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Macrophage Hitchhiking Nanoparticles for the Treatment of
Myocardial Infarction: An In Vitro and In Vivo Study

Giulia Torrieri,* Imran Iqbal, Flavia Fontana, Virpi Talman, Heidi Liljenbäck,
Andriana Putri, Wail Nammas, Johan Rajander, Xiang Guo-Li, Philip S. Low,
Tambet Teesalu, Anne Roivainen, Jouni Hirvonen, Heikki Ruskoaho,
Vimalkumar Balasubramanian,* Antti Saraste,* and Hélder A. Santos*

Myocardial infarction (MI) is the leading cause of death worldwide. However,
current therapies are unable to restore the function of the injured
myocardium. Advanced approaches, such as stimulation of cardiomyocyte
(CM) proliferation are promising, but suffer from poor pharmacokinetics and
possible systemic adverse effects. Nanomedicines can be a solution to the
above-mentioned drawbacks. However, targeting the cardiac tissue still
represents a challenge. Herein, a MI-selective precision nanosystem is
developed, that relies on the heart targeting properties of atrial natriuretic
peptide (ANP) and lin-TT1 peptide-mediated hitchhiking on M2-like
macrophages. The system based on pH-responsive putrescine-modified
acetalated dextran (Putre-AcDEX) nanoparticles, shows biocompatibility with
cultured cardiac cells, and ANP receptor-dependent interaction with CMs.
Moreover, treatment with nanoparticles (NPs) loaded with two pleiotropic
cellular self-renewal promoting compounds, CHIR99021 and SB203580,
induces a 4-fold increase in bromodeoxyuridine (BrdU) incorporation in
primary cardiomyocytes compared to control. In vivo studies confirm that
M2-like macrophages targeting by lin-TT1 peptide enhances the heart
targeting of ANP. In addition, NP administration does not alter the
immunological profile of blood and spleen, showing the short-term safety of
the developed system in vivo. Overall, the study results in the development of
a peptide-guided precision nanosystem for delivery of therapeutic compounds
to the infarcted heart.

G. Torrieri, F. Fontana, J. Hirvonen, H. A. Santos
Drug Research Program
Division of Pharmaceutical Chemistry and Technology
Faculty of Pharmacy
University of Helsinki
FI-00140 Helsinki, Finland
E-mail: giulia.torrieri@helsinki.fi; h.a.santos@umcg.nl

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202303658

© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202303658

1. Introduction

Myocardial infraction (MI) is the leading
cause of death worldwide, accounting for
approximately half of all cardiovascular
deaths.[1] Obstruction of the arteries sup-
plying blood to the cardiac tissue causes
heart ischemia with irreversible massive
death of cardiac cells and subsequent de-
position of non-contractile tissue.[2,3] Phar-
macological stimulation of cardiomyocyte
(CM) proliferation is among the most ap-
pealing and promising approaches to tackle
the loss of contracting cells.[3,4] Even though
mammalian CMs retain the ability to prolif-
erate only in the early postnatal life, treat-
ment of adult CMs with miRNAs,[5–7] tran-
scription factors,[8–11] small molecules[12]

or combination of those,[12,13] has enabled
their re-entry in cell cycle. Translation of
such approaches is still hampered by poor
pharmacokinetic profile of the compounds
used to stimulate CMs proliferation, as well
as by their potential systemic toxicity.[4]

Nanomedicines have brought great in-
novation in the medical field for the treat-
ment of various diseases.[14,15] The abil-
ity to carry payloads specifically to target
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sites, increasing the efficacy of treatments while reducing sys-
temic adverse effects, can give a second life to many drugs and
improve the performance of current available therapies.[14,15] En-
gineering nanocarriers to reach specific targets in our body is
not a simple task and requires taking into account of different
factors. Whereas the damaged cardiac tissue can potentially ben-
efit from targeted delivery of novel nanotherapeutics, develop-
ment of heart targeted nanodrugs remains challenging due to
constant pumping of the heart, making it mechanically difficult
to address,[16] and the lack of cell membrane markers exclusive to
CMs, that could serve as targets for affinity ligands in vivo. Sev-
eral approaches have been attempted in the past to achieve heart
targeting from peptides[17,18] or antibody[19] targeting to possible
cellular hitchhiking.[20]
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Recently, we proposed a synergistic nanosystem that com-
bines peptide targeting with cellular hitchhiking [21] with the
aim to improve heart homing. The system consists of pH-
responsive Putre-AcDEX nanoparticles (NPs), that are modified,
through a branched polyethylene glycol (PEG), with ANP and
p32-targeting linear TT1 (lin-TT1, aminoacid sequence: AKR-
GARSTA) peptide.[21] The pH-responsiveness of Putre-AcDEX is
due to the presence of acetal groups in the AcDEX, which hy-
drolyze in the acidic subcellular compartment of the cells, pro-
moting the intracellular delivery of two cellular self-renewal pro-
moting compounds, CHIR99021 and SB203580.[21] The heart tar-
geting properties of ANP have already been extensively inves-
tigated in past by our group,[17] while lin-TT1 is known for its
homing to tumor macrophages and macrophages associated to
atherosclerotic plaques.[22–24]

