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Biodegradable Nanofibrous Temperature-Responsive
Gelling Microspheres for Heart Regeneration

Chao Zhao, Shuo Tian, Qihai Liu, Kemao Xiu, lenglam Lei, Zhong Wang,*

and Peter X. Ma*

Myocardial infarction (heart attack) is the number-one killer of heart
patients. Existing treatments do not address cardiomyocyte (CM) loss and
cannot regenerate the myocardium. Introducing exogenous cardiac cells

is required for heart regeneration due to the lack of resident progenitor
cells and very limited proliferative potential of adult CMs. Poor retention
of transplanted cells is the critical bottleneck of heart regeneration. Here,
the invention of a poly(l-lactic acid)-b-poly(ethylene glycol)-b-poly(N-Iso-
propylacrylamide) copolymer and its self-assembly into nanofibrous gelling
microspheres (NF-GMS) is reported. The NF-GMS undergo a thermally
responsive transition to form not only a 3D hydrogel after injection in vivo,
but also exhibit characteristics mimicking the native extracellular matrix
(ECM) of nanofibrous proteins and gelling proteoglycans or polysaccha-
rides. By integrating the ECM-mimicking features, injectable form, and the
capability of maintaining 3D geometry after injection, the transplantation
of hESC-derived CMs carried by NF-GMS leads to a striking tenfold graft
size increase over direct CM injection in rats, which is the highest reported
engraftment to date. Furthermore, NF-GMS-carried CM transplantation dra-
matically reduces infarct size, enhances integration of transplanted CMs,
stimulates vascularization in the infarct zone, and leads to a substantial
recovery of cardiac function. The NF-GMS may also be utilized in a variety

patients. About 695 000 Americans suffer
a new heart attack and about 325 000
Americans suffer a recurrent heart attack
every year. A typical human heart attack
causes the loss of approximately 1 billion
cardiomyocytes (CMs). Patients who survive
the heart attack often develop heart
failure and sudden cardiac arrest due to
severely weakened pumping function
of the heart. Unfortunately, existing
treatments for heart attack are primarily
pharmacological or device-based, do
not address the underlying problem of
CM loss, cannot regenerate the myo-
cardium, and cannot rescue the injured
ventricle.!l Indeed, the prevalence of
chronic cardiomyopathy is steadily
increasing.’l Although re-entry of cell
cycle is found in CMs after myocardial
injury in adult mammalian heart, it does
not lead to effective regeneration. The
outcome is age-dependent.’] Recent
studies show a lack of resident stem or
progenitor cells in adult hearts that can

of biomedical applications.

1. Introduction

Cardiovascular disease is the leading cause of death in the
world. In particular, myocardial infarction (MI), commonly
known as heart attack, results in permanent heart muscle
damage or death, and is the number one killer of heart

regenerate the myocardium.® The intro-
duction of exogenous CMs or their pro-
genitor cells derived from pluripotent
stem cells is a highly desired strategy for
heart regeneration because of their potential to regenerate
the myocardium and restore the pumping function.’l The
Commonly used methods for cell transplantation include
intravenous, intracoronary, and intramyocardial injections.
Among them, intramyocardial injection directly delivers
cells into the infarcted region, is more efficient, and is more
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widely used.®l But even with intramyocardial injection, cell
retention remains minimal (only about 2% of injected cells)
and does not lead to efficient engraftment.’’ While various
approaches including hydrogel delivery,'”) suturing,"l engi-
neered tissue patches, and survival-improving cocktails!'?!
have been explored, the efficiency of cell transplantation,
functional integration, and subsequent maturation of trans-
planted CMs remain disappointing. One major challenge to
heart regeneration is the harsh environment in the infarcted
heart, which prevents either repopulation of endogenous
CMs or/and retention and integration of transplanted CMs
or their progenitor cells.

We hypothesize that an injectable cell carrier that mimics
both the nanofibrous (NF) architecture of extracellular matrix
(ECM) fibrillar proteins and the gelling property of extracellular
proteoglycans or polysaccharides, will enable minimally inva-
sive delivery of cells, enhance retention/integration, and pro-
vide regenerative microenvironment for cardiac regeneration
and functional recovery. To address the critical challenge
facing the field of heart regeneration, we successfully synthe-
sized biodegradable poly(r-lactic acid)-b-poly(ethylene glycol)-
b-poly(N-isopropyl acrylamide) (PLLA-PEG-PNIPAm) tri-block
copolymers for the first time in this work and demonstrated
that they could self-assemble into NF microspheres and in the
presence of water could further form a hydrogel upon change
from room temperature to body temperature. We termed this
cell carrier nanofibrous gelling microspheres (NF-GMS) and
examined the CM retention, engraftment, cardiac regeneration,
and functional recovery.

2. Results

2.1. The Design and Synthesis of PLLA-PEG-PNIPAm
Tri-Block Copolymers

The wounds in an infarcted heart are irregular in shape. Inject-
able carriers can be advantageous for minimally invasive cell
delivery] We designed the PLLA-PEG-PNIPAm tri-block
copolymer based on the hypothesis that the PLLA block could
be tailored to form NF microspheres, the PEG block could pro-
vide hydrophilicity to bind water and the PNIPAm block could
become physical crosslinks to integrate these microspheres into
a 3D hydrogel once delivered in vivo at the body temperature
(Figure 1a).

