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In Vitro Evaluation of the Therapeutic Effects of Dual-Drug
Loaded Spermine-Acetalated Dextran Nanoparticles Coated
with Tannic Acid for Cardiac Applications

Giulia Torrieri, Ménica P. A. Ferreira, Mohammad-Ali Shahbazi, Virpi Talman,
S. Tuuli Karhu, Lotta Pohjolainen, Cldudia Carvalho, Jodo F. Pinto, Jouni Hirvonen,
Heikki Ruskoaho, Vimalkumar Balasubramanian,* and Hélder A. Santos*

Myocardial infarction results in a massive loss of cardiomyocytes (CMs).
Unfortunately, current therapies are unsuccessful in replacing lost CMs, and thus,
there is an urgent need for innovative approaches. Here, a nanosystem based on
spermine-acetalated dextran (AcDXSp) and encapsulating two drug compounds
able to stimulate in vitro CMs proliferation is developed. The nanosystem is
coated by deposition of a film constituted by tannic acid (TA) and Fe3* ions. The
coating with TA increases the retention of the nanocarrier in cell co-cultures of
CMs and fibroblasts stimulated with transforming growth factor (TGF)-8, due

to the high affinity of TA for components of the cardiac extracellular matrix.

The system exhibits biocompatibility toward primary CMs and induces their
proliferation, as indicated by the two-fold increase of CMs in the active cell cycle.
At the same time, the presence of TA synergistically helps contrasting fibrosis by
reducing profibrotic genes expression, such as collagen 1 and osteopontin, by
approximately 80% compared to the control. Overall, the developed nanosystem
demonstrates the capability to stimulate CMs proliferation and reduce fibrosis,

showing potential benefits for future in vivo applications.

1. Introduction

Myocardial infarction (MI) is one of the leading causes of death
worldwide.! Upon infarction, the heart cannot deal with the
massive loss of cells by replacing it with new, functional CMs,

and instead, initiates forming a scar.l
After that, the tissue goes toward a patho-
logical remodeling of the left ventricular
wall associated with hypertrophy, and
fibrosis develops.># The deposition of
fibrotic tissue and the consequent hyper-
trophy of the cardiac muscle results in a
progressive loss of contractile function,
eventually leading to heart failure (HF).l
HF is a leading cause of mortality and
morbidity, showing increasing prevalence
with the aging of the population, and thus,
representing a major public health issue.!

Current  therapies,  unfortunately,
cannot revert the pathological changes fol-
lowing a MI. They mainly help to contain
the symptoms of the disease, but offer only
small prolongations in survival.l’) Hence,
novel strategies to tackle HF and reduce
mortality and morbidity are needed. A
promising strategy for HF therapy could
be the inhibition of fibrosis, while stimulating cardiomyocytes
(CMs) proliferation.l’] The compounds used for the stimula-
tion of CM proliferation include p38 mitogen-activated protein
kinase (MAPK) inhibitors, like SB203580, and Wnt activators,
such as CHIR99021.° Inhibition of p38 MAPK up-regulated
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cell cycles specific genes, such as cyclin A, and genes involved
in mitosis and cytokinesis, including cyclin B, cyclin-dependent
kinase 2 (cdc2), and aurora B.”l Moreover, it regulates kary-
okinesis of neonatal CMs by increasing almost 4-fold the per-
centage of phospho-histone H3 positive CMs.”) Wnt/B-catenin
signaling has a pivotal role during the neonatal heart develop-
ment, and in particular, it promotes cardiac differentiation at
early developmental stages, while it inhibits it later.®] Activation
of the Wnt pathway leads to inhibition of the glycogen synthase
kinase 3 (GSK3) and this prevents degradation of S-catenin in
the cytoplasm.l”) CHIR99021 was identified as the most potent
small-molecule compound able to stimulate human CM pro-
liferation, inducing cell cycle activity marked by Ki67, and an
increase in CM numbers compared to controls.'”] Application
of these therapies holds promises for the regeneration of the
damaged heart. However, the administration of drugs able to
induce cell proliferation could be a dangerous approach, since
it could develop malignancies in other parts of the body."!l Also,
it has been shown that, for example, long-acting miRNA gene
therapy, despite having promising effects on the recovery of
cardiac function after MI, resulted in lethal arrhythmias with
death of the treated animals.['?l

Moreover, the existing enhancers of CMs proliferation, such
as small molecules, transcription factors, and miRNAs, suffer
from poor bioavailability due to their hydrophobicity and/or
instability.™!

Nanomedicine has brought promising innovations in the
drug delivery field and can prevent the undesired effects
arising from uncontrolled CMs proliferation. Many treat-
ments have gained better efficacy as a result of the ability of
engineered carriers to reach different parts of the body.'*!4
Consequently, nanoparticles (NPs) are limiting systemic
adverse effects of the therapeutic payloads, and moreover,
they can allow delivery of multiple compounds.!'*' In recent
years, there has been an increasing interest in nanomedi-
cines for the treatment of cardiovascular diseases and many
approaches have been proposed for heart targeting.'>%
Passive targeting was achieved by taking advantage of the
leaky vasculature in the infarcted myocardium,?%2! as well as
by developing materials that are responsive to mechanical and
enzymatic stimuli.l??2 In particular, Hong et al. have recently
developed NPs coated with low molecular weight heparin
to achieve delivery of miR-1 into infarcted hearts, resulting
in improved cardiac function and reduction of fibrosis.?!
Active targeting instead, was accomplished by modifying the
NPs surface with antibodies!?>?4 and different peptides,!?"24
including a peptide targeting the angiotensin II type 1 receptor
(AT1)] and cyclic peptides like peptide CSTSMLKAC?* and
CRSWNKADNRSC. In our group, different heart-targeting
strategies have been exploited in the past, including the use
of atrial natriuretic peptide (ANP) alone,®! or together with
TT1 peptide, to achieve synergistic hitchhiking effect of mac-
rophages.l'8! Moreover, NPs were loaded with compounds
aiming at fibroblasts reprogramming,/?! stimulation of CMs
proliferation,® and cardioprotection.'”l However, the cardiac
tissue with its constant pumping prevents the retention of
nanocarriers in situ,?®! and thus, there is an urgent need of
molecules able to keep the nanocarriers long enough in the
infarcted tissue.
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Recently, Shin et al. 2% discovered that tannins can promote
heart targeting and retention in place, as a result of the strong
interaction with highly abundant components of the cardiac extra-
cellular matrix (ECM), such as elastin and collagens. These inter-
actions are dictated by the formation of multiple hydrogen bonds
and hydrophobic interactions between the proteins in the ECM
and the phenolic hydroxyl-rich moieties of tannic acid (TA).2¢!

