1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Nano. Author manuscript; available in PMC 2021 March 04.

-, HHS Public Access
«

Published in final edited form as:
ACS Nano. 2019 September 24; 13(9): 9880-9894. doi:10.1021/acsnan0.9b03343.

An in Vivo miRNA Delivery System for Restoring Infarcted
Myocardium

Huaxiao Yang™T, Xulei Qin', Huiyuan Wang*, Xin Zhao', Yonggang Liuf, Hung-Ta WoT,
Chun Liu®, Masataka Nishiga®, Haodong Chen', Jing Ge8, Nazish SayedT, Oscar J. AbilezT,

Dan Ding |, Sarah C. Heilshorn¥, Kai Li*8™

TStanford Cardiovascular Institute, Stanford University School of Medicine, Stanford, California
94305, United States

*Department of Materials Science and Engineering, Stanford University, Stanford, California
94305, United States

SDepartment of Biomedical Engineering, Southern University of Science and Technology,
Shenzhen, Guangdong 518055, China

I state Key Laboratory of Medicinal Chemical Biology, Key Laboratory of Bioactive Materials,
Ministry of Education, College of Life Sciences, Nankai University, Tianjin 300071, China

J‘Department of Radiology, Stanford University School of Medicine, Stanford, California 94305,
United States

Abstract

A major challenge in myocardial infarction (MI)-related heart failure treatment using microRNA
is the efficient and sustainable delivery of miRNAs into myocardium to achieve functional
improvement through stimulation of intrinsic myocardial restoration. In this study, we established
an /n vivo delivery system using polymeric nanoparticles to carry miRNA (miNPs) for localized
delivery within a shear-thinning injectable hydrogel. The miNPs triggered proliferation of human
embryonic stem cell-derived cardiomyocytes and endothelial cells (hESC-CMs and hESC-ECs)
and promoted angiogenesis in hypoxic conditions, showing significantly lower cytotoxicity than
Lipofectamine. Furthermore, one injected dose of hydrogel/miNP in MI rats demonstrated
significantly improved cardiac functions: increased ejection fraction from 45% to 64%, reduced
scar size from 20% to 10%, and doubled capillary density in the border zone compared to the
control group at 4 weeks. As such, our results indicate that this injectable hydrogel/miNP
composite can deliver miRNA to restore injured myocardium efficiently and safely.
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According to the 2018 updated heart disease and stroke statistics released by the American
Heart Association, more than 6.5 million Americans suffer from heart failure, with
myocardial infarction (MI) being a leading cause.! Ml is closely associated with coronary
artery occlusion, which results in severe downstream cardiomyocyte (CM) death.2 Current
post-MI therapy options, including surgical interventions (e.g., coronary angioplasty and
stenting) and pharmacological treatments (e.g., beta-blockers,3 antiplatelet therapy?, and
statin therapy)®, are limited to mitigating symptoms and do not induce tissue repair.
Although stem cell therapies promise the possibility of eventually repairing or regenerating
the infarcted myocardium,5-9 they have several limitations that impede their current use in
clinical practice. These include low cell retention and engraftment, excessive cell dosing
requirements, time-consuming cell preparation and maintenance, difficulties in storage and

transportation, immune response upon allogeneic transplantation, and risk of tumorigenicity.
8,9

To overcome these obstacles, new therapeutic approaches to deliver trophic factors and
microRNAs (miRNAS) are being intensively studied. For instance, several miRNAs are
involved in the cardiovascular repair or functional improvements of ischemic heart,
including miR-1, miR-21, miR-199a-3p, miR-590-3p, and others.19-14 Specifically,
miR-199a-3p has shown great therapeutic potential to promote cardiovascular regeneration
by stimulating proliferation of mouse/rat CMs via molecular targets of HOMER1 and
CLICS5, and rat endothelial cells via caveolin-2.15-17 It can also trigger cardioprotection from
ischemic cardiomyopathy through carvedilol to activate p-AKT survival signaling,® and
prevent lung/kidney fibrosis through suppressing TGF g signaling on FGF7 and HGF.2® To
make gene therapy by miRNAs feasible for future clinical applications, several in7 vivo
delivery approaches have been explored,1? including the use of Adeno-associated virus
(AAV) and lipocomplexes. For example, AAV packaging miR-199a-3p was intraperitoneally
injected into neonatal and adult mice with Ml to trigger the proliferation of CMs, restoring
the function of the infarcted myocardium.1® Although AAV has demonstrated very high in
vitro and in vivo transfection efficiency in many cell and animal models, it is still clinically
limited by concerns of potential immune response, expression of transgenes over prolonged
periods, and lack of spatiotemporal controls.2021 Recently, AAV6-miR-199a was associated
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with sudden death of pigs at weeks 7-8 after one dose of injection.22 On the other hand,
lipocomplex-based gene delivery also has its own clinical limitations, including high
cytotoxicity, low transfection efficiency, and instability in blood and serum.1%:23 As an
alternative approach, polymeric nanoparticles (NPs) have the potential advantages of low
cytotoxicity, high stability in blood, less severe immune responses, biodegradability, and
controlled release. For example, polymeric NPs are increasingly being utilized as biological
carriers for sSiRNA/miRNA delivery for several cancer treatments in clinical trials,24:25
providing a promising basis for the development of RNA carriers to promote cardiac
regeneration.

It is challenging to achieve localized NP/gene/drug delivery and transfection in the beating
heart with spatial accuracy and high efficiency.26 To overcome this barrier, we recently
developed a highly efficient transfection approach for CMs using cell-penetrating peptides
(CPPs) to greatly enhance NP uptake with minimum leakage.2’-28 The presence of protein
transduction domains within CPPs enables the efficient transport of CPP-linked cargo into
the cytoplasm, even at low concentrations.?> Typically, localized delivery of therapeutics for
MI involves an intramyocardial injection, either through interventional procedures or open
chest surgery.8:” However, direct drug injection into the myocardium always results in low
drug retention due to mechanical extrusion out of the beating cardiac tissue and rapid
diffusion into adjacent tissue areas. In response, injectable hydrogels have been developed to
release encapsulated drugs sustainably and locally,29-30 with minimal interference on the
cardiac electrical and mechanical functions.31:32 Recently, we synthesized and characterized
a family of protein-engineered hydrogels with shear-thinning viscosity and rapid self-healing
back into a gel for minimally invasive intramyocardial injection with highly preserved drug
and cell activities.33-35

In this study, a highly efficient and cardiovascular biocompatible /7 vivo miRNA delivery
system was designed and applied in the treatment of post-MI in a rat ischemia/reperfusion
model. Since miR-199a-3p has demonstrated the potential for the treatment of
cardiovascular diseases, we chose it as our model miRNA in the /n vivo delivery system. We
used polymeric NPs as miRNA carriers (miNPs) together with a shear-thinning hydrogel to
encapsulate the miNPs. This delivery system was used to achieve minimally invasive
intramyocardial injection with localized miNP release and interaction with CMs in the
border zone, leading to significantly improved cardiac function with reduced scar size and
enhanced capillary density. Furthermore, the molecular properties and biological functions
of miNPs were tested and verified in an /in vitro model of hESC-CMs and hESC-ECs in
hypoxia.

Synthesis and Characterization of miNPs and miRNA Release.