The synthesis of amphiphilic ABC triblock copolymers
is highly challenging due to the sharp contrast in polarity
between these blocks." Reversible addition—fragmentation
chain transfer (RAFT) polymerization™ and atom transfer
radical polymerization (ATRP)! have been used to synthe-
size di-block and tri-block copolymers. However, for RAFT, a
challenge is that a particular RAFT agent is only suitable for
a limited set of monomers, but often not suitable for the sub-
sequent two monomers[® in the case of triblock copolymer
synthesis. For ATRP, termination and other side reactions
occur in each step and are more prominent in multi-step
ATRP reactions, resulting in less controlled structure of the
aimed tri-block copolymers.l”) With the above considerations,
we took a new approach, that is, ATRP and ROP (ring-opening
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polymerization) two-step polymerization to synthesize the
aimed PLLA-PEG-PNIPAm triblock copolymers, utilizing an
asymmetric bifunctional macromolecular initiator, Br-PEG-
OH. ATRP of NIPAm and the ROP of 1-lactide are combined
because the two types of polymerization are fully orthogonal
(do not interfere with one another).'!8l The presence of
both the bromine end group and the hydroxyl end group of
Br-PEG-OH ensures fast initiation of both ATRP and ROP.
The synthesis of PLLA-PEG-PNIPAm copolymer was carried
out in three steps (Figure 1b). First, Br-PEG-OH was synthe-
sized using the reaction of bromoisobutyryl bromide (BIBB)
with equimolar amount of anhydrous HO-PEG-OH in the
presence of triethylamine (Et;N) according to the literature.'"]
Second, hydroxyl-terminated diblock copolymer HO-PEG-
PNIPAm was synthesized by ATRP of NIPAm monomer initi-
ated by the bromine end group of Br-PEG-OH. Third, PLLA-
PEG-PNIPAm triblock copolymer was synthesized by ROP of
1-lactide initiated using the hydroxyl end group of HO-PEG-
PNIPAm. With the above new approach, we successfully
developed a reliable synthesis route for PLLA-PEG-PNIPAm
triblock copolymers (Figures S1 and S2, Tables S1-S3, Sup-
porting Information).

2.2. Thermo-Responsive Properties

By carefully examining the thermal responsive hydrodynamic
diameter (Dh) changes of the diblock PEG-PNIPAm and tri-
block PLLA-PEG-PNIPAm copolymers, we confirmed that the
PNIPAm block in the triblock PLLA-PEG-PNIPAm copolymer
underwent a rapid hydrophilic-hydrophobic transition to serve
the aimed physical crosslinking function for hydrogel forma-
tion upon change from room temperature to body temperature
(Figure S3, Supporting Information).

2.3. PLLA-PEG-PNIPAm NF-GMS Fabrication

PLLA-PEG-PNIPAm NF-GMS were fabricated through two-
step self-assembling procedures (Figure 2a). First, the polymer
was dissolved in tetrahydrofuran (THF) and emulsified into
micro-scale liquid spheres in glycerol under rigorous stirring.
The mixture was then quenched in liquid nitrogen to induce
nano-scale phase separation for nanofiber formation. Next, the
NF microspheres were obtained after solvent extraction with
distilled water and freeze-drying. To achieve the NF feature,
PLLA-PEG-PNIPAm triblock copolymers with varying compo-
sitions were synthesized for microsphere fabrication. When a
PLLA-PEG-PNIPAm?® copolymer was synthesized with a PEG
block of a number average molecular weight (M,) of about
1550 (the unit for all molecular weights is g mol™), a PNIPAm
block of about 3800, and a PLLA block of about 1000, the fab-
ricated microspheres had a smooth surface instead of an NF
structure (Figure 2b). The failure to achieve the NF feature
was attributed to short chain length of the PLLA. By control-
ling the PEG-PNIPAm/1-lactide ratio in the ROP of 1-lactide,
PLLA-PEG-PNIPAm® with the identical PEG (M, = =1550)
and PNIPAm (M, = =3800) lengths but a longer PLLA length
(M,, = =2700), microspheres with a platelet-like morphology
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Figure 1. Triblock PLLA-PEG-PNIPAm copolymers and nanofibrous gelling microspheres (NF-GMS): a) A schematic of PLLA-PEG-PNIPAm triblock
copolymer, its self-assembly into NF-GMS, and thermally induced physical crosslinking into hydrogel. b) A schematic of PLLA-PEG-PNIPAm triblock
copolymer synthesis, which involves synthesis of double-headed PEG initiator, ATRP of NIPAm monomer, and ROP of L-lactide.

were formed (Figure 2c). When the Mn of PLLA block was
further increased to =11 300 (PLLA-PEG-PNIPAm®), micro-
spheres with a typical NF structure were achieved (Figure 2d).
The average diameter of the nanofibers in the microspheres
was =150 nm, similar to those of ECM nanofibers. When the
microsphere diameter reached, 30 pm or greater, one or mul-
tiple holes formed in the nanofibrous microspheres (Figure S4,
Supporting Information).