Here, we exploited the heart targeting properties of TA by
using it as a film to coat spermine-acetalated dextran (AcDXSp)
NPs, which were used to improve the solubility of two small
hydrophobic compounds, CHIR99021 and SB203580 that had
been reported to stimulate CM proliferation. %l

We hypothesized that the TA coating enhances the interac-
tion of AcDXSp NPs with cardiac cells, especially when cells
are stimulated to produce more ECM. Also, the pH-respon-
sive degradation of the TA coating could allow for sustained
release of the compounds encapsulated. Moreover, the antifi-
brotic properties of TA could help reducing the expression of
profibrotic genes in fibroblasts (FBs). Finally, the release of the
small hydrophobic compounds for CM proliferation can induce
increase of expression of proliferative markers in CMs, like
Ki67 and phospho-histone H3, as well as, allowing complete
cell division of CMs. The main goal of this study was to eval-
uate if the TA-coated AcDXSp could be used to target CMs and
stimulate their proliferation, and fibroblast to inhibit fibrosis.

2. Experimental Section

2.1. Preparation of AcDXSp NPs and Coating with TA

AcDXSp NPs were prepared as described in Supporting Infor-
mation. After collection and washings, the particles were coated
with TA, as described in literature.?®! Briefly, 0.5 mg of NPs
were resuspended in 490 uL of Milli-Q water pH > 8 and 5 uL
of a TA solution 40 mg mL™ were added and vortexed vigor-
ously for 10 s. Subsequently, 5 uL of an Fe3* solution 6 mg mL™
were added to the suspension and vortexed for 10 s. Particles
were then collected by centrifugation for 5 min at 13 400 x g
and washed once with Milli-Q water, pH > 8. All supernatants
were kept for detection of the drugs, CHIR99021 and SB203580,
using high-performance liquid chromatography (HPLC), as
described below.

2.2. Indirect Determination of TA and Fe3* Present in the Coating

After TA coating, the particles were centrifuged, as described
above, and the supernatant was stored to determine indirectly
the amounts of TA and Fe** present in the coating. Before any
quantification, the supernatant was acidified with HCI 1 M to
destroy the coordination complex.

The amount of TA present in the coating was determined
indirectly by Folin-Ciocaltew’s method.*¥ Briefly, 100 uL of
supernatant from the TA coating process were mixed with
200 pL of Folin-Ciocalteu’s reagent and vortexed vigorously.
Then, 800 uL Na,COs (700 x 10~3 m) were added into each tube
and incubated at room temperature for 2 h. Finally, absorbance
at 765 nm was measured with a Varioskan Flash Multimode
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Reader (Thermo Fisher Scientific). The amount of TA in the
coating was determined by the difference between the total
amount of TA added for the coating and the amount of TA
found in the supernatant discarded after the coating. Fe** was
instead determined by thiocyanate colorimetry.?*l Briefly, 100 uL
of ammonium thiocyanate solution (1 M) were added to 100 uL
of acidified supernatant from the TA coating. After 15 min of
incubation at room temperature, absorbance at 490 nm was
measured with a Varioskan Flash Multimode Reader (Thermo
Fisher Scientific). The amount of Fe?* present in the coating was
determined in indirect way, similarly to the TA.

2.3. Cell Cultures

All cell isolation, culture, and differentiation protocols are
described in the Supporting Information.

2.4. Quantitative Uptake Studies on Primary Cardiac Cells
and Primary M1- and M2-Like Macrophages

Primary rat cardiac cells were seeded onto six-well plates at a
density of 5 x 10° and 1.5 x 10° cells per well for CMs and non-
myocytes, respectively, and let to attach overnight at 37 °C. Cells
were then incubated with 50 pg mL™ of fluorescent-labeled
NPs for 2 h. After incubation, cells were washed twice with
phosphate buffer saline (PBS)—ethylenediaminetetraacetic acid
(EDTA), collected by trypsinization, and then washed again.
All cells were finally dispersed in PBS-EDTA and quantitative
uptake was evaluated by an LSR II flow cytometer (BD Bio-
sciences, USA). In order to quantify the cellular uptake, external
fluorescence was quenched by incubation for 4 min with trypan
blue (TB; 0.005% v/v). Cells were then pelleted by centrifuging,
dispersed in fresh PBS-EDTA and samples were run again.
Uptake of bare AcDXSp and TA-coated NPs was evaluated
also on primary murine M1- and M2-like macrophages obtained
by differentiation of monocytes isolated from bone marrows,
as described in Supporting Information. The uptake of TA
NPs also on these cells was evaluated to demonstrate that the
TA coating has an antifouling effect, similar to PEG.[2*3U Simi-
larly, as described above, cells were seeded in six-well plates at
a cell density of 5 x 10° cells per well. Fluorescently labeled NPs
(50 ug mL™Y) were then incubated with the cells for 2 h. After
incubations, cells were washed twice with PBS—EDTA and then
detached by incubating them for 15 min on ice with a solution of
PBS-EDTA with EDTA concentration of 3 x 10 m. The cell sus-
pension was then evaluated by a BD Accuri C6 Plus (BD, USA)
flow cytometer. All data were analyzed with FlowJo software
(Tree Star, Inc., USA) and results were reported as MFI values.

Table 1. Primary antibodies used in qualitative uptake studies.

2.5. Mechanism of Uptake Studies

The endocytosis mechanism adopted by cells to uptake
AcDXSp-TA NPs was studied for both primary CMs and FBs.
Before incubation with AcDXSp-TA NPs, cells were treated with
the compounds listed in Table S1 (Supporting Information), in
order to inhibit specific uptake pathways, and thus, evaluate the
mechanism of internalization of the NPs. Incubation with the
compounds was performed for 30 min, followed by the addi-
tion of AcDXSp-TA NPs. After incubation, cells were washed,
detached, dispersed in PBS-EDTA and analyzed by flow cytom-
etry, as described above.