Considering that in MI inflammation has a key role in the out-
come of the insult,[25,26] we have previously studied the interac-
tion of our nanosystem with both M1– and M2–like macrophages
to find out which subset is the most suitable to obtain the greater
hitchhiking effect to the infarcted heart. It is known that imme-
diately after a MI, neutrophils accumulate in the injured area
to remove debris and dead cells, and further recruit monocytes,
which then differentiate into inflammatory M1–type macrophage
with the aim to “clean” the area and make space for the future
scar.[25,26] The M1–like macrophage accumulation peaks ≈day 3
post-MI and it is followed by a remodeling phase characterized by
the arrival of M2–like macrophages, which in turn, have a peak of
accumulation ≈day 7 post-MI.[25,26] These M2–like macrophages
secrete a series of cytokines, e.g. vascular endothelial growth
factor (VEGF) and transforming growth factor (TGF)-𝛽, which
promote vascularization and fibrotic remodeling of the tissue,
respectively.[25,26]

Our observation that Putre-AcDEX-PEG-TT1-ANP NPs
showed a higher association-versus-uptake ratio with both hu-
man and murine M2–like macrophages led us to hypothesize
that these cells can be targeted in vivo to maximize hitchhik-
ing effect, and thus, improve the heart targeting properties
of ANP.[21] Compared to current approaches, the hitchhiking
effect-based targeting could result in a superior accumulation of
carriers in the infarcted heart and increased therapeutic benefits.
We hypothesize that the hitchhiking effect will lead to increased
accumulation of NPs in the infarcted heart, due to interaction of
lin-TT1 with p32 receptors on the surface of inflammatory cells.
We assume that interaction with inflammatory cells will take
place both in the circulation, resulting in macrophages giving
a piggyback to the nanosystem to the infarcted heart, where
they are recruited, and with the macrophages that are already
accumulated in the site of injury. Once in the heart, the NPs will
interact with ANP receptors on the surface of CMs and this will
lead to internalization of the system.

The main aim of this work is to study the in vivo biodistribu-
tion of Putre-AcDEX-PEG-TT1-ANP NPs in a rat model of MI
by investigating the accumulation of the system in the infarcted
heart after 3 and 7 days post-MI, for the evaluation of the hitch-
hiking effect of either M1– and M2–like macrophages. Besides,
we assess the in vitro biocompatibility and interaction of Putre-
AcDEX NPs with cardiac cells of different origin (rat, mouse, and
human). The delivery of the two cellular self-renewal promoting
compounds, CHIR99021, and SB203580,[12] to cardiac cells and
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their effect on CMs proliferation is also investigated. Finally, the
therapeutic potential of the nanosystem was assessed by study-
ing the in vivo remodeling of the infarcted myocardium and the
accumulation of inflammatory cells up to 90 days post-MI. Our
study resulted in development of a peptide-guided nanosystem
for delivery of therapeutic compounds to the infarcted heart for
improved management of MI.

2. Results and Discussion

2.1. Nanoparticles Synthesis and Physicochemical
Characterization

Putre-AcDEX NPs were obtained by using an oil-in-water (o/w)
single emulsion technique, as previously described.[21] Surface
modification steps were optimized to obtain NPs conjugated with
both lin-TT1 and ANP, with small size and acceptable polydisper-
sity index (PDI) values. Ethylenediaminetetraacetic acid (EDTA)
was added during the coupling reaction between PEGylated NPs
and TT1 to stabilize the thiol groups involved in the reaction be-
tween TT1 and the maleimide moieties of PEG.[27] Size, PDI,
and zeta (𝜁 )-potential values obtained during each conjugation
step are shown in Figure S1A (Supporting Information). The in-
crease of NPs size after conjugations was modest and the PDI val-
ues showed a monodispersed NP’s suspension. Surface charge
values of the NPs (Figure S1A, Supporting Information), pro-
vided a tool to follow the conjugation steps. The 𝜁 -potential val-
ues for bare Putre-AcDEX NPs were positive due to the pres-
ence of amine groups in putrescine. After PEGylation, the charge
switched to negative values, due to deprotonated carboxylic
groups of PEG and then exhibited an increase toward positive val-
ues after conjugation with ANP, which contains in its structure
arginine amino acids, responsible for the more positive charge.

To further confirm the outcome of the different conjugation
steps, we characterized the NPs by KBr-Fourier transform in-
frared spectroscopy (FTIR), transmission electron microscopy
(TEM), fluorescence, and elemental analyses. PEGylation was
further confirmed by KBr-FTIR spectra (Figure S1B, Support-
ing Information), in which we see the amide–indicative bands
at 1565–1570 cm−1 (in-plane N–H bending and C–N stretching)
and 1630–1640 cm−1 (amide C=O stretching). The conjugation
of lin-TT1 and ANP peptides did not change the FTIR spectrum,
thus further methods were used to confirm the successful conju-
gation of the peptides onto the NP’s surface. The presence of lin-
TT1 was detected by fluorescence microscopy (data not shown),
since the peptide was conjugated to a carboxyfluorescein (FAM)
moiety. Conjugation with ANP instead, was confirmed by ele-
mental analysis, which revealed the presence of 41.06 μg of ANP
in 1 mg of Putre-AcDEX-PEG-TT1-ANP NPs. Morphology of the
NPs was examined by TEM. As shown by images in Figure S1C
(Supporting Information), NPs have a spherical shape, with a di-
ameter comprised between 100 and 200 nm, slightly smaller than
what was observed with dynamic light scattering (DLS). This phe-
nomenon is explained by the difference between TEM and DLS:
while TEM is measuring diameter of dry NPs, DLS measures the
hydrodynamic size of NPs.[28]

Since all in vitro studies were performed in cell medium and
the NPs were later injected into rats for in vivo studies, we also
investigated the colloidal stability of Putre-AcDEX NPs in cell

medium containing serum and human plasma. The stability was
also evaluated in an isotonic solution of sucrose, which was used
for the resuspensions of NPs before being injected in rats. The
PDI value was recorded just for studies in cell medium and iso-
tonic sucrose, since plasma was presenting several peaks corre-
sponding to different proteins, which are part of its composition.