To visualize PLLA, PNIPAm, and PEG blocks in PLLA-
PEG-PNIPAm NF-GMS, each of them was “chemically
stained” with fluorescent monomer individually: Nile blue
acrylamide (blue) was copolymerized into PLLA block, fluo-
rescein o-acrylate (green) was copolymerized into PEG block,
and acryloxyethyl thiocarbamoyl rhodamine B (red) was
copolymerized into PNIPAm block (see detailed methods
in Supporting Information). As shown in Figure 3a, all
of the three colors distributed throughout the micro-
spheres. However, when observed at a higher magnification
using a high-resolution confocal fluorescence microscope
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(Leica SP8), PLLA blocks (blue) were observed to form a
typical nanofibrous structure with more defined lines and dots
(cross sections of nanofibers, high mag images in Figure 3a),
while both PEG (green) and PNIPAm (red) blocks formed
diffusive cloud-like structures surrounding the nanofibers.
This observation was more obvious when the PLLA block
fluorescent micrograph and PNIPAm or PEG block fluores-
cent micrographs were merged, where the PLLA fibers (blue)
were surrounded by PNIPAm (red) or PEG (green) clouds,
respectively (Figure 3a5,a6). These results suggested that self-
assembled PLLA nanofibers with a fiber core-corona struc-
ture were formed in the NF-GMS, where PEG and PNIPAm
blocks became the surrounding corona (Figure 3b).

The degradation property of a microcarrier is an impor-
tant feature for consideration in tissue regeneration.?’l The
PLLA-PEG-PNIPAm® NF-GMS disintegrated entirely into small
pieces with about 50% weight loss after 8 weeks and about
70% weight loss after 15 weeks of incubation in PBS, whereas
PLLA NF microspheres (with equivalent molecular weight)
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Figure 2. Molecular weight effect on nanofiber formation of PLLA-PEG-PNIPAm microspheres. a) A schematic of PLLA-PEG-PNIPAm microsphere
fabrication. SEM micrographs of representative microspheres (3060 wm) fabricated from b) PLLA-PEG-PNIPAm? (Table 1, M, = =6376), c) PLLA-PEG-

PNIPAm® (M, = ~8042), d) PLLA-PEG-PNIPAm® (M, = ~16 665).

remained intact with only about 10% weight loss after 15 weeks
(Figures S5 and S6, Supporting Information), likely due to the
substantial difference in hydrophilicity.

2.4. Gelation Property of PLLA-PEG-PNIPAm NF-GMS

The novel PLLA-PEG-PNIPAm triblock copolymers with
PLLA and PNIPAm as terminal blocks and PEG as the
middle block were designed to assemble into nanofibrous
microspheres that subsequently form a hydrogel (NE-GMS)
upon temperature change from room temperature to body
temperature. We selected a NF-GMS diameter range of
60-90 um (based on SEM observation) for subsequent cell
transplantation studies. The size distribution was further
measured using a Beckman Coulter Multisizer 4 (Figure S7,
Supporting Information). At room temperature (25 °C), the
PLLA-PEG-PNIPAm® microspheres were a free-flowing liquid
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(Figure 4a), whereas at the body temperature (37 °C), they
formed a 3D hydrogel (Figure 4b). However, the control
two-block copolymers either remained a liquid suspension
without PNIPAm (Figure 4c) or precipitated out without PEG
(Figure 4d). The random copolymer of these three compo-
nents could not form hydrogel either (Figure 4e), showing
the requirement of the tri-block structure for the hydrogel
formation.

The microstructure of PLLA-PEG-PNIPAm NF-GMS
(60-90 um, 5 w/v% concentration, stained with rhodamine-
BSA) was observed on a heated glass slide using confocal
laser scanning microscopy. NF-GMS remained microspheres
inside the formed 3D hydrogel (Figure 4f~h). The NF-GMS were
able to stably maintain the 3D shape at 37 °C (Figure 4i) but not
at 25 °C (Figure 4j). The PLLA nanofibrous hollow microspheres
(NE-HMS) precipitated without hydrogel formation at 37 °C
(Figure 4k), showing the requirement of water-binding PEG and
physical crosslink-forming PNIPAmC at body temperature.
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Figure 3. Confocal fluorescence micrographs of NF-GMS fabricated from PLLA-PEG-PNIPAm. a) 2D cross-sectional confocal fluorescence micrographs
of NF-GMS fabricated from PLLA-PEG-PNIPAmM® (60-90 um based on SEM/confocal microscopy observation): al) The PNIPAm blocks were stained
by acryloxyethyl thiocarbamoyl rhodamine B (red), a2) the PEG blocks were stained by fluorescein o-acrylate (green), a3) the PLLA blocks were stained
by Nile blue acrylamide (blue), a4) a merged fluorescence micrograph of three blocks. a5) A merged fluorescence micrograph of PNIPAm and PLLA
blocks, a6) a merged fluorescence micrograph of PEG and PLLA blocks. b) A schematic of a nanofiber in the PLLA-PEG-PNIPAm NF-GMS with a

core-corona structure.