2.6. Qualitative Uptake Studies

Qualitative uptake studies were performed by confocal
imaging on primary CMs, FBs, and co-cultures of the pre-
vious cell lines, both with and without TGF-f stimulation.
Cells were seeded in eight-well chambers (Lab TekTM, Thermo
Fisher Scientific, USA) pre-coated with gelatine. Cell co-cul-
tures were settled up by seeding directly the cell suspension
obtained after tissue digestion. After seeding, cells were let
attach overnight and then they were treated with TGF-f at a
concentration 3 ng mL™ for 48 h. Subsequently, cells were
incubated with 50 ug mL™ of fluorescently labeled NPs for 2 h.
After treatment with AcDXSp and AcDXSp-TA NPs, cells were
washed 2 x 5 min with PBS, fixed for 20 min with a solution
of paraformaldehyde (PFA) at a concentration of 4% (v/v) and
then washed again 3 x 5 min with PBS. After fixation, immu-
nostainings were carried out. Some wells were left untreated
to characterize the three different cell cultures. First, cells
were permeabilized with 0.1% (w/v) Triton X-100, then washed
2 x 5 min with PBS and blocked with 4% (v/v) FBS in PBS
for 45-60 min. Incubation with primary antibodies for 60 min
at room temperature, shaking at 300 rpm was then following.
Different cells were treated with different antibodies according
to the scheme presented in Table 1.

Afterward, cells were washed 3 x 5 min with PBS and then
secondary antibodies (anti-rabbit 546 (1:250, A-11035), anti-
mouse 488 (1:250, A11029), anti-rat 647 (1:200, A-21247) (all from
Invitrogen, USA), and DAPI, (1:250, Vector Laboratories) were
added to each well and incubated for 45 min at room tempera-
ture, shaking at 300 rpm. Cells were washed 3 X 5 min with
PBS and stored in darkness at +4 °C in Ibidi glycerol-based
mounting media until imaging (Ibidi, Germany). Images were
captured by using a 63 x glycerol objective in a Leica TCS SP8
STED 3X CW 3D inverted microscope (Leica Microsystems,
Germany) and then processed with Leica AS software (Leica
Microsystems, Germany).

Cardiomyocytes

Fibroblasts Coculture

Uptake samples  Rabbit anti-Collagen | (1:500, ab34710, Abcam)

Characterization Rabbit anti-Collagen |
(1:500, ab34710, Abcam), mouse anti-cTnT

(1:500, MS_295, ThermoFisher Scientific)

samples

Rabbit anti-Collagen | (1:500, ab34710, Abcam)

Rabbit anti-Collagen |
(1:500, ab34710, Abcam), rat anti-Vimentin
(1:250, MAB2105, Rndsystem)

Rabbit anti-Collagen | (1:500, ab34710, Abcam)

Rabbit anti-Collagen |
(1:500, ab34710, Abcam), mouse anti-cTnT
(1:500, MS_295, ThermoFisher scientific),
rat anti-Vimentin (1:250, MAB2105, Rndsystem)
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2.7. Determination of Cell Proliferation: Ki67, Phospho-Histone
H3, and Aurora B Kinase Immunostainings

For the determination of proliferation, primary CMs were
seeded in transparent 96-well plates (Corning, USA) at a cell
density of 2.5 x 10* cells per well and left to attach overnight.
Ki67 immunostainings were performed also on hiPSC-CMs and
in that case, cells were seeded at a cell density of 2.5 x 10* cells
per well. hiPSC-CMs were obtained, as described in Supporting
Information, and they were at day 20 post-differentiation when
treated with the NPs. Cells were then treated with different con-
centrations of empty and loaded AcDXSp and AcDXSp-TA NPs
corresponding to concentrations of CHIR99021 of 1 x 107°, 3 x
1076, 5 x 10 and 10 x 10° M (calculated according to loading
degree (LD) values). Compounds alone, were used as positive
controls, while medium alone and medium containing 1% (v/v)
DMSO, were used as controls for empty and drug-loaded NPs.
After 24 h, cells were placed on ice to block all cellular actions,
washed twice with PBS pH 74 and then fixed for 20 min with
a solution of PFA at a concentration of 4% (v/v). After fixation,
cells were washed 3 X 5 min with PBS and then permeabi-
lized for 10 min with 0.1% (w/v) Triton X-100. Then cells were
washed 2 x 5 min with PBS and blocked with 50 uL of 4% (v/v)
FBS in PBS for 45-60 min. FBS was removed and cells were
incubated with 30 uL of primary antibodies (Rabbit Anti-Ki67
antibody [SP6] (1:200, ab16667, Abcam), Rabbit Anti-Phospho-
Histone H3 (Ser10) (1:500, 9701S, Cell Signaling Technology),
Rabbit Anti-Aurora B (1:500, ab2254, Abcam) and Mouse Anti-
troponin T, cardiac (1:500, MS_295, ThermoFisher scientific))
for 60 min at room temperature, shaking at 300 rpm. Aurora
B and phospho-histone H3 immunostainings were performed
by incubating cells with primary antibodies overnight at +4 °C.
Primary antibodies were washed away 3 x 5 min with PBS and
30 uL of secondary antibodies (goat anti-mouse IgG H+L Alexa-
546 (1:250, A-11030, Life Technologies; donkey anti-rabbit IgG
H+L Alexa-647 (1:250, A-31573, Life Technologies) and DAPI
(1:250, Vector Laboratories) were added for 45-60 min at room
temperature, shaking at 300 rpm. Wells were also treated with
medium and used as a secondary antibody control. Cells were
finally washed 3 x 5 min with PBS and stored in darkness at
+4 °C until imaged. Plates were then imaged with an ImageX-
press Nano (Molecular Devices, USA) high content imaging
system using a 10x objective. Analysis was conducted with a
MetaXpress 6.6.1.42 software (Molecular Devices).

For quantification, the cells were first identified based on
DAPI fluorescence, which defined the nuclear area. Non-myo-
cytes were excluded based on the absence of cardiac troponin
T staining. The threshold for cardiac troponin T fluorescence
intensity was set manually in each experiment to allow optimal
exclusion of non-myocytes. The data were collected only from
cardiac troponin T-positive cells. The intensities of Ki67,
phospho-histone H3 and aurora B stainings were analyzed
within the nucleus. The threshold for Ki67, phospho-histone
H3, and aurora B positive cells was set manually in each experi-
ment to adjust for minor variation in staining intensity. For
aurora B immunostainings, analysis of the surface area of CMs
by identifying and quantifying the area of cTnT staining was
also run. The percentage of CMs in telophase was obtained
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by manually counting in a blinded experiment the number of
cells that were presenting the aurora B staining between the
two dividing cells. Percentages were then calculated referring to
the total amount of CMs present in each well (calculated by the
MetaXpress 6.6.1.42 software).