As shown in Figure 1, Putre-AcDEX-PEG-TT1-ANP NPs have
higher stability up to 2 h, both in terms of size (Figure 1A) and
PDI (Figure 1B), compared to Putre-AcDEX NPs in Dulbecco’s
Modified Eagle’s Medium (DMEM)/F-12 containing 10% of fe-
tal bovine serum (FBS) (Figures 1A,B). This is explained by the
anti-fouling properties of PEG, which has been extensively used
to increase the stability of NPs.[29–31] However, the stealth prop-
erties of PEG were not remarkable here, since the PEG used has
a short chain and it is known that the increase of the colloidal
stability by PEG is affected by the length of the PEG used and its
grafting density.[29,30] Size and PDI values of Putre-AcDEX NPs
in isotonic sucrose (Figures 1C,D) did not vary up to 2 h, show-
ing that the NPs’ suspensions were stable under the conditions
tested. Finally, stability tests of Putre-AcDEX NPs in plasma (Fig-
ure 1E) showed again that NPs conjugated with both lin-TT1 and
ANP had better stability compared to bare NPs.

2.2. Biocompatibility Studies on Primary CMs and FBs

The biocompatibility of Putre-AcDEX NPs was assessed in
vitro on both primary rat CMs and fibroblasts (FBs). Consid-
ering that previous studies with these NPs were performed on
macrophages of murine and human origin, we decided to study
the safety of the system also on murine primary CMs and human
induced pluripotent stem cell (hiPSC)-derived CMs (hiPSC-CMs)
to confirm that the results were comparable between species.

Cytocompatibility was studied by luminescence detection of
the adenosine triphosphate (ATP) present in cell culture with a
CellTiter-Glo luminescence assay, which quantifies the number
of viable cells.[32] Primary CMs and FBs were incubated with the
particles and cell viability was evaluated after 24 and 48 h. Since
the stimulation of CMs proliferation by re-entry in the cell cycle
obtained with the compounds CHIR99021 and SB203580 (abbre-
viated as CHIR and SB, respectively) takes time to manifest, we
chose long time-points for determination of the cell viability. As
shown in Figure 2, Putre-AcDEX NPs are biocompatible both to-
ward primary CMs (Figures 2A,B) and FBs (Figure 2C,D) for 24
and 48 h.

Bare Putre-AcDEX NPs, which are highly positively charged,
did not show toxicity toward cardiac cells, despite it is known
that positively charged NPs usually show some degree of
toxicity.[33] Toxicity of positively charged particles derives from
their increased interaction with the negatively charged cell mem-
branes. As a result, the plasma-membrane integrity is dis-
rupted, high number of autophagosomes are produced and cel-
lular organelles, in particular mitochondria and lysosomes are
damaged.[33] Finally, loading of the NPs with CHIR and SB, re-
sulted in improved safety for both nanocarriers, indicating a pro-
tective effect of the drugs on the cells.

Next, we assessed the cytocompatibility on primary murine
CMs (Figures S2A,B, Supporting Information) and hiPSC-CMs
(Figures S3A,B, Supporting Information). Also in this case, both
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Figure 1. Evaluation of the colloidal stability of Putre-AcDEX NPs in different media. Stability studies were performed by recording size (A) and PDI (B)
in DMEM F-12 + 10% FBS, isotonic sucrose (C and D) and in human plasma (E). Values are represented as the mean ± standard deviation (S.D.) (n ≥ 3
biological replicates in which each time three technical replicates were used).

Putre-AcDEX and Putre-AcDEX-PEG-TT1-ANP NPs, showed to
be safe toward CMs, with the exception of Putre-AcDEX NPs
in murine CMs for 48 h (Figure S2B, Supporting Information).
In that condition there was a dose-dependent toxicity of Putre-
AcDEX NPs, probably attributable to the positive charge of the
NPs and higher sensitivity of murine CMs.

2.3. Study of the Nanoparticle Interaction with Primary
Cardiac Cells

Interaction of Putre-AcDEX NPs with cardiac cells was investi-
gated in vitro both quantitatively and qualitatively. Cells were in-

cubated for 2 h with fluorescently labelled NPs and the cell up-
take was then quantified by flow cytometry. As shown in Figure
3A, NPs conjugated with both peptides have significantly higher
uptake in CMs than PEGylated NPs. The higher uptake of Putre-
AcDEX-PEG-TT1-ANP NPs can be due to their positive charge,
which makes them interact more with negatively charged cell
membranes, but it is due also to the presence of ANP on the
NPs’ surface. In order to understand whether the interaction was
dictated by the binding of ANP to its receptors expressed on the
CMs’ surface, cells were pre-treated with free ANP for 30 min in
order to saturate receptors, and then the NPs were added with-
out removing the free ANP solution to avoid their turn-over. It is
known that the binding of ANP to its receptor can be saturable
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Figure 2. Biocompatibility of Putre-AcDEX NPs on primary rat CMs and FBs. Cytocompatibility studies were conducted to assess the safety of the
produced nanoparticles on both primary rat CMs (A, B) and FBs (C, D) for 24 (A, C) and 48 h (B, D). 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 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 in all tests.

and that the receptor is then recycled on the cell membrane of the
cells.[34] As shown in Figures 3A,B, the pre-treatment with free
ANP was able to significantly reduce the uptake of Putre-AcDEX-
PEG-TT1-ANP NPs, demonstrating that part of the interaction
with CMs is due to presence of ANP on the NP’s surface. For FBs
(Figures 3C,D), the conjugation with the peptides also enhanced
the interaction of the NPs with the cells. However, pre-treatment
with ANP did not reduce the uptake of the NPs, suggesting that
NPs were taken up by the FBs non-specifically. Moreover, NPs
interacted more with primary CMs compared to FBs, since after
conjugation with the peptides the percentage of CMs interacting
with Putre-AcDEX-PEG-TT1-ANP NPs was approximately dou-
ble that of the FBs.