Rheological studies were carried out to measure the sol-gel
transition temperature and viscoelastic properties of NF-GMS
(Section S5 and Figure S8, Supporting Information). The
results confirmed that the aqueous suspension of PLLA-PEG-
PNIPAm NF-GMS was a liquid at room temperature and
became a free-standing hydrogel at body temperature. This
hydrogel was shear-thinning, injectable, and its storage mod-
ulus could be modulated over more than two orders of magni-
tude at the body temperature by varying the composition and
the polymer concentration.

2.5. Effect of PLLA-PEG-PNIPAm Composition
on NF Structure and Gelation of NF-GMS

To systematically investigate the effect of PLLA-PEG-PNIPAm
composition on the nanofibrous feature and gelation property
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of NF-GMS, a library of PLLA-PEG-PNIPAm triblock copoly-
mers with varying PEG, PNIPAm, and PLLA block lengths
(Tables S1 and S2, Supporting Information), and linear
PLLA homopolymers with three different molecular weights
(Table S3, Supporting Information) were synthesized and
fabricated into microspheres. The nanofibrous structure
and gelation property of these microspheres were carefully
evaluated (Section S6, Figure S9, and Table S1, Supporting
Information). It was found that the nanofibrous structure
and the gelation property of NF-GMS strongly depended
on the composition of PLLA-PEG-PNIPAm copolymer. Two
threshold requirements should be met simultaneously for
the nanofiber formation (PLLA block molecular weight and
its percentage) and two additional threshold requirements
should be met simultaneously for the hydrogel forma-
tion (PEG and PNIPAm percentages). Only when the Mn
of PLLA block was higher than about 5521, and the weight
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Figure 4. Thermoresponsive gelation of PLLA-PEG-PNIPAm NF-GMS:
a) aqueous dispersions with 5 w/v % of PLLA-PEG-PNIPAmM® (68/9/23 wt%)
NF-GMS at 25 °C, b) PLLA-PEG-PNIPAmc (68/9/23 wt%) NF-GMS at 37 °C,
¢) PLLA-PEG (89/11 wt%) NF-HMS at 37 °C, d) PLLA-PNIPAm (73/27 wt%)
NF-HMS at 37 °C, and e) PLLA-PEG-PNIPAm (52/14/34 wt%) random
copolymer microspheres at 37 °C. Confocal fluorescence micrographs of
hydrogels: f,g) 5 w/v % PLLA-PEG-PNIPAm® NF-GMS (60-90 um) at 37 °C,
the microspheres were stained by rhodamine-BSA, h) Schematic represen-
tation of the crosslinking of PLLA-PEG-PNIPAM® (68/9/23 wt%) NF-GMS
inside the hydrogel at 37 °C. Stability of aqueous dispersions with 5 w/v %
of i) PLLA-PEG-PNIPAmM® (68/9/23 wt%) NF-GMS at 37 °C, j) PLLA-PEG-
PNIPAMC (68/9/23 wt%) NF-GMS at 25 °C, and k) PLLA NF-HMS at 37 °C.

percentages of PLLA, PEG, and PNIPAm in the copolymer
were about or higher than 68, 5, and 11 wt%, respectively,
NF-GMS became nanofibrous and formed a free-standing
hydrogel at body temperature.
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2.6. NF-GMS Significantly Enhanced CM-Transplantation
Mediated Heart Regeneration

To determine the important role of NF-GMS in supporting
CM maintenance and function based on our hypothesis
driven design, CMs were cultured with NF-GMS for 7 days
in vitro. The open and hollow structure of NF-GMS facili-
tated CM incorporation, even distribution, and attachment to
the NF-GMS. The gel formation of NF-GMS prevented CM
leakage and allowed CM interactions. CMs in the gel retained
the normal CM structure with the expression of cardiac tro-
ponin T (Figure S10, Supporting Information). Moreover,
we also co-cultured CMs with collagen-I (the major ECM in
heart and particularly after MI injury) or NF-GMS with 50 uM
H,0, treatment to mimic in vivo MI injury. NF-GMS signifi-
cantly increased cell survival after H,0, treatment compared to
collagen-I by Western blot with Bcl-2 (anti-apoptosis marker)
and Bax (pro-apoptosis marker) antibodies (Figure S11, Sup-
porting Information). High-magnification images showed the
cell-cell connections, suggesting cardiac tissue maturation
and integration (Figure S12, Supporting Information). Impor-
tantly, CMs in the gel maintained the cardiac beating property
(Video S1, Supporting Information).