2.8. Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR) Studies

The anti-fibrotic effect of TA and the proliferative effect of drug-
loaded NPs were evaluated by RT-qPCR. Primary rat FBs and
CMs were seeded in six-well plates (Corning, USA) at a cell
density of 2.5 x 10° and 5 x 10° cells per well, respectively, and
let to attach overnight. Empty and loaded NPs, as well as com-
pounds alone, were added to the cells in order to achieve a con-
centration of CHIR99021 of 3 x 103 M, based on the LD of the
NPs. Cells were treated also with medium and medium con-
taining 1% (v/v) of DMSO as controls. After 24 h incubation,
RNA was isolated from cells using TRIzol reagent (Invitrogen),
following the manufacturer’s protocol by using the Phase Lock
Gel system (Eppendorf AG). The cDNA was synthesized from
total RNA with a First-Strand cDNA Synthesis Kit (GE Health-
care Life Sciences), following the manufacturer’s instructions.
Finally, the RNA was analyzed by RT-PCR on a LightCycler
480 qPCR machine (GE Healthcare Life Sciences) using
TagMan chemistry. The results were quantified using AACT
method and normalized to housekeeping gene 18S quantified
from the same samples. The following pre-designed TagMan
probes from Thermo Fisher Scientific were used in the assay:
18S (4352930E), Collal (Rn01463848_m1), Sppl (Rn00681031_
ml), Tghl (Rn00572010_ml), Tnfa (Rn01525859_gl),
Myc(Rn07310910_m1) Fos(Rn02396759_m1), Ccna2(Rn01493715_m1),
Cenbl (Rn01494180_gl1), Ccndl (Rn00432359_m1l) and Ccnel
(Rn01457762_m1).

2.9. Statistical Analysis

Statistical analysis was performed using a GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, CA, USA). The statistical
methods used to analyze the data from each experiment are
described in each figure caption.

3. Results and Discussion

3.1. Nanoparticles Synthesis and Physicochemical
Characterization

The AcDXSp NPs were prepared by oil-in-water (o/w) single
emulsion technique, as previously described,?”! and the com-
pounds to stimulate CMs proliferation, CHIR99021 and
SB203580 (abbreviated respectively as CHIR and SB for sim-
plification), were dissolved in the organic solvent together with
the spermine-acetalated dextran polymer during the emul-
sion formation. Then, coating was obtained by sequential
addition, followed by vortexing of solutions of TA with Fe’,

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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as described by Guo et al.”’l The coating changed the color of  deposition of the coordination complex made of TA and Fe**
the NPs suspension from white to grey (Figure S1, Supporting  on the NPs. Moreover, the change of zeta-potential charge from
Information). This resulted in the formation of coordination  positive to negative values after coating with TA, provided evi-
bonds, which allowed the TA film formation and deposition  dence of the presence of TA coating on the NPs’ surface. Empty
in a pH-dependent manner.?®! The coating took place in a few  and loaded NPs did not show any significant difference in size
second time, allowing for a fast and easy surface modification  or surface charge among them.
of the NPs, a more advantageous approach compared to the dif- Further confirmation of the presence of TA and Fe*" in the
ferent and time-consuming conjugation steps usually used to  coating of the produced NPs was evaluated by KBr Fourier-
conjugate moieties on the NPs surface. Fe’* was chosen con-  transform infrared (FT-IR) spectroscopy of the different compo-
sidering its adhesive properties after coordination with polyphe-  nents alone and the NPs before and after coating. As shown in
nolic materials.?” The presence of Fe’" in the coating can also ~ Figure 1B, after deposition of the TA-Fe3* coordination complex
be exploited for magnetic resonance imaging purposes in the  on the NPs’ surface, bands corresponding to the carbonyl groups
future, enabling to follow the NPs fate inside the body.’¥ More- ~ C=O0 stretching (1714 cm™) appear in the spectrum, as well as a
over, TA demonstrated to be able to increase the stability of NPs  broadening of the band corresponding to the stretching of the
in blood circulation, increasing their circulation time, similarly ~ hydrogen bonds established by the hydroxyl groups (O—H).*?l
as polyethylene glycol (PEG).126:31 Furthermore, we studied the morphology of the nanosystem
The bare and TA-coated NPs were then characterized by by acquiring transmission electron microscopy (TEM) images,
dynamic light scattering (DLS) and electrophoretic light scat-  which showed the presence of an irregular coating on the NPs
tering (ELS) (Figure 1A). The concentrations and ratios of TA  surface after the addition of TA and Fe** (Figure 1C,D). The
and Fe** were previously optimized by monitoring the particle ~ amounts of TA and Fe** in the coating of AcDXSp NPs were
size and polydispersity index (PDI) values of the obtained nano-  determined indirectly by Folin Ciocaltew’s method*! and iso-
suspensions (data not shown). We finally chose the optimal thiocyanate colorimetry,3*! respectively. In 1 mg of TA coated
condition that produced NPs with the smallest size and PDI ~ NPs there were 1673 ug of TA and 10.5 pg of Fe’" on the
values as possible. This is important for future in vivo applica-  surface.
tions, since the size of NPs, among other aspects, affects their Considering that all in vitro studies were performed in cell
circulation in the bloodstream.? medium, we determined the colloidal stability of the nanosys-
As shown in Figure 1A, there was an increase in size of tems in Dulbecco’s modified Eagle’s medium (DMEM)/F-12
the NPs after coating, which is hypothesized to be due to the  containing fetal bovine serum (FBS). We also evaluated their
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Figure 1. Physicochemical characterization of AcDXSp-TA NPs. NPs were characterized by DLS and ELS to obtain information about A) the particle
size, PDI, and zeta-potential, B) KBr-FTIR for the chemical composition of the NPs’ surface and representative TEM on the morphology of the NPs
C) before and D) after coating with TA. Values are represented as the mean + standard deviation (s.d.) (n > 3 biological replicates in which each time
three technical replicates have been used).
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stability in human plasma for comparison. When NPs were
tested in medium containing serum for 2 h, uncoated AcDXSp
NPs showed an increase of size (Figure 2A) and PDI (Figure 2B)
over time, while the TA-coated NPs were more stable. The same
trend was recorded when the stability was performed in human
plasma (Figure 2C). The stability was monitored also in an iso-
tonic glucose solution, considered as a vehicle to resuspend the
NPs during injections for future in vivo applications. Also in
isotonic glucose solution, the NPs showed very good stability
in terms of size and PDI (Figure 2D,E), validating its poten-
tial use as NPs resuspension media for injections. Altogether,
these results show the potential of TA coating to reduce the

interaction of coated AcDXSp NPs with plasma proteins and
serum in vitro, showing similar properties to PEG.[26:31