We then qualitatively evaluated the uptake of Putre-AcDEX
NPs by confocal imaging. We studied the uptake in both murine
and rat primary CMs and in hiPSC-CMs. As shown in Figures
S3–S5 (Supporting Information), Putre-AcDEX-PEG-TT1-ANP
NPs showed a greater interaction with the cells compared to PE-
Gylated NPs, confirming the quantitative results discussed above.
Also here, we investigated the effects of free ANP pre-treatment
on NP uptake, and the images supported flow cytometry results,

displaying less NPs, which are shown in green in the AlexaFluor
488® (a trademark from Thermofisher Scientific) channel.

Overall, the peptide-modified NPs present an ANP-driven in-
teraction with cardiac cells, which was exploited synergistically
with macrophages hitchhiking, in the in vivo studies described
below.

2.4. Cardiomyocyte Proliferation Studies

The aim of the loaded compounds CHIR and SB was to stim-
ulate CM proliferation synergistically, as previously reported.[12]

We then assessed the ability of loaded Putre-AcDEX NPs to in-
duce proliferation by incubating primary CMs for 24 h with dif-
ferent concentrations of empty and loaded NPs, corresponding
to concentrations of CHIR 1, 3, 5, and 10 × 10−6 m (concentra-
tions of SB are approximately double that of CHIR), calculated
from the loading degree (LD) values of the drug. The LD val-
ues for drugs encapsulated in Putre-AcDEX-PEG-TT1-ANP NPs
were ≈1 and 1.7% for CHIR and SB respectively, as calculated
in our previous work.[21] Compounds alone were also used as

Adv. Funct. Mater. 2023, 33, 2303658 2303658 (5 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Quantitative cell uptake on primary rat cardiac cells. Interactions between Putre-AcDEX-based NPs and cells were studied on primary rat
CMs (A, B) and FBs (C, D). Results are represented as median fluorescence intensity (MFI) values or % of positive events ± 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 probability of ****p < 0.0001 for comparison between
Control, Putre-AcDEX-PEG and Putre-AcDEX-PEG NPs, and Putre-AcDEX-PEG-TT1-ANP NPs, and ***p < 0.001 for comparison between internalized
unquenched fluorescence with or without treatment with ANP.

controls and the biological effects were evaluated by quantify-
ing the percentage of BrdU positive cells, and the staining inten-
sity of phospho-mitogen-activated protein kinase-activated pro-
tein kinase 2 (MAPKAPK2, downstream effector of p38 inhibi-
tion by SB)[35] and 𝛽-catenin (downstream effector of CHIR).[36]

For murine primary CMs and hiPSC-CMs, we chose the concen-
tration of CHIR 5 × 10−6 m, since it was the one showing bet-
ter results for compounds loaded in Putre-AcDEX-PEG-TT1-ANP
NPs for rat CMs and was corresponding to still safe concentration
of NPs. After 24 h of incubation, cells were fixed and immunos-
tained for nuclei (4′,6-diamidino-2-phenylindole, DAPI), BrdU,
phospho-MAPKAPK2 or 𝛽-catenin, and in addition for a CMs
marker (cardiac troponin T), which allowed to select the cells of
interest from the primary culture. The quantification of percent-
age of BrdU positive cells, phospho-MAPKAPK2 and 𝛽-catenin

intensities was done by high content imaging by choosing re-
gions of interest corresponding to the nucleus and the cytoplasm
(DAPI staining was used to define the nuclear area and a 5-pixel
ring immediately outside the nucleus was considered to repre-
sent cytoplasm).

As shown in Figure 4A,B, after treatment with Putre-AcDEX-
PEG-TT1-ANP NPs corresponding to concentration of CHIR of
5 × 10−6 m, the percentage of BrdU positive cells was 4 times
higher than after treatment with empty NPs (control) before and
after surface conjugations, as well as loaded Putre-AcDEX NPs.
The NPs at this concentration thus hold potential of being able
to stimulate proliferation of CMs.

Next, we investigated the modulation of downstream ef-
fectors of Wnt activation by CHIR and p38 inhibition by
SB. Inhibition of p38 by SB has been reported to modulate

Adv. Funct. Mater. 2023, 33, 2303658 2303658 (6 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. High-content cell imaging and quantification of BrdU, phospho-MAPKAPK2, and 𝛽-catenin staining intensity and sub-cellular localization in
primary rat CMs. Representative images of primary rat CMs (A) treated with loaded Putre-AcDEX-PEG-TT1-ANP NPs at the concentrations of 5 μm of
CHIR99021 and 10 μm of SB203580, and stained for nuclei (DAPI, blue), cardiac troponin T (cTnt, red) and BrdU (green), with a 10× magnification
objective. Scale bars are 200 μm. B) Quantification of percentage of BrdU positive cells. C) Quantification of phospho-MAPKAPK2 staining intensity
in the nucleus. Representative images of primary rat CMs (D) treated with loaded Putre-AcDEX-PEG-TT1-ANP NPs at the concentrations of 5 μm of
CHIR99021 and 10 μm of SB203580, and stained for nuclei (DAPI, blue), cardiac troponin T (cTnt, red) and 𝛽-catenin (green), with a 10× magnification
objective. Scale bars are 200 μm. Quantification of 𝛽-catenin staining intensity in the nucleus (E), in the cytoplasm (F), and the ratio of 𝛽-catenin in
nucleus/cytoplasm (G). 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 probabilities of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for comparison between loaded Putre-AcDEX and Putre-AcDEX-PEG-
TT1-ANP NPs and among empty and loaded NPs.