Three layers compose the structure of miNPs as presented in Figure 1a: (i) a fluorescent
PFBT core to improve /n vivotracking, (ii) a DSPE-PEG shell to improve NP stability, and
(iii) surface presence of miRNA and a CPP including the amino acid sequence TAT, to
enhance the efficiency of miNP uptake. The miNPs were synthesized via three steps as
shown in Figure S1 in the Supporting Information. First, miRNA was covalently linked to
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one end of a DSPE-PEG chain v/a disulfide bond to construct DSPE-PEG-miRNA (Figure
S1a). Then, the DSPE-PEG-miRNA was mixed with DSPE-PEG-Maleimide and fluorescent
PFBT to induce NP formation through precipitation.36:37 Finally, the miNPs were modified
with the TAT peptide to facilitate NP uptake by the cardiovascular cells, which was grafted
onto the maleimide group (Figure S1b).

TEM analysis revealed that miNPs are in a spherical shape, with an average size of ~110 nm
and a narrow dispersity determined by a dynamic laser scattering instrument (Figure 1b,c).
In comparison to NPs without miRNAS, the zeta potential of miNPs was lowered by ~15
mV, indicating successful surface presentation of miRNA (Figure 1d). To mimic the clinical
application, which requires drug transportation and storage with prolonged shelf life, miNPs
were frozen at =80 °C and thawed at room temperature for a total of 6 cycles. After each
freeze—thaw cycle, the average size, size distribution, and zeta potential were quantified. As
demonstrated in Figure 1e and f, there were negligible changes in miNP size and distribution
in comparison to fresh miNPs throughout 6 cycles of freeze—thaw. The zeta potential became
significantly lower from 22 to 20 mV after the first freeze—thaw, then stayed consistent
throughout further cycles (Figure 1g). When the miNPs were encapsulated by ELP-HA
hydrogel, more than 30% of miNPs were released after 5-day incubation with matrix
metalloprotein 9 (MMP-9), which is expressed in ischemic myocardium. On the contrary,
only 10% of miNPs were released from the hydrogel in the absence of MMP-9 (Figure 1h).

We hypothesized that our miRNA delivery system would provide efficient release of
miRNA, triggered by the cleavage of disulfide bonds by intracellular glutathione (GSH),
which exists in abundance in cardiac cells as an intermediate metabolite.38 To test the
feasibility of this strategy, the release of miRNA induced by GSH was first examined /in
vitro. To further confirm that the released miRNAs were intact, high-sensitivity microfluidic-
based small RNA analysis was performed to detect their sizes. In Figure 1i, the released
miRNA that was triggered either by GSH or DTT preserved its entire sequence with the
same number of nucleotides in comparison to the freshly synthesized miRNA.

miNP Uptake within Human Cardiovascular Cells.

To validate the miNP design and synthesis for better transfection efficiency, we chose the
hESC derived CMs and ECs as an /n vitro human model, which is well-developed with
extended applications for studying cardiovascular diseases in our lab.3%40 First, validation of
hESC differentiation down CM and EC lineages were confirmed by immunostaining (Figure
S2). The results of miNP uptake 24 h after transfection are shown in Figure 2. The average
uptake in hESC-CMs was over 60% when the initial feeding concentration was lower than
100 nM (Figure 2b). The NP uptake in hESC-CMs increased along with increasing feeding
concentrations of NPs, reaching a peak at 100 nM, then starting to decrease at 200 nM as
shown in Figure 2b. The uptake of miNPs in hESC-CMs under hypoxic condition was
significantly higher than that under normoxia at the miRNA concentration of 100 nM
(Figure 2c). A large amount of internalized miNPs was distributed in the cytoplasm around
nuclei of hESC-CMs as shown in the confocal images (Figure 2d). With increasing loading
concentration of miRNA, the uptake percentage by hESC-ECs was gradually decreased, and
the optimal concentration for hESC-ECs was 50 nM based on a comprehensive
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consideration of percentage and absolute amount of uptake (Figure 2e). Additionally, there
was less miNP uptake by hESC-ECs in the hypoxic condition compared to the normoxic
condition (Figure 2f).

miNP Cytotoxicity in Human Cardiovascular Cells.

A primary consideration when designing gene therapy delivery strategies is cytotoxicity;
therefore, the cytotoxicity of miNPs on the major cell types in myocardium, CMs, ECs, and
cardiac fibroblasts (CFs), was assessed. In Figure 2g, the enhanced viability of hESC-CMs
was demonstrated in the miNP group with increased concentrations of miRNA with the peak
concentration at 100 nM; by comparison, a consistent number of cells was observed in the
lipofectamine RNAIMAX (lipo) group with miRNA loading concentrations ranging from
12.5to 100 nM (Figure 2g). A further increase of miNP concentration from 100 to 200 nM
in cell culture caused a slight drop of hRESC-CM viability, whereas the lipo group
experienced a worsen cytotoxicity below the starting amount at the same concentration. The
viability of hESC-ECs had a similar trend upon incubation with miNPs, while hCFs showed
maintained viability with increasing concentrations of miNPs (Figure 2h,i). In all three
groups, lipofectamine RNAIMAX exhibited significantly higher cytotoxicity than miNPs
when the miRNA concentration was above 25 nM.

Cardiac Function Improvement with miNP Delivery by Injectable Hydrogel.

Next, the /n vivo miNP delivery system was applied in a rat Ml model. Four days post-Ml,
one dose of miNP along with injectable hydrogel at 3 spots was administered at the border
zone of Ml in beating left ventricle (LV), as illustrated in Figure S3. The dose of miRNA
was determined by the comprehensive evaluation of miNP’s transfection efficiency and
biocompatibility as obtained above. NPs carrying scramble miRNAs (miNP-scramble) were
also prepared and used in a control group. In animal experiments, 5 groups of rats were
treated by PBS, miNP, hydrogel, hydrogel/miNP-scramble, and hydrogel/miNP, respectively.
Due to the shear-thinning and rapid self-healing properties of the hydrogel (Figure S4), a
smooth and fast injection was conducted, with high retention in the myocardium. This
engraftment of hydrogel and host myocardium was found in the histology analysis after 4
weeks. After 3 months, no hydrogel was detected in the myocardium and release of miNPs
was profound (Figure S5). The cardiac function was assessed by echocardiography at day
-1, 1 month and 3 months, as shown in Figure 3a. The ejection fraction (EF) of rats in
hydrogel/miNP group increased from day —1 to 3 months (Figure 3b). The absolute increase
of EF at 1 and 3 months using the EF value at the day -1 as baseline is 15% and 19%,
respectively. On the contrary, the EF preserved in hydrogel and hydrogel/miNP-scramble
treated groups. In addition, the PBS group demonstrated a physiopathologically worsened
cardiac function with gradually decreased EF, while a fluctuated EF was noticed in the
miNP group without hydrogel. Moreover, the fraction shortening (FS) showed a similar
trend of change to the EF of these five groups (Figure 3c). The left ventricle end-diastolic
volumes (EDV) increased gradually in all the five groups (Figure 3d). Noteworthy is that the
left ventricle end-systolic volume (ESV) was preserved in hydrogel/miNP group while it
significantly increased in the other four control groups from -1 day to 3 months (Figure 3e).
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Ex vivo analyses were then carried out to further validate the /n vivo results. First, the scar
size in left ventricle determined by Picro Sirius Red staining was 20% and 10% in hydrogel/
miNP-scramble and hydrogel/miNP group, respectively. (Figure 3f,g). The /n vivo CM
proliferation in the border zone was also confirmed through immunofluorescence staining
with double expression of Ki67 in red and cTnT in green (Figure 3h). Statistical analysis of
4 samples in each group revealed that more than 2% of CMs in the tissue sections of
hydrogel/miNP group were in cell cycle while only less than 0.2% of CMs from hydrogel/
miNP-scramble group were in cell cycle (Figure 3i). The angiogenesis induced by released
miNPs from hydrogel was also observed in the adjacent area (Figure 3j), where abundant
miNPs were released and partially taken up by the capillaries. Quantitative analysis revealed
that the capillary density in the scar area in the hydrogel/miNP group was more than twice
that of the hydrogel/miNP-scramble group (Figure 3k). Moreover, the injected hydrogel
demonstrated functional engraftment within the myocardium at 1 month post-treatment, and
no obvious immune response was observed from H&E staining results (Figure 3I).