3.2. Release Studies in PBS (pH 7.4) and in Acetate Buffer
(pH 5.0)

The in vitro release profiles of CHIR and SB were evaluated in
both PBS (pH 74) and acetate buffer (pH 5.0) to mimic the phys-
iological extracellular environment and the conditions found in
acidic intracellular compartments after internalization in the
cells, respectively.}®l The release of the drugs was evaluated
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Figure 2. Evaluation of the colloidal stability of AcDXSp-TA NPs in different media. Stability studies were performed by A) recording size and B) PDI
in DMEM F-12 +10% FBS, C,D) glucose 5.4% (w/v) and E) in human plasma. Values are represented as the mean = standard deviation (s.d.) (n >3
biological replicates in which each time three technical replicates have been used).
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over 24 h, considering that this is the maximum incubation
time with the NPs during the in vitro evaluation of CMs pro-
liferation. Before determining the release profile of the two
compounds, we also determined the loading degree (LD) and
encapsulation efficiency (EE%) values for both uncoated and
TA-coated AcDXSp NPs (Table S2, Supporting Information).
The encapsulation of the drug molecules was done at a molar
ratio CHIR: SB of 1:2, which is the optimal ratio, according to
the literature, in order to induce CMs proliferation./-%’]

As shown in Figure 3A,B, SB displayed an increased release
rate at pH 5.0 compared to pH 74. The same was noted for
drug CHIR, of which less than 20% of drug released at pH 74
(Figure 3C), while more than 50% of the drug released at pH
5.0 (Figure 3D). This is in accordance with the pH-dependent
hydrolysis of the acetal groups present in AcDEX.¥#) Free
drugs were used as controls, and especially in the case of
CHIR, the NPs increased its dissolution rate in aqueous media.
Also, the solubility of CHIR was affected by the pH, where the
free drug was more soluble at pH 5.0 (Figure 3D) than at pH 74
(Figure 3C). For SB at pH 5.0 (Figure 3B), it can be noticed the
NPs improve the stability of the drug (the free drug dissolution
decreased after 8 h, possibly due to degradation), whereas the
drug-loaded NPs showed increase of the drug concentration up
to 24 h.

The drug release was evaluated also in DMEM supplemented
with 10% FBS and as shown in Figure 3EF, the presence of
serum enhanced the release of the compounds, in particular for
CHIR (Figure 3F). The NPs coated with TA showed a slower
release for both the compounds and this can be attributed to
the pH-dependent disassembly of the TA-Fe*" capsules.?®!
It has been demonstrated that at pH 2 TA capsules shrank
immediately and disassembled, since at acidic pH most of the
hydroxyl groups of TA are protonated and this leads to rapid
destabilization of cross-links and disassembly of the films.[?8! At
pH 5 and 74, instead, =70% and 90% of the capsules, respec-
tively, remain intact after 10 days of incubation.l?®! Considering
also that inflammation occurring in the ischemic myocardium
lowers the interstitial pH to 6-6.5,/*1*] these NPs could be used
for the sustained release of cargos into the infarcted myocar-
dium®! under these conditions. However, if a faster release is
desired, the nanosystem can be easily tuned by just changing
the metal used to form complexes with the TA, in order to ful-
fill the requested pH-responsive release.!”’]

3.3. Cell Viability Studies on Primary CMs and FBs

The cytocompatibility of the system was evaluated on human
coronary artery endothelial cells (HCAECs) and primary neo-
natal rat cardiac cells by CellTiter-Glo luminescence assay, which
detects the number of viable cells in culture based on quantita-
tion of the ATP present.*! Cell viability was determined after
incubation with the particles for 24 and 48 h with primary CMs
and FBs and 6 and 24 h with HCAEC. The time-points were
chosen considering the slow release of drugs from the NPs and
the desired effect on CMs, produced by the compounds CHIR
and SB (stimulation of CM proliferation by re-entry in the cell
cycle). We screened different NP concentrations, including
higher concentrations of NPs to evaluate how the concentration

Adv. Funct. Mater. 2022, 32, 2109032 2109032 (7 of 16)

range affects the safety. HCAEC were chosen considering that
ideally these are the first cells encountered by the NPs when
arriving to the cardiac tissue. As shown in Figure S2 (Sup-
porting Information), empty AcDXSp and AcDXSp-TA NPs
reduced the viability of HCAEC, especially after 24 h at higher
doses (after 24 h the viability was around 50% and 40% for
AcDXSp and AcDXSp-TA at a concentration of 500 ug mL™,
respectively). This cytotoxicity was recovered by loaded NPs,
probably due to the protective effect of the drugs.”*! Similarly,
as shown in Figure 4, AcDXSp NPs showed a dose-dependent
cytotoxicity toward both primary CMs (Figure 4A,B) and FBs
(Figure 4C,D), with stronger decrease of cell viability after 48 h
(Figure 4B,D).

The cytotoxicity of AcDXSp NPs can be ascribed to their
highly positive charge, which results in increased interaction
with the negatively charged cell membranes, causing disrup-
tion of the plasma-membrane integrity, production of a high
number of autophagosomes and damage to cellular organelles,
in particular mitochondria and lysosomes.*! Loading with
CHIR and SB, improved the safety of both nanocarriers, sug-
gesting a protective effect of the drugs on the cells. However,
considering the toxicity of the highest concentration of NPs, we
would exclude such concentrations for therapeutic purposes.

The biocompatibility was also assessed by incubating pri-
mary cardiac cells with TA, Fe**, and TA-Fe** for 24 and 48 h.
In Figure S3 (Supporting Information), it is shown that pri-
mary CMs (Figure S3A,B, Supporting Information) are less
sensitive compared to FBs (Figure S3C,D, Supporting Informa-
tion), and this can be explained by the anti-fibrotic properties of
TA.#48] Fe3*, did not show statistically significant cytotoxicity
differences in both CMs and FBs and when complexed with
TA, improved the TA safety profile.