Adv. Funct. Mater. 2023, 33, 2303658 2303658 (7 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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expression of genes required for mitosis in CMs, including cy-
clin A and cyclin B,[13] as well as to play an important role dur-
ing late phases of cytokinesis.[37] Activation of p38 leads to a se-
ries of phosphorylation events activating different MAPKs, which
then translocate into the nucleus and induce transcription of spe-
cific genes.[13] We therefore assessed the inhibition of p38 by
studying the decrease of phospho-MAPKAPK2 in the nucleus. As
shown by Figure 4C, a slight decrease of Phospho-MAPKAPK2
fluorescence intensity in the nucleus of cells treated with loaded
Putre-AcDEX-PEG-TT1-ANP NPs at the concentration CHIR of
5 × 10−6 m was observed, but this change was not statistically
significant.

Activation of Wnt/𝛽-catenin signaling pathway by CHIR,
which has an important role in cardiac development and
proliferation,[36,38] was analyzed as an increase of 𝛽-catenin stain-
ing in cytoplasm and nucleus. CHIR acts as an inhibitor of the
glycogen synthase kinase 3 (GSK3), preventing 𝛽-catenin phos-
phorylation and its further degradation, subsequently allowing
its translocation in the nucleus for regulating expression of target
genes.[36] As shown in Figure 4D,E, treatment with loaded Putre-
AcDEX-PEG-TT1-ANP NPs at 3, 5, and 10 × 10−6 m concentra-
tions of CHIR, induced significant increase in 𝛽-catenin stain-
ing intensity in the nucleus compared to empty Putre-AcDEX-
PEG-TT1-ANP NPs and loaded Putre-AcDEX NPs. An increase
of 𝛽-catenin was reported also in the cytoplasm (Figure 4D–F),
when cells were treated with loaded Putre-AcDEX-PEG-TT1-ANP
NPs compared to empty Putre-AcDEX-PEG-TT1-ANP NPs (for
CHIR concentrations of 3, 5, and 10 × 10−6 m, respectively)
and loaded Putre-AcDEX NPs (for CHIR concentrations of 3,
5, and 10 × 10−6 m, respectively). The nucleus to cytoplasm ra-
tio of 𝛽-catenin (Figure 4D–G) differed statistically significantly
for Putre-AcDEX-PEG-TT1-ANP NPs compared to empty putre-
AcDEX-PEG-TT1-ANP NPs (p < 0.05) and loaded Putre-AcDEX
NPs (p < 0.01) for the concentration CHIR 5 × 10−6 m.

Similar results were obtained with murine primary CMs and
hiPSC-CMs, treated with NPs and compounds at concentra-
tions corresponding to CHIR 5 × 10−6 m (Figures S6 and S7,
respectively, Supporting Information). Primary murine CMs,
showed similar percentages of positive BrdU cells (Figure S6A,B,
Supporting Information) to rat primary CMs for loaded Putre-
AcDEX-EPG-TT1-ANP NPs. However, there were no statisti-
cally significant differences between percentages of BrdU pos-
itive CMs when cells were treated with loaded Putre-AcDEX
NPs and loaded Putre-AcDEX-EPG-TT1-ANP NPs. For phospho-
MAPKAPK2 immunostainings, murine CMs exhibited a de-
crease of staining intensity in the nucleus for loaded NPs com-
pared to empty ones, but values were not significantly different
(Figure S6C, Supporting Information). Murine CMs also showed
an increase in 𝛽-catenin staining intensities in both nucleus
(Figure S6D,E, Supporting Information) and cytoplasm (Figure
S6D,F, Supporting Information) in a comparable way to rat CMs.
However, differences in the nucleus to cytoplasm ratio of 𝛽-
catenin (Figure S6D,G, Supporting Information) between the dif-
ferent groups were not statistically significant.

For the human counterpart, hiPSC-CMs, similar trends were
observed. For BrdU immunostainings, percentages of BrdU pos-
itive cells were lower compared to rat and murine CMs (Figure
S7A,B, Supporting Information). Also, there were no statistically
significant differences between cells treated with Putre-AcDEX

NPs and Putre-AcDEX-PEG-TT1-ANP NPs. However, there were
statistically significant differences when the drug-loaded Putre-
AcDEX and Putre-AcDEX-PEG-TT1-ANP NPs were compared
with cells treated with DMSO, suggesting that lower BrdU incor-
poration values could be a consequence of cellular stress caused
by the DMSO.[39] For phospho-MAPKAPK2 immunostainings
(Figure S7C, Supporting Information), hiPSC-CMs showed a de-
crease in staining intensity in the nucleus for loaded NPs com-
pared to empty ones, as well as when compared to controls. Com-
parable results were observed also for 𝛽-catenin immunostain-
ings, where the staining intensity was higher in both nucleus
(Figure S7D,E, Supporting Information) and cytoplasm (Figure
S7D,F, Supporting Information) for cells treated with loaded
Putre-AcDEX-PEG-TT1-ANP NPs compared to their empty coun-
terpart and bare loaded Putre-AcDEX NPs. Also, for hiPSC-CMs,
there was no statistically significant nucleus-to-cytoplasm ratio of
𝛽-catenin (Figure S7D,G, Supporting Information) for the NPs,
except for the comparison between empty and loaded Putre-
AcDEX NPs and the one between DMSO and loaded Putre-
AcDEX NPs.