Function of miNP in the Human Cardiovascular Cells under Hypoxic Condition.

To unveil the mechanism of miNPs in promoting myocardium recovery as found in the /n
vivo rat MI model, the functions of miRNA-199a-3p were further explored and investigated
in the cellular model using hESC-CMs, hESC-ECs, and hCFs. First, the results of the /n situ
live-cell imaging is demonstrated in Figure 4a. A corresponding /n situ time-lapse video
(Video S1) was recorded to corroborate the cell proliferation in real time, and
immunostaining of cardiac troponin T (cTnT) further confirmed that the divided cells were
CM s based on simultaneous phase contrast images in the video (Figure 4b). After 48 h
transfection, around 10% increase of cell number of hRESC-CMs in the miNP treated group
and less than 2% cell number increase of hRESC-CMs in the miNP-scramble group were
demonstrated in Figure 4c. Then, EdU was successfully integrated into the nuclei to
distinguish the dividing or daughter hLESC-CMs with internalized miNPs around the nuclei
as shown in Figure 4d. The double staining of alpha-actinin and EdU confirmed that the
cells in cell cycle re-entry were hESC-CMs (Figure 4e,f). After analyzing over 1000 hESC-
CMs, accumulatively 10% cells were found to be double positive for alpha-actinin and EdU
when transfected with miNPs at low (25 nM) and high (50 nM) miRNA concentrations
(Figure 4g). In the meanwhile, the cell cycle marker Ki67 was also examined in hESC-CMs
after a 48 h transfection with either miNP or lipo. The double-positive cells expressing Ki67
and cardiac alpha-actinin were frequently observed as shown in Figure 4h. Quantitative
analysis of the images revealed that the ratios of double-positive cells with Ki67 and alpha-
actinin in both miNP and lipo groups were over 5% (Figure 4i). However, the hESC-CMs
preserved striated sarcomere in the miNP group, whereas the lipo group had disassembled
sarcomere due to the toxic effect of lipo (Figure 4h). The proliferation assay was also carried
out using hESC-ECs and hCFs. As shown in Figure 4j, hESC-ECs and hESC-CMs had
significantly increased cell numbers at 48 h, but the number of hCFs did not show significant
difference before and after treatment (Figure 4j). To further examine the proliferative effect
in the hypoxic condition of hESC-ECs and -CMs, the cell proliferation was still activated in
the higher loading concentration of miRNA (>25 or 50 nM in hESC-EC and -CM,
respectively) although the proliferation in both of hESC-CMs and -ECs were relatively
suppressed at the low loading concentration of miRNA (Figure 4k,1).
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Moreover, the transcriptional expressions that can be affected by the cell cycle,
angiogenesis, and hypoxic responses were evaluated in hESC-CMs, hESC-ECs, and hCFs
using real-time quantitative PCR (RT-gPCR) as shown in Figure 5. In the normoxic
condition, CDC6, CCNEL, and AURKB in hESC-CMs had significantly higher expression
in treated groups in comparison to the control groups (Figure 5a-d). Under hypoxic
condition, the four cell cycle related genes of CDC6, CCNE1, CDK7, and AURKB tended
to be suppressed in all three types of cardiovascular cells. However, these genes were
relatively up-regulated in the hESC-CMs and -ECs upon treatment with miNPs (Figure 5a-
d,g-j), indicating that the cells tended more to be in the G1/S and S/M phases even under the
hypoxic condition. For hCFs, there was no significant difference before and after miNP
treatment either in normoxia or hypoxia (Figure 5m-p). An up-regulation of VEGFA
expression was observed in both of the hypoxia treated hESC-ECs and hCFs (Figure 5k,q),
whereas its expression was suppressed in the hESC-CMs (Figure 5e). With the treatment of
miNPs, a boost of VEGFA expression was detected in the hESC-ECs (Figure 5k), while
there was no response regarding the VEGFA expression in both hESC-CMs (Figure 5e) and
hCFs (Figure 5q). Additionally, the suppressions of HIFLA expression due to the hypoxic
conditioning were found in the hRESC-CMs (Figure 5f) and hCFs groups (Figure 5r), and
both hESC-CMs and hESC-ECs expressed more HIF1A with coculture of miNPs than those
in the scramble group under the hypoxic condition (Figure 5f1).

To further validate the effect of miNP on vascular function and angiogenesis, we performed
the tube formation assay with hESC-ECs at normoxia and hypoxia. More tubes were formed
in the miNP treated group at both normoxic and hypoxic conditions (Figure S6a). The
statistic analysis using ImageJ Angiogenesis Analyzer reveals that more nodes, junctions,
and branches were formed in the miNP group under normoxia and hypoxia (Figure S6b).
Meanwhile, we also conducted the fibrosis contraction assay with hCFs. After 24 h
incubation, the mixture hCFs and type | collagen at normoxia or hypoxia showed contracted
construction in all three groups. However, no significant difference among the control,
miNP-scramble, and miNP groups was observed in either normoxia or hypoxia (Figure
Séc,d).

DISCUSSION

By interacting and silencing mMRNAs (MRNAs), miRNAs act as small noncoding RNAs and
play a significant role in the transcriptional regulation of genes in cardiovascular
development, pathology, and regeneration.1! In the past decade, several miRNAs have been
implicated in cardiac regeneration, particularly by restoring the functions of damaged
myocardium. For instance, miR-195 and miR-29a act through cell cycle of CMs by targeting
cyclinD1.12 The increased expression of miR302-367 cluster was found to lead to profound
proliferation of CMs in mice via the Hippo pathway;*! Giacca and colleagues conducted
high-throughput miRNA screenings and found that miR-199a-3p and miR-590-5p were
capable of triggering the cell-cycle re-entry of rat and mouse adult/neonatal CMs through
targeting the CLIC5 and HOMER1.16 These discoveries of miRNAs’ significant role in the
proliferation of CMs raise further possibilities for future clinical therapies to restore the
function of the damaged heart and eventually regenerate heart tissue.
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To successfully implement potential miRNA-based therapies in the future, a safer and more
efficient /n vivo delivery method is urgently needed. Previously, AAV and commercialized
lipocomplexes were applied to encapsulate miRNAs for /n vivo delivery, improving cardiac
function and reducing the scar size of infarcted myocardium in rat and mouse models.1516
However, although lipocomplex does not have the same safety concerns or tumorigenic risks
as AAV,20.21.42 jts high cytotoxicity and /in vivo instability are obstacles for further
biomedical translation.*3 Therefore, a better clinical translational /n vivo delivery and
transfection approach as described in this study is needed to tackle those problems.