To evaluate the long-term cell retention and in vivo engraft-
ment of NF-GMS carried CMs, we transplanted hESC-derived
CMs with NF-GMS. 1 x 10’ hESC-CMs mixed with NF-GMS at
the number ratio of 30:1 were suspended in 100 uL PBS and
injected into a rat heart after MI injury. 100 pL PBS, NF-GMS
alone, and 1 x 10’ hESC-CMs suspended in 100 pL PBS without
NF-GMS were injected as controls. The engraftment size of the
transplanted hESC-CMs was assessed at day 28 after cell trans-
plantation by immunofluorescence staining with human spe-
cific mitochondrial antibody (Hu-mito). In the CMs only group,
CMs were found mainly in the infarct border zone and occa-
sionally in the infarct zone (Figure 5A). In the CM+NF-GMS
group, much larger and confluent CM grafts were identified in
both the border zone and the infarct zone (Figure 5 A,B). The
graft volume was calculated using a published method?! by
combining the stained slides every 0.5 mm away from the apex
to the base of the heart. The graft area in each slide was meas-
ured using Image] software. There was a tenfold higher graft
size in the CM+NF-GMS group than that in the CM only group
in infarcted rat heart (Figure 5A). The engraftment of CMs car-
ried by NF-GMS was also detected using immunofluorescence
staining against ¢TnT and anti-Hu-mito antibodies (Figure 5B,
upper panel). Furthermore, abundant gap junctions formed
among CMs in the transplanted areas as indicated by Connexin
43 staining (Figure 5B, lower panel as well as higher magnifica-
tion images in Figure S12, Supporting Information), indicating
that NF-GMS carried CM transplantation also promoted cell-
cell integrations.

The long-term survival and integration of transplanted
CMs would require adequate vascular network support in the
engrafted areas. Therefore, we evaluated the vascular density
in the infarction border zone and the remote zone (non-infarct
zone) in the infarcted rat heart by staining with endothelial cell
marker CD31. The number of vessel-like lumens was calculated
to assess the vascular density 28 days after cell transplantation
(Figure 5 C,D). Vascular density in the remote zone was greater
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Figure 5. NF-GMS carried hESC-CM engraftment and angiogenesis. CM engraftment was illustrated by A) human specific antigen (Hu-mito) staining
and quantitative analysis, and B) immunofluorescence staining against Hu-mito and cTnT. Rat I/R hearts were analyzed 4 weeks after transplantation.
N =9, ** p < 0.01, compared with CM group. Much larger and confluent CM grafts were identified predominantly in both the border zone and the
infarct zone in the CM+NF-GMS group, with a tenfold increase of engraftment over the CM only group. Furthermore, abundant gap junctions were
formed as indicated by Connexin 43 staining (B, lower panel). C,D) Vessel-like lumens were quantified based on CD31 staining. Scale bars: 200 um,
n=29,** p <0.01, compared with PBS group; ##, p < 0.01, compared with CM group.

than in the border zone in all groups. No statistical significance
of vascular density was observed in the remote zone among
PBS, CM alone, NF-GMS alone, and CM+NF-GMS groups.
A significantly higher vascular density was observed in the
border zone of the CM+ NF-GMS group (398 + 18) than those
of the CM alone (318 £ 21), NF-GMS (231 + 22) alone, and PBS
(239 * 16) groups (p < 0.01). Thus, NF-GMS carried CM trans-
plantation promoted revascularization in the border zone of
the infarcted heart. The CD31/aSMA double-staining showed
stable vasculature 4 weeks after transplantation (Figure S13,
Supporting Information).

To further evaluate heart regeneration by NF-GMS carried
CM transplantation, Masson’s trichrome staining was per-
formed to identify blue scar tissue and red live tissue 28 days
after transplantation (Figure 6). Live tissue was hardly observed
in the infarcted areas of the PBS and NF-GMS only groups.
Some clusters of live cells were found in the CM only group but
were mainly near the border zone. In contrast, large clusters
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of live cells were identified in both border zone and infarct
zone in the CM+NF-GMS group, leading to a substantially
thicker ventricle wall (see areas surrounded by the green line
in Figure 6A). Strikingly, one month after NF-GMS carried CM
injection, the infarct size in the CM+NF-GMS group was only
16% of LV, leading to a 58% reduction compared to PBS group,
50% reduction compared to NF-GMS only group, and a 43%
reduction compared to CM only group (p < 0.01). Furthermore,
echocardiography was performed at day 6 to get the infarc-
tion baseline before cell transplantation. Myocardial infarction
was confirmed in all groups with LVES to be less than 35%.
28 days after cell transplantation, a significant increase in car-
diac function was found in the CM+NF-GMS group with left
ventricle ejection fractions (EF) = 54% and fractional short-
ening (FS) = 29%, indicating a striking functional recovery with
39% increase in EF and 46% increase in FS compared to PBS
group (p < 0.01). The cardiac function of CM+NF-GMS group
was also significantly greater than that of CM only group with

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

A

www.afm-journal.de

PBS CM+NF-GMS
B C D
504 60=
# -®-PBS 4

4 sk 304
3 o 50 = =i CM Only i
' 30- £ % =k NF-GMS s M
< & 40- ¥ CMNF-GMS &
& 20- ## 20
= -y

10- 30-
20 T I 10 T T
PBS CMOnly NF-GMS CM Day 6 Day 35 Day 6 Day 35
+NF-GMS
E 2.5 F 10+ G
s #H -®- PBS 8
=
E.20- T o- -l CM Only
w
8 T g £ 71
215 . E, &~ NF-GMS H
£ 9 84 N ¥ CM+NF-GMS & |
F 104 5 = #
- | *¥k
Zos] . 5
=
0- T 6 T T 4 L] T
PBS CMonly NF-GMS CM Day 6 Day 35 Day 6 Day 35
+NF-GMS