Overall, these results show that the NPs are suitable for modu-
lation of p38 and 𝛽-catenin signaling pathways and intracellular
delivery of hydrophobic CHIR and SB for the stimulation of CMs
proliferation in cells of rat, murine and human origin.

2.5. Evaluation of the Phenotype Change in Murine M1– and
M2–Like Macrophages Treated with the NPs

Evaluation of the phenotype of M1– and M2–like macrophages
after treatment with Putre-AcDEX NPs was performed by study-
ing the expression of markers on the cells after incubation with
the NPs at different time-points. Given the hitchhiking effect of
the system on macrophages, it is important to study how the in-
teraction of these cells with the NPs is influencing their pheno-
type. The compounds encapsulated in the NPs, CHIR and SB,
have shown anti-inflammatory properties.[40,41] GSK3 inhibition
by CHIR is known to result in reduced serum level of tumor
necrosis factor alpha (TNF-𝛼) and increased anti-inflammatory
interleukin 10 (IL-10) protein level.[40] Also, inhibition of the
GSK decreases the expression of markers genes, such as CD11c,
CD68, and F4/80 and the pro-inflammatory cytokine/chemokine
genes like Tnfa, IL-1b, Mcp-1, and -3.[40] Inhibition of p38 MAPK
by SB results in decrease of the lipopolysaccharide (LPS)-induced
secretion of TNF-𝛼 and IL-6.[41] The ANP peptide has also shown
immunomodulatory effects.[42] In particular, it was demonstrated
that ANP reduces the secretion of inflammatory mediators in
macrophages by inhibiting the LPS-induced expression of in-
ducible nitric oxide synthase (iNOS), and the secretion of TNF-𝛼
and IL1-𝛽 in macrophages.[42]

As shown in Figures 5A,B, treatment with drug loaded Putre-
AcDEX-PEG-TT1-ANP (nanoformulation abbreviated as Final
L in Figure 5) reduced the expression of CD86 in M1-like
macrophages when NPs were in contact with the cells for 1 h.
The effect was reduced when cells were incubated with the NPs
for 2 h, suggesting a transient modulation of the marker ex-
pression. We hypothesize that the fast polarization effect is trig-
gered by combinatory effects of the interaction between ANP
and its receptor on the surface of macrophages,[43] and lin-TT1

Adv. Funct. Mater. 2023, 33, 2303658 2303658 (8 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. In vitro evaluation of the phenotype changes in M1-like macrophages. M1-like murine macrophages were screened for their marker’s expression
after treatment with different types of NPs for different time-points. A) The percentages of CD86 and CD206 expression were analyzed by flow cytometry
(B). Results are represented as percentages of positive cells ± 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 for
CD86 were set at the probability of ****p < 0.0001 for comparison between all the conditions and drug loaded Putre-AcDEX-PEG-ANP (ANP L), except
for empty and drug loaded Putre-AcDEX-PEG-TT1 NPs, which had a difference with a probability set of ***p < 0.001. The significance levels of the
differences for CD206 were set at the probability of §p < 0.0001 for comparison between all the conditions and drug loaded Putre-AcDEX-PEG-TT1-ANP
(Final L) incubated with the cells for 1 h.

peptide with Neuropilin-1 (NRP-1).[44] Both stimulation of NRPs
and NRP-1 are reported to induce an anti-inflammatory phe-
notype on macrophages. PEGylated particles did not show abil-
ity to significantly decrease the expression of CD86 in M1–
like macrophages, while particles with only one peptide (Putre-
AcDEX-PEG-TT1 and Putre-AcDEX-PEG-ANP) showed less abil-
ity to reduce their inflammatory phenotype. In particular, par-
ticles conjugated with ANP only showed a better ability to re-
duce the expression of CD86 compared to the ones having only
lin-TT1 on their surface, indicating that both drugs encapsu-
lated and ANP have a role in reducing the inflammatory phe-
notype of M1–like macrophages. Treatment with empty Putre-
AcDEX-PEG-TT1-ANP showed the contribution of ANP in re-
ducing the CD86 expression in M1-like macrophages. The en-
capsulated compounds and the ANP peptide had then a syn-
ergistic anti-inflammatory effect toward M1–like macrophages.
Also, as shown in Figures 5A,B, treatment with the drug loaded
Putre-AcDEX-PEG-TT1-ANP NPs for 1 h increased the expres-
sion of CD206 in M1-like macrophages, reinforcing the evidence
of the anti-inflammatory effect discussed above. Figure S8 (Sup-
porting Information) instead shows the markers’ expression in
M2-macrophages with no statistically significant changes be-
tween the different conditions tested. This indicates that the final
nanosystem composed by drug-loaded NPs conjugated with both
the peptides has anti-inflammatory properties.

Overall, considering these results and the previous in
vitro studies[21] have demonstrated that Putre-AcDEX-PEG-TT1-
ANP NPs have higher association versus uptake for M2-like
macrophages, we hypothesize that the anti-inflammatory pheno-
type change induced by the system in M1-like macrophages can
ultimately enhance the accumulation of the NPs in the infarcted
site.