In this study, miNPs were rationally designed and synthesized for /in vivo delivery of
miRNAs in the long term. The conjugated polymer (PFBT) with stable fluorescence and
good biocompatibility can ensure accurate tracking of the localization of miNPs.4*4 DSPE-
PEG was chosen as the encapsulation matrix because the conjugation between small
interfering RNA and poly(ethylene glycol)-lipid was found to improve the stability of RNA
segments against enzymatic degradation*® and the functional group of DSPE-PEG can
facilitate functionalization with TAT peptide to transfect miRNA in cells with high
efficiency. The obtained miNPs showed a narrow distribution with excellent quality control
and ideal size of ~110 nm for optimal cellular uptake.*® For better application in the clinic
and to address common concerns of using NP for drug delivery,*’ the stability of miNPs was
tested by cycles of freezing and thawing. We found that the miNPs successfully maintained
its size, distribution, and surface charge for up to 6 cycles (>6 cycles was not tested here),
demonstrating its stability for shipment and flexibility of use. Moreover, we found that the
release of miRNA from miNPs was triggered either by GSH or DTT at physiological
temperature, and its nucleotide length was kept intact with validated therapeutic functions.
We also found no differences between freshly synthesized miNPs and miNPs stored for over
6 months at —80 °C in terms of size, distribution, surface charge, or miRNA integrity,
suggesting that the miNP has a very long shelf life. Overall, our results indicate that the
quality of miNP can meet the comprehensive requirements for use in miRNA encapsulation
and further medical applications.

In the past decade, /n vitro human cell/tissue models for biosystems such as the
cardiovascular system, hepatic system, and neuronal system have been established via
advances in hiPSC technique and proper differentiation protocols.39:40.48-52 As expected, the
extremely low cytotoxicity of miNPs in comparison to the lipo at 48 h was confirmed by the
cell viability assay. Additionally, the hRESC-CM dysfunction caused by lipo was reflected in
the disarrayed cardiac sarcomere, which is essential for cardiac contraction and mechanical
couplings.53:54 Specifically, in comparison to the commercial lipocomplex,® miNPs had
very low toxicity to the hESC-CM/-EC and hCFs even at high miRNA loading
concentrations (100 nM for hESC-CMs, 50 nM for hESC-ECs), indicating the miNPs could
act as a high capacity carrier for miRNAs with a negligible risk of damage to human
cardiovascular cells. Overall, our results also demonstrate a promising solution for the
efficient delivery of high quantities of therapeutic molecules to target spots, which is still
challenging in the drug delivery field.23:55

One significant aspect of the miNP is that it is designed to be taken up efficiently, especially
by cardiovascular cells, which otherwise are difficult to be transfected efficiently with
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nonviral methods.>® To achieve this goal, we integrated an additional cell-penetrating
peptide (CPP) on the outer layer of miNP’s shell to facilitate the transfection efficiency of
miRNA in human cardiovascular cells. With the assistance of TAT as a CPP, which has
shown potential in preclinical and clinical applications in the past decade,>”-58 more than
60% of miNPs were internalized into the human cardiovascular cells (hESC-CMs, hESC-
ECs, and hCFs) with extremely low leakage, ensuring the maximized release of miRNA
inside the cytoplasm. The high efficiency of transfection was also verified in the /in vitro
hypoxic condition, which recapitulated the ischemic microenvironment of the myocardial
infarction. We found there was only less than 10% variation in miNP uptake for the hESC-
CMs and hESC-ECs from the hypoxic treatment, suggesting our miNP system would also be
applicable in cardiovascular ischemic situations. The excellent performance of miNP-
assisted miRNA transfection in the human cardiovascular system in both normoxic and
hypoxic conditions makes it a promising approach for miRNA delivery to the cardiovascular
cells in the infarcted area.

After /n vitro evaluation of miNPs, the /n vivo studies were carried out to further investigate
the feasibility and performance of miNP /7 vivo delivery for cardiac function restoration in a
rat model. The ischemia/reperfusion procedure creates an ideal M1 model in rats.>® Without
proper treatment to postpone the deterioration of the infarcted cardiac muscles, the
myocardium will undergo remodeling in terms of dilated ventricle and increased wall stress,
resulting in a gradual drop of pumped blood volume as the outcome in our PBS group.®0 The
miNPs were efficiently delivered along with a shear-thinning hydrogel v7a direct injection
into the beating heart without leakage as proven explicitly in our previous study.28 The ELP
based hydrogel has shown capability of releasing the encapsulated reagent, such as growth
factors and nanoparticles, especially in injured tissues.3* While the EF% and FS% were
preserved in both of the hydrogel and hydrogel/miNP-scramble groups, the hydrogel/miNP
administration successfully improved EF% and FS% by ~19% in comparison to the EF%
and FS% at day —1, matching the results of AAV deliveryl6 and exceeding the outcome of
the commercial lipo delivery.1® The preserved ESV in the hydrogel/miNP group over 3
months in comparison to the groups of hydrogel only, miNP only, and hydrogel/miNP-
scramble indicate that the contraction of the left ventricle was significantly maintained due
to the miRNA interference caused heart muscle regeneration,1>16 which also reduced scar
size by half. The /n vivo CM proliferation was also promoted by the hydrogel/miNP with a
higher percentage of proliferative CM in the infarct zone, confirmed by immunofluorescence
staining results. Furthermore, capillary growth was also enhanced in the border zone with
miNP uptake, suggesting that the activation of angiogenesis was involved in restoring
cardiac function as well. The revascularized myocardium can actively improve the cardiac
function, which is considered as a key factor of successful therapeutic intervention.61
Importantly, the cardiac function continued to improve in a long-term (3 months) with just
one dose of miNP injection, demonstrating the potential of our miNP delivery system in
reducing the number of risky invasive clinical interventions currently required for lifetime
treatment.

To further understand the molecular mechanism of miNP treatment on the human
cardiovascular system, we established an /n7 vitro model using the hESC-derived
cardiovascular cells, which have shown multiple advantages in drug evaluation and
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discovery for humans.#8:51.62-64 |n our study, we confirmed the function of miRNA-199a-3p
with the cell cycle re-entry of hESC-CMs, demonstrating similar rate of cell proliferation in
miNP treated group as previously reported on the rat/mouse neonatal CMs.18 The up-
regulation of cell cycle genes indicated that the miNPs successfully activated hESC-CMs to
G1/S and S/M phases by initiating DNA replication and mitosis, confirming that miNP-
treated CMs can undergo proliferation for cardiac function restoration.566 Additionally, the
miNPs also boosted proliferation of hESC-ECs under ischemic condition, which could be
another significant regenerative effect in restoring the function of infarcted myocardium as
found in the rat model.17.67.68 The jn vitro tube formation assay has been commonly used in
the vascular function and angiogenesis evaluation.3%:69 The enhanced formation of tube
nodes, junctions and branches determined in this assay further supported the theory that
miNPs can improve vascular function and angiogenesis. Overall, the result of in vitro
modeling with hESC-ECs can explain the increased capillary density in the infarct border
zone in the hydrogel/miNP-treated rat myocardium. On the other hand, miNPs did not show
effect on promoting the cell cycle gene activation and cell number increase of hCFs, easing
the concern that excessive proliferation of fibroblasts might induce extended fibrosis under
miNP treatment.1® Moreover, in vitro fibrosis contraction assay validated that the miNPs did
not functionally promote cardiac fibrosis. We believe that after miNP treatment, the
promoted proliferation of CMs and ECs without triggering the proliferation of CFs
contributed to the outcome of reduced scar size in the infarcted myocardium.