Figure 6. NF-GMS carried hESC-CM injection dramatically decreased infarct size and increased heart function as indicated by A) Masson trichrome
staining, B) quantitative analysis, C) EF, and D) FS, E) wall thickness, F) LVIDD, and G) LVIDS evaluations. E) Rat M| hearts were analyzed 4 weeks
after transplantation. N =9, *, p < 0.05, **, p < 0.01, compared with PBS group; ##, p < 0.01, #, p < 0.05, compared with CM group. NF-GMS alone
had little effect whereas CM+NF-MGS transplantation led to a 60% reduction in infarct size compared to PBS control.

a 17% higher EF and a 22% higher FS (p < 0.05) (Figure 6).
The high-resolution image of Masson’s trichrome staining
(Figure S14, Supporting Information) showed reduction in
fibrosis (blue) in CM+NF-GMS group. CD68 staining showed
modest immune cell infiltration (CD68+) in MI heart 4 weeks
after cell transplantation, likely resulted from mainly I/R injury
because there were no significant differences between PBS,
NF-GMS only, CM only, and CM+NF-GMS groups (Figure S15,
Supporting Information). Collectively, our studies showed that
NF-GMS carried CM transplantation achieved the highest
CM engraftment to date, substantially reduced infarct size,
enhanced revascularization, and resulted in significant func-
tional recovery compared to CM transplantation alone.

3. Discussion

In order to more comprehensively mimic ECM and obtain
superb injectable cell carriers for heart regeneration after a
heart attack, we successfully developed a new biodegradable
tri-block PLLA-PEG-PNIPAm copolymer that self-assembles
into novel nanofibrous microspheres NF-GMS, which in an
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aqueous suspension are an injectable free-flowing liquid at
room temperature and undergo thermally-responsive gelation
after injection in vivo to reconstruct complex 3D wounds. The
development of the NF-GMS represents several breakthroughs:
1) a route to synthesize PLLA-based tri-block copolymers with
drastically different chemical and physical properties among
the three blocks, resulting in a new biodegradable and bio-
compatible thermoresponsive polymer; 2) a new microcar-
rier that mimics the ECM in both nanofibrous feature and its
hydrogel properties; 3) drastic increases in CM retention and
engraftment, which have been the critical bottleneck of cardiac
regeneration; 4) a substantial reduction of infarct size and a
substantial recovery of cardiac function of a infarcted heart.
Pure PLLA has been previously fabricated into macroscale
3D nanofibrous scaffolds using a novel phase-separation tech-
nique in our lab®? for various tissue regeneration applica-
tions.?)l PLLA is the major component of the new tri-block
copolymer and contributes to the microsphere body and
nanofibrous structure. While various NF microspheres have
been developed using star-shaped PLLA by our group,?¥
those microspheres are discrete particles and unable to form
the desired integrative hydrogels. While ATRP and ROP have
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been used in combination to synthesize other types of triblock
copolymers to form nanosized drug delivery particles,”” none
of them has been reported to form nanofibrous microparticles
such as the NF-GMS in this work. By copolymerizing PLLA
with PEG and PNIPAm using ATRP and ROP, we successfully
synthesized PLLA-PEG-PNIPAm triblock copolymer for the
first time, imparting hydrophilicity and temperature-triggered
physical crosslinks to enable macroscale gel formation. How-
ever, chemical modification of PLLA is known to interfere with
its fiber formation.?®! More challengingly, due to the limited
contact area between spheres, there is a sharp increase in dif-
ficulty to build strong interactions between spheres to construct
a stable 3D network for hydrogel formation when the diameter
of spheres is large, such as on the micrometer scale in this
study. By examining the competing requirements for nanofiber
and gel formation, structural requirements of NF-GMS for-
mation are revealed. Macroscopic hydrogel of the NF-GMS is
developed and its modulus can be tuned over several orders
of magnitude. In addition, the PLLA-PEG-PNIPAm NF-GMS
degrade in a desired time duration for heart regeneration.
Furthermore, NF-GMS carried CM delivery leads to remark-
ably efficient CM engraftment and significantly improves heart
function after infarction in an acute rat MI model. Nanofibrous
structure is known to advantageously support various tissue
regeneration,?®! gel properties can affect cell behavior® and
could have protective effect on injured heart.?®]

The superior engraftment efficiency of NF-GMS carried cell
transplantation appears due to the two most important ECM-
mimicking characteristics of this advanced CM carrier: the
nanofiber feature and the gelling property. Consistent with this
notion, we previously showed porous and nanofibrous scaffolds
to enhance cardiac differentiation over control non-nanofibrous
scaffolds.?”) CM delivery using NF microspheres without gel-
ling property resulted in significantly lower enhancement in CM
engraftment (3,4-fold enhancement over CM only, unpublished
data) compared to the approximately tenfold CM engraftment
increase using the NF-GMS hydrogel. Various hydrogels were
reported to improve CM retention or protection,?®3% but their
improvements were not at the same level as NF-GMS in this
work. For example, we previously showed that a fibrin gel without
the nanofibrous microspheres had significantly lower enhance-
ment in CM engraftment (about 2,3-fold over CM suspension
alone)B! compared to the tenfold CM engraftment enhancement
of the NF-GMS hydrogel. NF-GMS achieved the highest CM
engraftment enhancement among all carriers reported this far.