2.6. Ex Vivo Biodistribution Studies and Immunoprofiling

The ability of Putre-AcDEX-PEG-TT1-ANP NPs to reach the in-
farcted myocardium and deliver payloads for potential regenera-
tion of the damaged tissue, was assessed by in vivo biodistribu-
tion studies, in which fluorescently labelled NPs were injected
intravenously (IV) into rats from the tail vein. Animals were di-
vided into four groups, namely isotonic sucrose, Putre-AcDEX-
PEG, Putre-AcDEX-PEG-ANP, and Putre-AcDEX-PEG-TT1-ANP
NPs (n = 5). NPs or vehicle alone were injected after 3 or 7 days
post-MI, which was induced by ligation of the left anterior de-
scending coronary artery (LAD). These two time points were cho-
sen considering that they represent the peak of M1– and M2–
like macrophages into the infarcted area, respectively.[26] Ani-
mals were sacrificed 1 h after injecting the NPs and organs were

Adv. Funct. Mater. 2023, 33, 2303658 2303658 (9 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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collected and sectioned to study the NPs accumulation by confo-
cal microscopy.

Images of sectioned infarcted hearts taken from animals in-
jected with the NPs at 3 (Figure 6A) and day 7 (Figure 6B) after
MI showed that the NPs conjugated with both peptides, Putre-
AcDEX-PEG-TT1-ANP NPs, accumulated in the heart preferen-
tially at day 7 post-MI.

From the images, it can also be observed that Putre-AcDEX-
PEG-TT1-ANP accumulated more in the heart compared to
Putre-AcDEX-PEG-ANP NPs, showing that conjugation with lin-
TT1 peptide helped to increase the heart target ability of ANP.
Co-localization of the NPs together with the staining of the in-
flammatory cells markers, shown in yellow color in the images
due to overlapping of the green channels of the NPs and the red
channel of the CD163, indicate that the NPs accumulate in the
infarcted hearts due to the interaction with inflammatory cells.
NPs did not show a high accumulation in the hearts of sham-
operated (SHAM) animals (Figure S9, Supporting Information).
In addition to the heart, NPs also accumulated in the liver (Fig-
ure S10, Supporting Information) and the spleen (Figure S11,
Supporting Information), while lung accumulation was minimal
(Figure S12, Supporting Information), indicating that the formu-
lation did not show instability and aggregation upon intravenous
administration. Accumulation of NPs in the liver and spleen in-
stead is typical and due to complexation of NPs by cells of the
reticuloendothelial system (RES).[45] Notably, all NPs (PEGylated,
conjugated only with ANP and with both peptides) accumulated
more in the spleen compared to liver, probably as result of their
size and spleen’s loose capillaries or in case of TT1 modified NPs
because of their macrophage targeting ability.[46,47]

Since Putre-AcDEX-PEG-TT1-ANP NPs were interacting with
inflammatory cells due to the presence of lin-TT1 peptide, we
evaluated the immunoprofile of spleens and white cells derived
from the animals’ blood to exclude any possible toxic effects of
the NPs. Inflammatory cells were extracted from the tissues and
the red blood cells were eliminated osmotically, followed by stain-
ing for different macrophage and T-cells markers. Percentages
of cells expressing the different markers were then quantified by
flow cytometry.

As shown in Figure 7, there were no statistically significant
changes in the markers expression of macrophages at day 3
(Figure 7A) and 7 (Figure 7B), with exception of a reduction at
day 7 post-MI (Figure 7B) of M1–like macrophages in spleens
when animals were injected with NPs conjugated with only ANP
and both TT1 and ANP peptides, and an increase of M2–like
macrophages in animals injected with Putre-AcDEX-PEG-TT1-
ANP NPs. These results are explained by the anti-inflammatory
properties of both ANP[42] and the compounds encapsulated in
the NPs,[40,41] as demonstrated by the in vitro studies above. For
the T-cells, no statistically significant changes were found in the
spleen and blood, except for a reduction in circulating CD8+ T-
cells at day 3 (Figure 7C) and a reduction in splenic CD4+ T-cells
at day 7 (Figure 7D) in animals injected with Putre-AcDEX-PEG-
ANP NPs.

The role of T-cells in MI has not yet been completely elu-
cidated, but some evidence has shown that CD8+ T-cells are
recruited into the myocardium following MI and they release
granzyme B after activation. In this way, CD8+ T-cells fos-
tered adverse ventricular remodeling with their pro-apoptotic

functions.[48] Studies with a Cd8atm1mak mice, a genetically modi-
fied mouse model characterized by CD8+ T-cell deficiency, have
been shown that CD8+ T-cells play a dual and contradictory role.
In these studies, animals lacking functional CD8+ T-cells had in-
creased cardiac rupture despite having better overall survival af-
ter MI.[49] Other studies describe the presence of a subset of pro-
tective CD8+ T-cells expressing the type 2 angiotensin II (ATII)
receptor.[49] CD4+ T-cells instead are activated in MI as a re-
sponse to autoantigens and take part in wound healing, reso-
lution of the inflammation and scar formation, limiting adverse
remodeling.[50,51]

Our findings suggest that the Putre-AcDEX-PEG-ANP NPs
have ability to reduce both CD4+ and CD8+ T-cells. This ef-
fect can be attributed to the ANP effect on T-cells.[52] It has
been demonstrated that ANP reduces the number of lymphocytes
CD4+ CD8+ while increasing the CD4− CD8− cells.[52] In SHAM-
operated animals, trends were similar, showing an increase of
M2–like macrophages at day 3 (Figure S13A, Supporting Infor-
mation) and a reduction in M1–like macrophages at day 7 (Fig-
ure S13B, Supporting Information) when animals were treated
with ANP conjugated NPs. For the T-cells instead, no statisti-
cally significant differences were observed, except for an increase
in splenic CD8+ T-cells at day 7 in animals injected with Putre-
AcDEX-PEG-ANP NPs. However, differences were not statisti-
cally significant and there was not a consistent trend.

Overall, the NPs did not show any acute toxicity on inflamma-
tory cells and demonstrated to be safe to the animals after injec-
tion.