Moreover, we recapitulated the ischemic microenvironment in the infarcted myocardium by
introducing the hypoxic treatment to each cell type under varying loading concentrations of
miNPs. It is known that low oxygen supply can inhibit the proliferation of cardiovascular
cells, causing cell death and M1.79-72 Although the proliferation of hESC-CMs and -ECs
was slightly suppressed under hypoxia and remained unchanged upon treatment with miNPs
at low concentrations, the proliferation of these cells was promptly activated when more
miNPs (in the range of working concentrations) were internalized into the cells, suggesting
the therapeutic activity of miNPs can be profound in an ischemic environment. This finding
is consistent with the results obtained at the transcriptional level with RT-qPCR studies. It
seems that hESC-ECs were more sensitive to hypoxia with 1.5 to 3 times higher up-
regulation of CDC6, CCNE1, AURKB, and CDK7 after incubation with miNPs. Also, miNP
treatment also led to up-regulation of HIF1A in both hESC-CMs and -ECs, and up-
regulation of VEGFA in the hESC-ECs.7273 HIF-1 (HIF1A) is the master regulator of
oxygen utilization and delivery in the heart, and promoting the HIF1A expression can
benefit the cardiovascular system.”2 More importantly, HIF-1 is found to be required for the
proliferation of fetal cardiomyocytes in the ischemic condition by regulating the cardiac
metabolism and cell cycle,’ which may also be the mechanism for the enhanced miNP-
induced proliferation of hESC-CMs in the hypoxic condition. Because the up-regulation of
HIF-1/VEGF pathway and better tube formation in the miNP-treated group promoted the
vascular response by significantly increasing the capillary density in border zone, it may
represent a vital target for triggering cardioprotection in the failing heart.”2 In the future, it is
critical to understand whether the newly formed vasculature is functional in blood
circulation system, and the /in vivo arteriogenesis study will be carried out to unveil it.
Overall, our results indicate that miNP may work by activating the cell cycle re-entry of
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CMs and ECs, endothelial functions, and by using HIF-1/VEGF pathway to improve the
cardiac function of post-MI effectively.”0.71

CONCLUSION

We have successfully designed a robust /n vivo localized miRNA delivery system using
polymeric nanoparticles (miNPs) and injectable hydrogel with translational potential for
post-MlI treatments, as illustrated in Figure 6. The prolonged shelf life and excellent
tolerance to freezing/thawing cycles of miNPs were confirmed with stable characteristics of
nanoparticles and intact released miRNAs in the physiological conditions, while the
extremely high uptake efficiency and good retention of miNPs were validated by hESC-CMs
and hESC-ECs in both normoxia and hypoxia. Localized miRNA delivery into the infarcted
myocardium through hydrogel/miNP composites significantly improved cardiac function in
the 3-month ischemia/reperfusion rat model by restoring the contractility of damaged
myocardium, with reduced scar size and increased capillary density in the border zone.
Moreover, results from the /n vitro modeling with hESC-derived cardiovascular cells showed
that miNP triggered the activation of cell cycle re-entry, which was mainly valid for hESC-
CMs and hESC-ECs, but not for hCFs, leading to the smaller scar size and no effect on
fibrosis. Mechanism investigation revealed that our approach also had additional beneficial
effects by restoring cardiac function through improving vascular function and angiogenesis,
confirmed by the up-regulated expression of VEGFA and HIF1A in hESC-CMs and hESC-
ECs and better tube formation in /n vitro assays.

Overall, our /in vivo miRNA delivery system has significant potential for realizing future
miRNA therapy in treating M, given its extremely high biocompatibility and transfection
efficiency as demonstrated in both of /n vitro and in vivo models exposed to ischemic
conditions. A single dose of hydrogel/miNP injection was able to significantly and
continuously restore the infarcted myocardium, enhancing cardiac function with regenerated
and neovascularized myocardium for up to three months. Finally, using the latest hESC and
proper cardiovascular cell differentiation techniques, we were able to validate the
mechanism of miRNA-induced CM and EC proliferation and hypoxic responses as shown
by our /n vivoresults. In summary, we have successfully established a clinical translational
delivery system for miRNA-based therapy on restoring infarcted myocardium with
extraordinary advantages in high biocompatibility, efficient transfection, and prolonged shelf
life.

METHODS

Materials for Nanoparticle Synthesis.

Reduced glutathione (GSH), dithiothreitol (DTT), poly(9,9-dioctylfluorene-a/tbenzothia-
diazole) (PFBT), poly(p,L-lactide-co-glycolide), dimethyl sulfoxide (DMSO), and
tetrahydrofuran (THF) were purchased from Sigma-Aldrich. DSPE-PEG-Maleimide (M,, =
5000) and DSPE-PEG-Amine (M,,= 3400) are commercial products from Laysan Bio, Inc.
Thiol-modified cell penetrating peptide (CCP), RKKRRQRRRC, was customized by
GenicBio, China. 3-(2-Pyridyldithio)propionate (SPDP) linker was purchased from Thermo
Fisher Scientific. miR-199a-3p mimic: ACAGUAGUCUGCACAUUGGUUA, and

ACS Nano. Author manuscript; available in PMC 2021 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al. Page 12

miR-199a-3p scramble mimic: GAAACGCUUCAUGUACGUAGUU were designed by
InvivoGen siRNA design wizard v3.1 and synthesized at the Stanford Protein and Nucleic
Acid Facility (PAN).

Conjugation of miRNA to DSPE-PEG-Amine.

DSPE-PEG-miR-199a-3p was synthesized by conjugating DSPE-PEG-Amine and thiol-
modified miRNA at 5’ end, using SPDP as a linker. First, DSPE-PEG-Amine (10 zmol) and
SPDP (1 zmol) were mixed in 5 mL of DEPC-treated 1x PBS buffer (pH 7.4) for 2 h at
room temperature under stirring. To eliminate excess SPDP, the mixture was then washed
with an Amicon Ultra-4 centrifugal filter unit with ultracel-10 membrane (MWCO 3 kDa)
twice using DEPC-treated DI water. The concentrated solution was further diluted in 5 mL
of DEPC-treated 1x PBS buffer (pH 7.4) and miRNA (0.1 gmol) was added for overnight
reaction at 4 °C. The reaction mixture was purified using an Amicon Ultra-4 centrifugal
filter unit with ultracel-10 membrane (MWCO 30 kDa and 10 kDa) 3 times with DEPC-
treated 1x PBS buffer and then 5 times with DI water. The concentrated product was
dialyzed against DEPC-treated DI water for 2 days using a dialysis tube (MWCO 12-14
kDa), followed by freeze-drying to obtain powder for further use. DSPE-PEG-miRNA-
Cy5.5 was synthesized following the same procedures for quantification study later.

Synthesis of TAT-Conjugated miNPs.

The TAT-conjugated miRNA-NPs (miNPs) were synthesized through a modified nano-
precipitation method. PFBT (2 mg), DSPE-PEG-miRNA (4 mg), and DSPE-PEG-
Maleimide (2 mg) were weighed and dissolved in 1 mL of THF. The THF solution was
quickly injected into DEPC-treated DI water, followed by continuous sonication using a
probe sonicator for 90 s. The suspension was washed 5 times with water using an Amicon
Ultra-4 centrifugal filter unit (MWCO 10 kDa) to eliminate THF. The suspension was then
filtered through 0.2 xm syringe filters and diluted in 5 mL of DEPC-treated 1x PBS buffer
(pH 7.4), followed by addition of TAT peptide solution (4 zmol). Reaction was carried out
under stirring at 4 °C overnight, and the mixture was washed with 1x PBS and water to
obtain concentrated TAT-PFBT-miRNA NPs (miNPs). To synthesize TAT-conjugated NPs
without miRNA (NPs), DSPE-PEG-Maleimide was solely used and the same procedures
were followed.

