGSM-Mg, especially the corresponding scaffold, because
the scaffold could provide 3D culturing microenvironments to bet-
ter mimic the extracellular matrix. These results demonstrated the
introduction of Mg?* did endow the neuroactivity to the polymer
and the neuroactivity of Mg?* could be well retained under harsh

conditions. In addition to neuroactivity, Mg?* has other biological
functions such as cartilage activity [20,44]. To the best of our
knowledge, this is the first report on bioactive Mg?*/polymer
hybrid. In view of the stability and easy denaturing of other bioac-
tive factors such as proteins and genes, incorporation of metal ions
provides a new alternative practical way to construct bioactive
polymers.

It is worthy to note that PGSM-Mg hybrid well retains the soft
nature and facile processing ability of the polymer precursor
PGSM. Previous studies on metal ion-containing materials are usu-
ally inorganic ones, which are hard and do not match the mechan-
ical properties of soft tissues. In contrast, PGSM-Mg is a soft
semisolid at room temperature (Fig. 2F), could be readily processed
as typical pure polymers, and even used as an injectable material.
Injectable materials can be implanted by minimally invasive
approaches and fill any shape, which is able to decrease the sur-
gery time and additional trauma to the tissue around the implant
site. PGSM-Mg can be used as a reservoir of Mg?* and mixed with
hydrophobic drugs as a drug delivery vehicle [45]. Furthermore,
salt leaching method combing with thermal curing produced por-
ous PGSM-Mg scaffolds with an excellent elasticity (Fig. 3E).
Because of the small amount of Mg?*, the PGSM-Mg scaffold
retained the soft nature and similar elastic modulus of the PGS
and PGSM scaffolds, which was distinct from brittle inorganic
materials and favorable for soft tissue applications.

The strategy on creating neuroactive PGSM-Mg is general.
Plenty of polymers contain carboxyl groups. The carboxyl groups
can be used to bind a wide range of metal ions including Mg?*, cop-
per ion (Cu?*), and calcium ion (Ca?*). Moreover, we can use other
organic functional groups such as imidazole, catechol, and pyridine
as bridges to integrate metal ions and polymers. Accordingly, more
diverse metal ions can be used and will elicit different biological
functions suitable for different tissue regeneration. Furthermore,
by varying the structures of backbone polymers, the physical,
chemical, and mechanical properties of the hybrid materials can
be modulated to fulfill the requirements for different tissues.
Accordingly, this strategy can construct a series of new metal
ion/polymer hybrids as new potential biomaterials. Systematical
evaluation of these new hybrid materials including their various
properties, interactions with cells, and in vivo performance will
be conducted in the future.

5. Conclusions

We propose a new design principle to construct bioactive soft
materials by molecularly integration of metal ions and polymers.
We demonstrated the efficiency of this principle by developing a
new neuroactive hybrid material, PGSM-Mg. PGSM-Mg exhibits
similar physical, mechanical, and processing properties as those
of its polymer precursor PGSM. Mg?* was uniformly distributed
throughout the material and gradually released during material
degradation. PGSM-Mg promoted the adhesion, proliferation, and
neural-specific gene expression of SCs. The design principle is gen-
eral, and synthetic route is versatile, which can be readily applied
to other metal ions and polymers. We expected this work will pave
a new way to construct bioactive soft materials for a wide range of
biomedical applications.
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