3.4. Cell-Nanopatrticle Interactions with Primary Cardiac Cells

Interaction with cardiac cells was evaluated both quantitatively
and qualitatively. For the quantitative uptake, cells were treated
with fluorescently labeled NPs for 2 h and the uptake was eval-
uated by flow cytometry. Figure 5 shows the median fluores-
cence intensity (MFI) values for cells treated with both AcDXSp
and AcDXSp-TA NPs. Both primary CMs (Figure 5A) and FBs
(Figure 5B) showed more interaction with AcDXSp NPs com-
pared to TA-coated NPs, possibly due to the fact that AcDXSp
NPs are highly positively charged and more prone to interact
with negatively charged cell membranes, as described previ-
ously for the cytocompatibility studies.! However, TA-coated
NPs still showed a statistically significant interaction with cells,
showing that the TA coating is by no mean preventing the
uptake of NPs by the cells. Moreover, no statistically significant
differences were observed between MFI values before and after
surface fluorescence quenching with trypan blue, meaning that
NPs were mainly taken up by the cells. Furthermore, both TA
coated and uncoated AcDXSp NPs exhibited preferential inter-
action with primary CMs, considering the higher MFI values.
The internalization mechanism was also studied by pre-
incubating the cells with different endocytosis inhibitors.
Cytochalasin D (CytoD) depolarizes actin filaments, and thus,
was used to study the micropinocytosis and the role of actin
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Figure 3. Release profiles of drug-loaded AcDXSp NPs. Release profiles of A,B,E) SB203580 and C,D,F) CHIR99021 from bare CS@AcDXSp and
functionalized CS@AcDXSp-TA in PBS (pH 7.4), acetate buffer (pH 5.0) and in DMEM F-12 + 10% FBS at 37 °C. Data represented as mean + s.d.
(n = 3 biological replicates in which each time three technical replicates have been used).

in the endocytic process.”*" Genistein is an isoflavone,

which has suppressive effects on tyrosine kinases involved in
caveolin-mediated endocytosis.’'>3 Clathrin-mediated uptake
was inhibited by interference with clathrin disassembly and
receptor recycling to the plasma membrane by chlorproma-
zine.’¥ Finally, sodium azide, since it interferes with ATP pro-
duction due to its ability in inhibiting cytochrome c oxidase,
was used to study particle uptake via active transport.’>>0l As
shown in Figure 5, both CMs (Figure 5C) and FBs (Figure 5D)
exhibited the highest uptake inhibition after treatment with
CytoD and sodium azide, suggesting that actin filaments were

Adv. Funct. Mater. 2022, 32, 2109032 2109032 (8 of 16)

the cytoskeleton components involved in the uptake mecha-
nism of the AcDXSp-TA NPs, with the engagement of energy-
dependent pathways.

Qualitative uptake studies were also performed on primary
CMs, FBs, and cell co-cultures, and samples were analyzed
using confocal microscopy. For these studies, cells were
treated with TGF-B to stimulate ECM production, with the
aim to mimic the fibrosis tacking place after an infarction.?!
Control cells were used to characterize both the cell cultures
and co-cultures. As shown from the characterization images
in Figure S4 (Supporting Information), after stimulation with

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

@8 CSFM/DMEM W Triton E# AcDXSp E E# AcDXSpL AcDXSp-TAE &3 AcDXSp-TAL

Viability primary CMs 24h

% Viable cells

NPs concentration

Viability primary FBs 24h
150

*
H
H
H

Hdexk
—
e

% Viable cells

NPs concentration

Viability primary CMs 48h

2
©
()
K
)
S
>
x
O <) O O
X N N i < 03
ST PSS B S
NPs concentration
Viability primary FBs 48h
150
2
@ 100
o
Q
)
S
> 50
=

NPs concentration

Figure 4. Cell viability of primary rat CMs and FBs. Cytocompatibility studies were conducted to assess the safety of the produced NPs on both primary rat
A,B) CMs and C,D) FBs. Values are represented as mean £ s.d. (n =3 biological replicates in which each time three technical replicates have been used).
A one-way ANOVA followed by a Tukey—Kramer post hoc test was used for the statistical analysis. The significance levels of the differences were set at
the probabilities of *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 for comparison with the medium, which was used as a control in all the tests.

TGF-f there is an increase of collagen I production, based on
increased collagen I staining especially in FBs and cell co-
cultures. CMs cultures, which contain none or very few FBs
as contaminants, present a less dense collagen I production.
Both CMs and FBs also exhibited morphological signs of
hypertrophy, since stimulation with TGF-/ is also involved in
the hypertrophic and dilative ventricular remodeling by stimu-
lating CM growth and by inducing interstitial fibrosis.”” After
characterization of TGF-f stimulated cultures, we proceeded
with uptake studies to evaluate if the ECM production, with
higher collagen deposition, could enhance the retention of
the NPs after modification with TA. As shown in Figure 6,
TA-coated NPs interacted more than bare AcDXSp NPs with
the cells, especially after treatment with TGF-f. These observa-
tions are in accordance with the finding that TA can achieve
heart targeting due to its high affinity for components of the
ECM.% Interestingly, CMs cultures, which have less produc-
tion of collagen I, compared to FBs and co-cultures, showed a
relatively high amount of TA-coated NPs interacting with the
culture and this could be in accordance with flow cytometry
data showing that the TA-coated NPs were more interacting
with CMs compared to FBs.

Altogether, these qualitative observations suggest that
TA-coated AcDXSp NPs interact to a higher extent with TGF-f

Adv. Funct. Mater. 2022, 32, 2109032 2109032 (9 of 16)

stimulated cardiac cells co-cultures, possibly as a result of their
affinity for the ECM.

Next, we performed uptake studies also on primary M1- and
M2-like macrophages isolated from murine bone marrow, in
order to evaluate the interactions of the NPs with the phago-
cytic system cells. Macrophages were assessed by determining
their markers’ expression, as shown in Figure S5 (Supporting
Information). Considering that modification with TA has
shown increased blood circulation time, similarly to PEG,?2¢31
we expected a reduction of such interaction. For this purpose,
we evaluated the cell uptake after 2 h of incubation with the
NPs. As shown in Figure S6 (Supporting Information), the TA-
coated NPs are taken up to a less extent compared with bare
AcDXSp NPs, demonstrating the stealth potential of AcDXSp
NPs after TA coating.*!