Characterization of miNPs.

The average particle size and zeta potential of miNPs were determined by a Zetasizer Nano
ZS equipment at room temperature. The morphology of miNPs was studied by a FEI Tecnai
G2 F20 X-TWIN Transmission Electron Microscope.

mMiRNA Release.—Both reduced GSH and DTT were used to cleave the disulfide bond to
release miRNA from miNPs. miNPs (0.5 mL) was mixed with 5 mL of GSH (10 mM) and
DTT (100 mM) in 1x PBS buffer (pH = 7.4) separately. Meanwhile, 0.5 mg of DSPE-PEG-
miRNA was also mixed with 1 mL of GSH in 1x PBS buffer (pH = 7.4) separately. After
incubation for 24 h at 37 °C, the mixtures were concentrated using Amicon Ultra-4
centrifugal filter units with ultracel-10 membrane (MWCO 10 kDa). The cleaved miRNA in
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concentrated samples were analyzed through Agilent Bioanalyzer QC with a standard ladder
from 4 to 150 nucleotides.

Estimation of miNP Concentration and miRNA Concentration.

First, the average volume of each miNP was estimated based on the average size of miNPs in
water (~104 nm). As the nanoparticle suspension in water was stable, the density of
nanoparticles should be close to that of water. By assuming the density of miNPs to be ~1
g/cm3, the concentration of miNPs in stock suspension was calculated from the following
equations:

The number of miNPs in stock solution:

total volume of miNPs
average volume of each miNP

6x10 3¢
lg / mL

%75 % (52% 10~ Y3 mL

= 1.02x 1013

The concentration of miNPs in 1 mL of stock solution:

1.02x 1013

73 mol
. 6.02 x 10
[mlNP]T =17nM

The concentration of miRNA in final product was estimated using TAT-PLGA-mMiRNA-
Cy5.5. PLGA was used as the core instead of PFBT to obtain TAT-PLGA-mMiRNA-Cy5.5
NPs following the same procedures, avoiding interference from absorbance and fluorescence
of PFBT during quantification of Cy5.5. The maximum of UV-vis absorbance of Cy5.5 at
690 nm in diluted NP solution was measured. Through a calibration curve, the concentration
of miRNA-Cy5.5 was calculated to be 4 4M in stock solution. The number of miRNAs
immobilized on each nanoparticle was then calculated as following:

4 uM
17nM

miRNA:miNP = =235:1

In Vitro Uptake and Cytotoxicity of miNPs in Human Cardiovascular Cells.

The human embryonic stem cell-derived cardiomyocytes (hESC-CMs) and human
embryonic stem cell-derived endothelial cells (hESC-ECs) were differentiated from H7
hESCs according to our previous publications.3948 hESC-CMs were over 95% pure and
double-positive of cardiac troponin T and alpha-actinin by flow cytometer after two rounds
of glucose starvation, and were used at day 45 after differentiation. The cell maintenance
medium of hESC-CMs was RPMI with B27 supplemented with insulin and 4% fetal bovine
serum (FBS). The hESC-ECs were over 90% pure after magnetic-activated cell sorting
through CD144 selection, and the passage of hESC-ECs used in this study was 1 to 3, and
the hESC-ECs were maintained in Lonza EGM-2 BulletKit containing 2% serum. Human
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primary cardiac fibroblasts (hCFs) were purchased from Lonza and maintained in DMEM
with 5% FBS. We used the same maintenance medium for the following miNP transfection
experiments.

The in vitro uptake and cytotoxicity of miNPs were quantified using hESC-CMs, hESC-
ECs, and hCFs. First, a 96-well plate seeded with 5000 cells per well was prepared. After 24
h incubation with the miNPs at varying loading concentrations of miRNA ranging from 0,
12.5, 25, 50, 100, and 200 nM, the 100 y4_ supernatant and the 100 L rinsing medium (x2)
of each well were collected to obtain the percentage of uptake relative to the loading
concentrations. V=6 in each loading concentration. To recapitulate the microenvironment
of ischemic myocardium, the hypoxic condition was introduced in the entire process of
miNP uptake and release. In brief, the 96-well plate with cells after the addition of miNPs
was kept in the BD GasPak EZ pouch systems (Becton Dickinson) in the cell culture
incubator, and the miNP uptake was measured accordingly as above.

At equal loading concentrations in the 96-well plate, the cytotoxicity of miRNAs to hESC-
CM, hESC-ECs, and hCFs was examined by the CellTiter-Glo luminescent cell viability
assay 2.0 (Promega). In brief, following the user’s manual, 100 s CellTiter-Glo reagent
was added and mixed with 100 gL culture medium in each well, which was preseeded cells
for 48 h; after 5 min homogeneous shake and 15 min incubation at RT, the luminescent
intensity was read by a plate reader (Promega). Correspondingly, the Lipofeactamine
RNAIMAX (lipo) was used as control group. /=6 in each loading concentration. The
optimal loading concentration for each cell type (50 nM) was applied in the following
cellular function assessment experiments.

Cellular Function Assessment of miNP on the Cardiovascular Cells.

The function of miRNA on cell proliferation was first evaluated by the /n situ live-cell
imaging method (IncuCyte S3). In details, the hESC-CMs at 1 x 10%/mL were preseeded at
6 well plate for 2 days, then the live-cell imaging initiated at the same time of miNP
treatment (50 nM) by the IncuCyte at an interval of 1 h for 48 h of post-transfection. The
numbers of hESC-CMs were counted at 0 and 48 h. Three replicates for two groups: miNP
and miNP-scramble.

The cell proliferation was further quantitatively analyzed by the confocal images of double
fluorescently immunostained Ki67 and alpha-actinin in both miNP and lipo groups, and the
scrambled miRNA was included as a control group. In brief, Ki67 and alpha-actinin of
hESC-CMs were fluorescently immunostained with anti-Ki67 from rabbit (ab15580, 1:100,
Abcam) and anti-alpha-actinin from mouse (A7811, 1:200, Sigma), and correspondingly the
secondary antibodies of Alexa Fluor donkey-antirabbit 488 and Alexa Fluor donkey-
antimouse 647, followed by imaging using confocal microscopy (Carl Zeiss LSM710) with
multichannels at 488 and 647 nm. DAPI was counter stained as well. Ten images at 10x
magnification were taken from each replicate, and each group had 3 replicates. The hESC-
CMs showing in double-positive of Ki67 and alpha-actinin were considered in cell cycle re-
entry.
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The activity of cell proliferation at varied loading concentration from 0 to 200 nM of
miRNA was evaluated by the CellTiter 96 AQueous One Solution Cell Proliferation Assay
(Promega) on the hESC-CMs, hESC-ECs and hCFs. Specifically, a mixture of 20 /L
CellTiter 96 Aqueous reagent and 100 gL culture medium was added into each well of the
96-well plate after 48 h of miNP treatment. After 1.5 h of incubation in the cell culture
incubator, the absorbance was recorded by a microplate reader at 490 nm (/=6 in each
loading concentration). The 48 h proliferation of hESC-CMs, -ECs, and hCFs treated with
miNP was normalized to the untreated groups. The effect of hypoxic condition on the
activity of proliferation of hESC-CM and -ECs was normalized to the proliferation in
normoxic condition.