There was no statistically significant difference in cardiac
function between NF-GMS alone and PBS alone control groups
without cells, suggesting that the NF-GMS did not mechani-
cally contribute to the cardiac function of the infarcted heart.
However, when CMs were transplanted, NF-GMS enhanced
the CM engraftment and improved cardiac function versus all
control groups. The temperature induced NF-GMS hydrogel
(at 37 °C) has low modulus, which may not enhance cardiac
function mechanically by itself. However, the low modulus may
facilitate cardiac differentiation.?¥ The CM+NF-GMS group
enhanced cardiac tissue regeneration (reduced infarct size)
over CM alone or NF-GMS alone groups. Importantly, CM+NF-
GMS group showed the best functional properties among all
groups after 35 days of implantation.
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Collectively, the novel NF-GMS self-assembled from the
new triblock copolymer, integrating the ECM-mimicking NF
architecture with a temperature-responsive in situ gel-forming
property, are a highly promising microcarrier for heart regen-
eration and likely for many other types of tissue regeneration.

4. Experimental Section

PEG macroinitiator (HO-PEG-Br) synthesis (reaction 1): A typical
procedure to synthesize HO-PEG-Br is as follows: Dry THF (25 mL),
dry polyethylene glycol (PEG) (6.68 mmol) and dry triethylamine (TEA)
(20 mmol, 1.5 mL) were placed in a 250 mL round-bottom flask, kept
under a nitrogen atmosphere. Within 1 h, BIBB (6.68 mmol, 0.83 ml)
was slowly added via a dropping funnel. After the addition was complete,
the mixture was stirred at room temperature overnight. The precipitated
salts were filtered off, and the filtrate was evaporated in vacuum. Then
1 M hydrochloric acid (HCl) (30 mL) was added and the mixture was
extracted with dichloromethane (3 x 20 mL). The combined organic
layers were washed three times with water (50 mL) to remove salt. The
organic layer was dried over anhydrous Na,SO, overnight. After removal
of the solvent, the polymer was precipitated into cold ethyl ether and
collected by filtration. The resultant white powder was dried in vacuum
for 24 h to give HO-PEG-Br.

PEG-PNIPAm (reaction 2: ATRP): A typical procedure to synthesize
PEG-PNIPAM (M,, = 5371) is as follows: PEG macroinitiator (M,, = 1551)
(0.6 mmol, 1 g), NIPAm (26.5 mmol, 3 g), and CuCl (0.170 mmol,
0.016.8 g) were placed in a 250 mL round-bottom flask under nitrogen
protection and sealed with rubber septum stoppers. Milli-Q water
(20 mL) and MesTREN (0.174 mmol, 0.04 g) were placed in a Schlenk
tube and purged with N, gas for 40 min. The solution was transferred
to the round-bottom flask using a syringe under nitrogen protection.
The reaction mixture was then stirred under nitrogen atmosphere for
24 h. The reaction was then stopped by opening the vessel to air. The
reaction mixture was precipitated into ethyl ether, filtered, and dried.
The resulting solid was then dissolved in H,0O and dialyzed (MW cut-off
3.5 kDa) against de-ionized water for 3 days to remove unreacted PEG-
macroinitiator. The mixture was then lyophilized for 3 days to give PEG-
PNIPAm copolymer.

PLLA-PEG-PNIPAm (reaction 3: ROP): A typical procedure to
synthesize PLLA-PEG-PNIPAm® is as follows: Dry THF (10 mL), r-lactide
(139 mmol, 2 g), PEG-PNIPAm (M, = 5371) (0.0559 mmol, 0.3 g) and
Sn(Oct), (0.4 mmol, 0.162 g) were mixed in a 50 mL round-bottom flask
with stirring and nitrogen purging. The mixture was heated to 80 °C
under nitrogen protection for complete melting. The polymerization
was carried out at 80 °C under nitrogen protection for 24 h. The crude
product was dissolved in 20 mL chloroform, precipitated in 100 mL cold
methanol, and then vacuum dried.

Fabrication of microspheres. PLLA-PEG-PNIPAm copolymer was
dissolved in THF at 60 °C with a concentration of 2.0% (wt/v). Under
rigorous mechanical stirring (speed 7, MAXIMA, Fisher Scientific),
glycerol (60 °C) with three times the volume of the PLLA-PEG-PNIPAm
copolymer solution was gradually added into the PLLA-PEG-PNIPAmM
copolymer solution. Stirring was continued for 5 min afterwards. The
mixture was then quickly poured into liquid nitrogen. After 10 min,
a water ice mixture (1000 mL) was added for solvent exchange for
24 h. The spheres were sieved and washed with an excessive amount
of distilled water six times to remove glycerol residue. The spheres were
then lyophilized for 3 days.