3.5. Anti-fibrotic Effect of TA-Coated NPs

The anti-fibrotic properties of TA were exploited to contrast
the fibrosis taking place after a MLl In this regard, we com-
bined the proliferative effect of the encapsulated drugs together
with the anti-fibrotic properties of the TA coating, aiming at
a synergistic repair of the cardiac tissue. For this, we studied

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Quantitative cell uptake and uptake mechanisms studies on primary rat CMs and FBs. Interactions between AcDXSp-TA NPs and the cells
were studied on primary rat A) CMs and B) FBs. Uptake mechanism was also studied on both C) CMs and D) FBs: cells were incubated with different
compounds, each one inhibiting a different mechanism of endocytosis, and then particles were added and the cell uptake evaluated by flow cytometry.
Results are represented as MFI values + s.d. (n=3 biological replicates in which each time three technical replicates have been used). A one-way ANOVA
followed by a Tukey—Kramer post hoc test was used for the statistical analysis. The significance levels of the differences in uptake studies were set at
the probabilities of **p < 0.01 and ****p < 0.0001 for comparison between associated and internalized AcDXSp NPs, before and after fluorescence
quenching with trypan blue and between AcDXSp and AcDXSp-TA NPs, respectively. In uptake mechanism studies, the significance levels of the dif-
ferences were set at the probabilities of **p < 0.01, ***p < 0.001, and ****p < 0.0001 for comparison between internalized AcDXSp-TA NPs and cells

treated with different endocytosis inhibitors.

the effects of TA-coated NPs on reducing the expression of
profibrotic genes in cardiac fibroblasts by real-time quantita-
tive polymerase chain reaction (RT-qPCR). We chose to detect
the expression of six pro-fibrotic genes (Collal, Tgfb, Fos, Myc,
osteopntin (Sppl) and tumor necrosis factor-a (Infa)) in pri-
mary rat FBs, treated with NPs and drugs corresponding to
a concentration of CHIR of 3 x 10 m (concentrations of SB
were approximately double) for 24 h. We used the 18s gene as
control housekeeping gene, while cell medium and DMSO
were used as controls for the NPs and the drugs, respectively.
Collal gene has recently been recognized as marker in human
heart failure progression, being its increase highly correlated
to fibrosis and HF.P% TGF- is considered to be the principal
cytokine/growth factor secreted during fibrosis and activating
fibroblasts in producing more ECM.I®)l Excessive expression
of secreted phosphoprotein 1 Sppll®! and Fosl® genes are
also directly correlated with fibrosis. The Myc oncogene is a

Adv. Funct. Mater. 2022, 32, 2109032 2109032 (10 of 16)

transcription factor with a wide array of functions affecting cel-
lular activities, such as cell cycle, proliferation, and hypertrophy.
TNF-« is a pro-inflammatory cytokine secreted after MI and it
regulates the remodeling of the heart, promoting the advent of
the pro-fibrotic response.®*l As shown in Figure 7, the loaded
TA-coated AcDXSp NPs were able to reduce the expression of
Collal (Figure 7A), Tgfb (Figure 7B), Sppl (Figure 7C), Myc
(Figure 7E), and Fos (Figure 7F) genes. In particular, the expres-
sion of genes such as Collal (Figure 7A) and Spp1 (Figure 7C)
was decreased by =80% when cells were treated with drugs
loaded AcDXSp-TA (AcDXSp-TA L) NPs.

For the Tnfa gene (Figure 7D), it was observed an increase
of expression when cells were treated with drug-loaded
AcDXSp-TA (AcDXSp-L) NPs. These results were not expected
considering the reported anti-inflammatory properties of both
TAI*%] and compounds encapsulated.7% However, according
to some reports, TA could be able to induce an increase of

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. A-C) Qualitative uptake studies on primary rat CMs, FBs, and cell cocultures stimulated and nonstimulated with TGF/. The cell uptake was
evaluated by confocal fluorescence microscopy after incubation with the NPs for 2 h at 37 °C. The NPs were conjugated with AlexaFluor488, while cells
were stained with DAPI (nuclei) and anti-Collagen | antibody (collagen/ECM). Scale bars are equal to 50 um.

TNF-a in keratinocytes in patients affected by pemphigus
vulgaris./!

Altogether, the results demonstrate that the TA coating can
inhibit the expression of pro-fibrotic genes and fibrosis markers
in vitro and potentially have a synergistic effect for tissue repair
when combined with the proliferative compounds encapsulated
in the NPs.

3.6. Stimulation of Cardiomyocytes Proliferation

The ability of the nanosystem to induce cell division in CMs
was also evaluated by investigating the proliferation in cardiac
cells by fluorescent detection of different proliferation markers:
Ki67,41 phospho-histone H3,/273 and aurora B kinase.’’¥ In

Adv. Funct. Mater. 2022, 32, 2109032 2109032 (11 of 16)

brief, CMs were treated with NPs concentrations corresponding
to 1x 107, 3 x 1076 5 x 10, and 10 x 10° M of CHIR99021
(concentrations of SB were approximately double), calculated
from the LD values of the NPs and corresponding to a safe
dose of NPs. The biological effect was then evaluated by immu-
nostainings, quantifying the intensity of the selected markers
in the nuclei (Figure 8A). DAPI staining was used to identify
the nuclear area.

The encapsulation of the Wnt activator CHIR99021,
and the p38 MAPK inhibitor, SB203580, in AcDXSp NPs
coated with TA induced an increase of both Ki67 (Figure 8B)
and phospho-histone H3 (Figure 8C) positive nuclei in a
concentration-dependent manner. Empty NPs, showed an
inhibitory effect instead, demonstrating the importance of
the selected compounds in the pro-proliferative effect. Since
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Figure 7. Evaluation of expression of pro-fibrotic genes by RT-qPCR. The anti-fibrotic properties of the TA coating have been evaluated with both empty

(E) and drugs loaded NPs (L), by quantification of the expression of pro-fibrotic genes, such as A) Collal, B) Tgfb, C) Spp1, D) Tnfa (D),

E) Myc and

F) Fos. Results are represented as fold increase values compared to the control + s.d. (n = 3 biological replicates in which each time three technical
replicates have been used). A one-way ANOVA followed by a Tukey—Kramer post hoc test was used for the statistical analysis. The significance levels

of the differences in uptake studies were set at the probabilities of *p < 0.05, **p < 0.01, **

**p < 0.001, and ****p < 0.0001 for comparison with the

medium, which was used as control, with the compounds alone, with loaded AcDXSp NPs and with DMSO.

Ki67 is a proliferation marker for cells in active cell cycle, and
phospho-histone H3 is a mitotic index marker, such observa-
tions are suggestive that drug-loaded TA-coated AcDXSp NPs
stimulate cell cycle re-entry of the primary CMs.