The cellular responses of miNP treatment on the transcriptional levels of hHESC-CMs, hESC-
ECs, and hCFs under hypoxic condition were measured by the real-time quantitative PCR
(RT-gPCR). Six groups were studied: miNP in normoxia and hypoxia, miNP-scramble in
normoxia and hypoxia, and control (without any treatment) in normoxia and hypoxia. First,
RNA was extracted using RNeasy Mini Kit (Qiagen). All the RNAs used in this study were
A260/280 = 1.9-2.1. Then 500 ng cDNA was synthesized via reverse transcription using the
iScript cDNA Synthesis Kit (Bio-Rad). The gPCR was performed with the TagMan gene
expression assay, and the mRNA expression levels of GAPDH, CDC6, CCNE1, CDK?7,
AURKB, VEGFA, and HIF1A were examined. The final results were demonstrated as the
relative expressions to the control group (A= 3 in each group).

Hydrogel Synthesis and Characterization.

The engineered injectable hydrogel was synthesized and purified as previously described.33
Briefly, the cross-linked elastin-like protein-hyaluronic acid (ELP-HA, 1 wt %/1 wt %)
mixing the two components at room temperature formed hydrogel: hydrazine-modified ELP
(ELP-HYD) and aldehyde-modified HA (HA-ALD). The ELP used in this study, with a
molecular weight of 37840 Da, is a recombinant protein made in-house containing a
bioactive cell-adhesive RGD domain. HA (M,,: 700 kDa) was purchased from Lifecore
Biomedical.

Mechanical measurements were performed on a stress-controlled rheometer (ARG2, TA
Instruments) using a 20 mm diameter, following cone-on-plate geometry. Samples were
allowed to gel /n situ on the rheometer, and a humidity chamber was secured in place to
prevent dehydration. Gelation time sweep was performed at oscillatory stress of 4.74 Pa at
25 °C for 5 min, followed by another 5 min at 37 °C to allow full gelation and equilibrium at
physiological temperature. All further measurements were made at 37 °C. A strain sweep
from 0.1 to 1000% were performed at an angular frequency of 1 Hz to test the linear
viscoelastic region (LVR) of the material. Angular frequency sweep was conducted from 0.1
to 10 Hz with a constant 5% strain amplitude. Shear-thinning and self-healing properties of
the gel sample were characterized by measuring linear viscosity (7) under a time sweep
mode at alternating low and high shear rates of 0.1 and 10 s™1, respectively, for 1 min each
and a total of 7 min. A stress relaxation test was conducted under a constant strain of 10%.
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In Vivo Nanoparticle Delivery via Injectable Hydrogel in a Rat Ml Model.

First, the subacute Ml model was achieved in the RNU rats (Charles River Laboratories) via
a 1 h ligation and reperfusion. Then, the chest was reopened and 15 z1 of NP-hydrogel
composite was injected intramyocardially at 3 sites at the edge of the infarct zone with a 28-
gauge insulin syringe. Five experimental groups in total were studied: PBS, miNP, hydrogel,
hydrogel/miNP-scramble, and hydrogel/miNP. The details of NP-hydrogel composite
formation are as follows: the miNPs or miNP-scramble were encapsulated within the ELP-
HA hydrogel briefly, and the 3 £ miNP or miNP-scramble stock solution was first well
mixed with the ice-cold 6 ¢ ELP-HYD solution, followed by mixing with 6 (/L. HA-ALD
solution to form the gel. For the hydrogel group, 3 £ miNP stock solution was replaced by
3 4L 1x PBS. For the miNP group, 3 4L miNP stock solution and 12 1 PBS were mixed
before injection. For the PBS group, 15 4 PBS was used. Study protocols were approved
by the Stanford Animal Research Committee. Animal care was provided in accordance with
the Stanford University School of Medicine guidelines and policies for the use of laboratory
animals.

Echocardiography.

Histology.

At -1 day, 1 and 3 months after hydrogel/miNP injection, cardiac function was evaluated by
the transthoracic echocardiography (Vevo 2100 Imaging System, VisualSonics). Rats were
anesthetized with 2% inhaled isoflurane, while LV internal dimensions were measured in
systole and diastole using leading-edge methods and guidelines of the American Society of
Echocardiography.”® LV systolic function was quantitatively measured using the Vevo Lab
software.

The rats were sacrificed at 28 days to harvest the heart. The harvested hearts were fixed with
4% (wt/v) paraformaldehyde overnight at 4 °C, and then immersed in 30% (wt/v) sucrose
solution in the following 24 h at 4 °C. After embedding and frozen in the OCT, the blocks
were then cryosectioned into sections at 10 4m. The slides with myocardial sections were
further stained with Picro Sirius Red (ab150681, Abcam) to visualize the dense collagen
fibers in the fibrotic area. Hematoxylin and eosin (H&E) staining was performed to examine
the immune response and hydrogel engraftment in the myocardium.

The immunofluorescence staining was performed to identify the proliferation of CMs in the
border zone of left ventricular tissue sections with ki67 (ab15580, 1:100, Abcam), cTnT
(ab45932, 1:300, Abcam) and DAPI. To calculate the CM proliferation rate in the border
zone, images at 10x per rat were taken in each group, the cells with double positives of ki67
and cTnT were considered proliferative CMs, and the number of rats in each group was 4.
Also, the capillary in the border zone was stained with isolectin GS-1B4 Alexa Fluor 594
Conjugate (121413, Thermo Fisher Scientific). To calculate the capillary density in the
border zone, images at 10x per rat were taken in each group, and the number of rats in each
group was 4.
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Tube Formation Assay.

The mixture of 2 x 105/mL hESC-ECs and miNP or miNP-scramble was seeded on the
Matrigel (growth factor reduced; Corning) precoated 24 well plates. After cell seeding, the
plate was kept in cell culture incubator with or without the BD GasPak EZ pouch systems
(Becton Dickinson). In total, 6 experimental groups were included: control-normoxia,
miRNA-scramble-normoxia, miRNA-normoxia, control-hypoxia, miRNA-scramble-
hypoxia, miRNA-hypoxia (V= 10-12 per group). At 24 h, one image at 4x was taken from
each group. The ImageJ plugin, Angiogenesis Analyzer, was applied to analyze the tubes.
Accordingly, three parameters were selected: number of nodes, number of junctions, and
number of branches.

Fibrosis Contraction Assay.

First, cast the mixture of 6 x 108/mL hCFs, type | collagen at 2 mg/mL and 1 N NaOH in the
0.2% F127 (Thermo Fisher) precoated 48 well plate. After 1 h solidification in the culture
incubator, 300 4L RPMI with 10% FBS medium was added to float the round cell-collagen
construct. In total, 6 experimental groups were included: control-normoxia, miRNA-
scramble-normoxia, miRNA-normoxia, control-hypoxia, miRNA-scramble-hypoxia,
miRNA-hypoxia, and 6 replicates per group. At 24 h, one image at 4x was taken from each
group. The diameter of each sample was measured, and the area of the construct was then
calculated accordingly.

Statistical Analysis.