Differentiation and Characterization of Human Embryonic Stem
Cell Derived Cardiomyocytes (WESC-CMs): hESCs (H7 cell line) were
differentiated into cardiomyocytes (CMs) using chemically defined
culture similar to that described in literature.2% Full confluent single layer
hESCs were cultured in CDM3 medium to induce CM differentiation.
Lactate instead of glucose medium was applied to purify CMs from day
12 to day 18.53b34 At day 20, the derived CMs were digested by trypsin
for flow cytometry assay or subsequent transplantation. Typically, 90%
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or more resulting cells were ¢cTnT + CMs using the above described
differentiation process.

SEM and Immunofluorescence Assay of Co-Cultured CMs and NF-GMS:
Five million CMs mixed with NF-GMS at the ratio of 30:1 were co-cultured
in 35 mm petri dishes (Falcon) with CDM3 medium for 7 days. For
scanning electron microscope (SEM) assay, the samples were collected
and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde overnight at
4 °C. After post-fixation in 1% osmium tetroxide at room temperature for
1 h, samples were dehydrated in increasing concentrations of ethanol
and dried with hexamethyldisilazane. NF-GMS only or the CM+NF-GMS
samples were sputter-coated with gold and observed under an SEM
(Phillips XL30 FEG).

For immunofluorescence staining, samples were fixed with 4%
paraformaldehyde at room temperature for 20 min, frozen in Tissue-
Plus O.C.T Compound (Fisher Scientific), and cryosectioned into 7 um
sections. Slide sections were permeabilized with 0.3% Triton X-100 for
15 min at room temperature, blocked with 5% horse serum in DPBS-T
for 1 h at room temperature and incubated with primary antibodies
against cTnT (ab45932, Abcam) at 4 °C overnight in 2% horse serum.
Sections were then washed 3 times with PBS for 15 min each time,
incubated with Alexa Fluor 488-conjugated secondary antibodies
(Thermo Fisher Scientific) in 2% horse serum in DPBS-T for 1 h at
room temperature, washed with PBS for 3 times and 15 min each time,
then stained with DAPI, and images were obtained by fluorescence
microscope (Olympus, Japan).

Generation of Myocardial Infarction Rats and Cell Transplantation: All
animal experiments were approved by the Institutional Animal Care and
Use Committee of the University of Michigan. 8 week-old (190-210 g)
Female Sprague Dawley rats were purchased from ENVIGO. Myocardial
infarction was induced by ischemia reperfusion (I/R) surgery.t>3] In
brief, the animal heart was exposed by an open thoracotomy and the left
anterior descending artery was ligated with 6-0 sutures for 60 min and
reperfused by loosening the suture. Animals were randomly divided into
4 groups: PBS control, CM only, NF-GMS only, and CM+NF-GMS group.
Cell transplantation was carried out following the literaturel®>3! with
minor modifications. Briefly, 7 days after I/R (which is within the reported
best time window of 4 day to 2 weeks after MI for cardiomyocyte trans-
plantation#83¢)) "animals underwent a second thoracotomy and 100 pL
PBS or cell suspension containing 1 x 107 hESC-CMs were injected at
5 sites into the border zone of the infarction. In the CM+NF-GMS group,
CMs and NF-GMS at the ratio of 30:1 were mixed before injection.
Immunosuppressor cyclosporine A was subcutaneously administered
10 mg kg™ day™ from 2 days before cell transplantation until animals
were sacrificed.

Histology —and  Immunohistochemistry:  Hearts
4% paraformaldehyde, frozen in Tissue-Plus
(Fisher Scientific), and cryosectioned into 7 um sections for
immunohistochemistry and histological analyses. For immuno-
fluorescence staining, the procedure was the same as for those in
vitro CM+NF-GMS samples described above. Staining with primary
antibodies against human mitochondrion (MAB1273, EMD Millipore)
was performed to identify the transplanted CMs in rat heart. Staining
with c¢TnT (ab45932, Abcam) and Cnnx43 (sc-9059, Santa Cruz
Biotechnology) antibodies was performed to characterize CM structure
and cell-cell connection. After staining, slides were mounted using
ProLong Diamond Antifade Mountant (P36970, Thermo Fisher Scientific)
and imaged using a Nikon Al Confocal Laser Microscope. Staining with
anti-CD31 (sc-1506, Santa Cruz Biotechnology) antibody was used to
investigate vascular density. In addition, Masson’s trichrome staining
was performed to calculate the infarct size in rat hearts.

Assessment of Cardiac Function: Echocardiography was performed at
day 6 and day 35 to evaluate cardiac function. Left ventricular internal
diameter at end-diastole (LVIDD) and left ventricular internal diameter
at end-systole (LVIDS) were measured using a Vevo 2100 system.P’]
Left ventricle ejection fractions (EF) and fractional shortening (FS)
were calculated using the equations: EF (%) = (LVIDD’-LVIDS?)/
LVIDD? x 100%; and FS (%) = (LVIDD-LVIDS)/LVIDD x 100%. All
echocardiography measurement and analysis were performed by a

were fixed in
O.C.T Compound
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single-blinded investigator in Frankel Cardiovascular Center of University
of Michigan.

Statistical Analysis: The data are presented as the mean + SEM. All
results were assessed using Graphpad Prism software. Statistical
analyses were performed using a Student’s t-test or a one-way ANOVA
test. A p value < 0.05 was considered statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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