Adv. Funct. Mater. 2022, 32, 2109032 2109032 (12 of 16)

We next performed the same Ki67 staining also in human
induced pluripotent stem cells (hiPSC)-CMs to confirm the
effect in cells of different origin. Also for hiPSC-CMs, the
treatment with AcDXSp-TA NPs increased Ki67 (Figure S7,
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Figure 8. High-content cell imaging and quantification of Ki67, phospho-histone H3, and aurora B staining intensity. Representative images of A) CMs
treated with empty (E) and loaded (L) AcDXSp-TA NPs at the concentrations of 1x 107 M of CHIR99021 and 2.2 x 10°® m of SB203580, and stained for
nuclei (DAPI, blue), cardiac troponin T (cTnt, red) and Ki67 (green), with a 10 x magnification objective. Scale bars are 200 um. Quantification of B)
Ki67 and C) phospho-histone H3 staining intensity in the nucleus. Representative images of D) CMs treated with loaded AcDXSp-TA NPs at the dose
of 1x107® M of CHIR99021 and 2.2 x 107 m of SB203580, and stained for nuclei (DAPI, blue), cardiac troponin T (cTnT, red) and aurora B (green),
with a 20 X magnification objective. Scale bars are 100 um. Quantification of aurora B staining intensity in E) the nucleus and F) percentage of CMs
in telophase. The different treatment conditions are stated in the legend. Values represent the mean * s.d. (n = 3). A one-way ANOVA followed by a
Tukey-Kramer post hoc test was used for the statistical analysis. The significance levels of the differences were set at the probabilities of *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001 for comparison with the medium, which was used as control, with the compounds alone, between empty
and loaded NPs, as well as bare and TA coated NPs.
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Supporting Information) in the nuclei, showing that
the system has a proliferative effect also on CMs of human
origin.

For aurora B, the staining has a nuclear localization when
a cell enters the cell cycle and is in interphase or prophase.l!
When the cell cycle progresses, the cellular localization of
aurora B changes, allowing to distinguish in which phase of the
cell cycle a cell is (Figure 8D).! In our study, we first quanti-
fied the percentage of aurora B positive nuclei (Figure 8E), and
demonstrated that drug-loaded TA-coated NPs increase nuclear
positivity in a concentration-dependent manner. This further
confirmed that the drug-loaded TA-coated NPs successfully
stimulate CMs to enter the cell cycle. However, it is known that
despite being able to enter the cell cycle, CMs might not physi-
cally divide, i.e., complete cytokinesis, giving origin to bi-/poly-
nucleated cells."®! In order to evaluate whether the NPs induced
cell division, we performed a double-blinded study and manu-
ally counted the cells that were in telophase to quantify cytoki-
nesis. Figure 8F and Figure S8 (Supporting Information) show
that when cells were treated with drug-loaded TA-coated NPs
(Figure S8C, Supporting Information), a higher percentage of
cells in cytokinesis was observed. In particular, at the concen-
tration of CHIR of 3 x 107 M, the delivery of the compounds
CHIR and SB doubled the percentage of dividing CMs com-
pared to the control (Figure 8 and Figure S8A, Supporting
Information).

Furthermore, we also measured the surface area of the
cells since when a cell enters mitosis, its relative surface area
decreases due to a rounding-up phase.”’l The analysis sup-
ported (Figure S9, Supporting Information) that CMs were
dividing when treated with drug-loaded TA-coated NPs, as
reflected by the smaller mean surface area of the cells when
compared to the ones that received other treatments.

Finally, we performed the quantification of cyclins by
RT-qPCR to investigate how proliferation was modulated in
CMs. Cyclin D triggers cells to move from G, to G; phase by
activating Cdk4 and/or Cdk6.77°! Cyclin E activates Cdk2 and
prepares the cell for DNA replication, making them enter the
S phase.”®”’l Cyclin A is synthesized at the onset of S phase
and activates the DNA replication inside the nucleus.*#1 Also,
the interaction between Cdkl and cyclin A activity is required
for the initiation of prophase.®?l Cyclin B also promotes the
assembly of the mitotic spindle and complexed Cdk1/cyclin B
actively participates in complete mitosis.®3 As shown in Figure
S10A (Supporting Information), the loading of the compounds
C and S in AcDXSp-TA NPs increased the expression of cyclin
D in cells, compared to treatment with empty TA-coated NPs,
showing that the compounds stimulate cells to enter the cell
cycle. The same trend is shown for cyclin E (Figure S10B, Sup-
porting Information), cyclin A (Figure S10C, Supporting Infor-
mation), and cyclin B (Figure S10D, Supporting Information),
showing that the drug-loaded TA-coated NPs promote cell cycle
entry and progression in CMs. In particular, the increased
expression of cyclin B in cells treated with drug-loaded TA-
AcDXSp NPs demonstrates that the compounds encapsulated
are able to induce CMs through mitosis.

Overall, CHIR99021 and SB203580 have shown to synergis-
tically promote CMs proliferation. However, due to their poor
bioavailability and potential toxic off-target effects, their clinical
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translation is still inexistent. Our results show that the devel-
oped nanosystem is able to stimulate the proliferation of CMs
in vitro, which is important when aiming at the regeneration
of the cardiac tissue. The drug compounds encapsulated in the
NPs, CHIR, and SB, have also been demonstrated in litera-
ture with the ability to regulate the response of inflammatory
cells and promote the switch to an anti-inflammatory pheno-
type.°70 This secondary therapeutic effect could be exploited
to reduce the inflammation taking place after a MI and that is
negatively affecting the heart remodeling. Moreover, the com-
bination with the anti-fibrotic properties of TA-coated AcDXsp
NPs could further contrast the fibrosis taking place after MI
and lead to the regeneration of the cardiac tissue.

4, Conclusion

In this work, in order to achieve regeneration of the infarcted
heart, two small hydrophobic compounds, CHIR99021 and
SB203580, were encapsulated in the pH-responsive polymer
AcDXSp for the stimulation of CMs proliferation. The coating
of the system with TA allowed a fast and easy surface modifica-
tion of the NPs, improved cell biocompatibility and stability of
the system, and provided heart targeting properties, due to the
affinity of the polyphenol for components of the ECM, abun-
dant in the infarcted myocardium. The TA-coated NPs were
also taken up preferentially by CMs, which showed a two-fold
higher MFI value compared to uncoated NPs. The TA coating
showed also anti-fibrotic properties, inducing more than an
80% reduction of expression in genes such as Collal and oste-
opontin. This could have significant potential in inhibition of
the cardiac remodeling, especially when combined with the
proliferative properties of the encapsulated compounds, which
allowed to double the percentage of CMs dividing compared to
the control. Overall, as a proof-of-concept, here we investigated
the therapeutic potential of TA-coated AcDXSp NPs, which
allowed successfully deliver two drug compounds for cardiac
proliferation in CMs. The synergistic anti-fibrotic effect of the
TA together with the reported anti-inflammatory effects of the
drugs, hold potential for the treatment of HF. The system could
encapsulate also different drug molecules and miRNAs, pro-
viding a nanoplatform for combination therapies.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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