Data are presented as mean + SEM (standard error of the mean). Statistical significance was
determined using either Student’s ¢test or one-way ANOVA test. £< 0.05 was considered as
significant difference. The /n vivo results obtained from the echocardiography were double-

blinded to the animal surgeon and echocardiography operator.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of miNPs and miRNA release from miNPs. (a) The animated structure of
miNPs with a core-shell structure: PFBT core, PEG shell, and TAT and miR-199a-3p
> conjugate on the surface of NPs. (b) The TEM image of miNPs, scale bar = 200 nm. (c) The
c size distribution of fresh miNPs in percentages. (d) Zeta potentials of NPs with or without
g miRNAs. (e) Averaged sizes, (f) distribution in percentage, and (g) zeta potentials of miNPs
% before and after 6 cycles of freezing at —80 °C and thawing at room temperature (**p < 0.01,
% n.s.: nonsignificant). (h) Percentage of miNP release from ELP-HA hydrogel with PBS or
S MMP-9, n= 4. (i) miRNA release from DSPE-PEG-miRNA conjugates by GSH cleavage
g_ and miNPs by GSH or DTT cleavage with the pure miRNA as a control.
§e)
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Figure 2.

miNP uptake and cytotoxicity in the human cardiovascular cells. (a) Schematic procedures
of miNP uptake sampling from the cardiovascular cells: hESC-CMs and hESC-ECs. (b)
miNP uptake percentage and absolute amount in hESC-CMs. (c) miNP uptake percentage in
hESC-CMs under normoxic or hypoxic condition. (d) Confocal images of miNPs (yellow)
internalized in the hESC-CMs (fluorescently immunostained with alpha-actinin in red and
DAPI in blue), scale bar: 50 4m. () miNP uptake percentage and absolute amount in hESC-
ECs. (f) miNP uptake percentage in hESC-ECs under normoxic or hypoxic condition. (g,h,i)
Cytotoxicity of miNP on the hRESC-CMs, hESC-ECs, and hCFs at 48 h post-transfection
with varied loading concentrations of miRNA using miNP or lipo as the delivery carriers,
respectively. N=4-6, *p<0.05, **p< 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3.
Cardiac function assessments in the rat ischemia/reperfusion model up to three months. The

cardiac function of rats was evaluated by the cardiac echography within five groups: PBS,
miNP, hydrogel, hydrogel/miNP-scramble, and hydrogel/miNP. (a) The representative
corresponding b-mode and m-mode ultrasound images of a parasternal short-axis view of a
rat heart at —1 day, 1 and 3 months in the PBS, miNP, hydrogel, hydrogel/miNP-scramble
and hydrogel/miNP groups. (b) The improved EF in the hydrogel/miNP group, worsened EF
in the PBS group and preserved EF in the miNP, hydrogel, and hydrogel/miNP-scramble
groups. (c) The improved FS in the hydrogel/miNP group, worsened FS in the PBS group
and preserved FS in the miNP, hydrogel, and hydrogel/miNP-scramble groups. (d) Dilated
LV with increased EDV in all the groups. (e) Preserved ESV in the hydrogel/miNP group,
significantly increased ESV in PBS, miNP, hydrogel, and hydrogel/miNP-scramble groups.
(f) Images of fibrosis in the hydrogel/miNP and hydrogel/miNP-scramble groups evaluated
by Picro Sirius Red staining. (g) Quantification of scar sizes in the hydrogel/miNP-scramble
and hydrogel/miNP groups. (h) Confocal images of fluorescent immunostained Ki67 in
green, cTnT in red and DAPI in blue of left ventricular tissue sections from the hydrogel/
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miNP and hydrogel/miNP-scramble groups at 1 month. (i) Quantification of double positive
Ki67+ and cTnT+ CMs in (h) from the hydrogel/miNP and hydrogel/miNP-scramble groups
at 1 month. /= 4. (j) The histological analysis of angiogenesis in myocardium within two
groups: hydrogel/miNP-scramble and hydrogel/miNP, evaluated by the immunofluorescent
imaging of capillary (red), miNPs (green), and nuclei (blue). (k) Over doubled capillary
density of the infarction border zone in hydrogel/miNP group as compared to that in the
hydrogel/miNP-scramble group. N=4. *p< 0.5, **p< 0.01, ***p < 0.001. (I) Images of
H&E stained left ventricular tissue section with injection of hydrogel/miNP at 1 month. A
stable engraftment of hydrogel was observed within the myocardium, and no immune
response was observed.
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Figure 4.
Enhanced proliferation of hESC derived cardiovascular cells. (a) The phase-contrast live-cell

imaging by IncuCyte over 48 h in corresponding to the Supplementary Video S1, arrows
indicate the proliferating cells. Scale bar: 10 zm. (b) Coordination of the end-point (at 48 h)
live-cell phase-contrast and immunostained fluorescent images of troponin T (green). The
yellow dash line contoured the non-CM. Scale bars: 10 zm. (c) Percentage of hESC-CM
number increase in 48 h using live-cell imaging by IncuCyte along with a cartoon
illustration. (d) Confocal images of hESC-CMs transfected with PFBT miNPs (yellow) and
stained by EdU (green), alpha-actinin antibody (red), and DAPI (blue), indicating the miNP
uptake and CM proliferation. The overlap of EdU (green) and DAPI (blue) signals appears
in cyan color. Scale bars: 50 ym. (e) and (f) Different cell cycle stages of hESC-CMs treated
with PLGA miNPs, followed by staining with EdU (green), alpha-actinin (red), and DAPI
(blue). Scale bars: 20 gm. (g) The ratios of double positive EJU and alpha-actinin stained
hESC-CMs treated with miNP or miNP-scramble at miRNA concentrations of 25 and 50
nM, respectively. /= 10. (h) Confocal images of Ki67 (red), alpha-actinin (green) and
nuclei (DAPI, blue) in hESC-CMs treated with miNP or lipofectamine RNAIMAX/miRNA.
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40x, (i) Ratios of double positive hESC-CMs of Ki67 and alpha-actinin treated with miNP,
or lipofectamine RNAIMAX/miRNA in normalization to the control group. p= 0.55 of
miNP vslipo. (j) Relative cell numbers of hESC-CMs, hESC-ECs and hCFs at 48 h to the
cell numbers at O h after miNP treatment, /= 4. (k) Hypoxic condition relatively decreases
the cell proliferation of hESC-CMs at varied miRNA loading concentrations as compared to
the normoxic condition. (I) Hypoxic condition relatively decreases the cell proliferation of
hESC-ECs at varied miRNA loading concentrations as compared to the normoxic condition.
n.s.: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, V= 4-6 in each

group.
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Figure5.

human cardiovascular cells treated with miNP or miNP-

ive gene expressions in

Relat

scramble in normoxic or hypoxic condition. CDC6, CCNE1, CDK7, AURKB, VEGFA, and

HIF1A expression in hESC-CMs (a—f), hESC-ECs (g-I), and hCFs (m-r). *p < 0.05, **p<

0.01, ***p< 0,001, ****

£<0.0001.
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Figure6.
Schematic summary of miNP /n vivo delivery system for restoring the infarcted

myocardium. miRNA was successfully encapsulated and further delivered viathe
comprehensively designed shear-thinning hydrogel/miNP system into the border zone of
myocardial infarction, and the released miNPs were efficiently uptaken by the
cardiomyocytes and endothelial cells with the assistance of cell penetrating peptide. Since
the miNPs entered into the cytoplasma, the miRNAs were readily released and then
interacted with mRNAs to regulate the cellular function of cardiovascular cells to further
restore the function of infarcted myocardium through activating the cell cycle re-entry,
angiogenesis, and antiapoptosis of cardiomyocytes and endothelial cells.
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