2.7. In Vivo Positron Emission Tomography (PET) Studies and
Evaluation of the Cardiac Function

As showed above, the nanosystem developed here reduced the
pro-inflammatory phenotype of murine macrophages and was
able to stimulate the proliferation of primary CMs in vitro. Next,
we performed an in vivo pilot study to investigate the potential
therapeutic effects of the designed nanosystem both in terms of
reduction of the inflammation after MI, and in terms of improv-
ing the cardiac function.

In a clinical setting, the reduction of inflammation after MI
has been shown to have beneficial effects on the cardiac out-
come post-MI.[53–56] In order to evaluate the potential in vivo
anti-inflammatory effects of our nanoformulation, we evalu-
ated the accumulation of aluminum fluoride-18-labeled 1,4,7-
triazacyclononane-1,4,7-triacetic acid conjugated folate (18F-FOL)
by PET imaging. This tracer was chosen because of its ability to
target and image activated macrophages, which accumulate in
inflammatory sites, such as atherosclerotic plaques and infarcted
hearts.[57,58] Both SHAM and LAD ligated animals were divided
in two groups, receiving either the Putre-AcDEX-PEG-TT1-ANP
NPs or the vehicle, isotonic sucrose. Considering the enhanced
accumulation of the NPs conjugated with both peptides at day 7
post-MI, we decided to inject NPs at day 6, 7, and 8 post-MI to
follow the peak accumulation of M2-like macrophages and hy-
pothetically achieve the highest accumulation of NPs in the in-
farcted hearts. 18F-FOL tracer was injected 7 and 15 days after
the onset of MI to evaluate the recruitment of macrophages in
the infarcted heart.

Adv. Funct. Mater. 2023, 33, 2303658 2303658 (10 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Ex vivo biodistribution of Putre-AcDEX-PEG-TT1-ANP NPs in infarcted hearts. Heart sections derive from animals injected with Putre-AcDEX
NPs at day 3 (A) and day 7 (B) post-MI were stained and imaged by confocal microscopy. Scale bars are 200 μm.
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Figure 7. Immunoprofiling of spleen and blood from infarcted animals. A,B) The inflammatory cells derived from spleen and blood were stained for
different macrophage, and (C,D) T-cells markers 3 days (A,C) and 7 days (B,D) post-MI. Results are represented as percentages of positive cells ± 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 were set at probabilities of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for
comparison between the different conditions.

Figure 8A shows no statistically significant differences in
tracer accumulation in the infarcted hearts between animals in-
jected with vehicle or the NPs, and between the two different
time points. However, despite not statistically significant, with
the conditions tested we observed a reduction of tracer accumu-
lation between 7 and day 15, when animals were treated with

Putre-AcDEX-PEG-TT1-ANP NPs, indicating a potential in vivo
anti-inflammatory effect of the NPs (Figures 8A; Figure S14A,
Supporting Information).

Moreover, evaluation of the remodeling was studied by collect-
ing echocardiography readings after 90 days from the onset of
MI, and by evaluating the infarct size by hematoxylin and eosin
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Figure 8. In vivo PET studies and evaluation of cardiac function in infarcted animals. A) The recruitment of inflammatory cells to the infarcted heart
after 7- and 15-days post-MI was evaluated by following the accumulation of 18F-FOL in animals treated either with Putre-AcDEX-PEG-TT1-ANP NPs or
isotonic sucrose. B) The infarct size was evaluated by calculating the volumetric percentage of the affected area from H&E stainings. C) Cardiac function
was evaluated by measuring the left ventricle ejection fraction (LVEF), and (D) left ventricle diastolic volume index (LVVDi). Results are presented as
standardized uptake value (SUV), percentage of infarcted heart, LVEF and LVVDi ± S.D. (n = 3 biological replicates in which each time three technical
replicates have been used). An unpaired two-tailed Student’s t-test was used for the statistical analysis. The significance level was set at probability
*p < 0.05 for the different comparisons.

(H&E) staining of heart sections obtained from animals sacri-
ficed after the 90 days. Infarct size measurements (Figures 8B;
Figure S14B, Supporting Information) were not statistically sig-
nificant different between animals injected with the NPs and iso-
tonic sucrose, indicating that treatment with NPs was not suffi-
cient to reduce the size of the infarct damage in the heart. This
lack of efficacy was also reflected by the lack of differences in
left ventricle ejection fraction (LVEF) (Figure 8C) and left ven-
tricle diastolic volume indexed (LVDDi) (Figure 8D), which were
obtained by echocardiography (related images can be found in
Figure S15, Supporting Information). Sucrose and NPs-treated
SHAM animals also did not show statistically significant dif-
ference in cardiac function (Figure S16, supporting Informa-
tion), demonstrating in this case that NPs are not inducing any
acute toxicity in injected animals. No significant differences were
recorded also between the different time-point measurements.

Overall, albeit the in vivo studies did not show a therapeutic
effect of the nanosystem developed here, we demonstrated that
the Putre-AcDEX-PEG-TT1-ANP NPs did not induce any acute

toxicity in treated animals nor modify their immunological pro-
file. Quantification of the NPs accumulating in the heart would
be useful to exclude that the lack of therapeutic efficacy was be-
cause of too low amount of NPs reaching the heart NPs. Also,
modification of treatment regime by adopting different treatment
schedules and analytic methods could give better insights on the
actions of these NPs in vivo.

3. Conclusion

In this work, dual conjugated ANP-peptide NPs were pro-
duced to improve the heart homing properties of ANP by
taking advantage of the recruitment of inflammatory cells
in the infarcted tissue. For this purpose, lin-TT1 was co-
conjugated onto the surface of the NPs, enhancing the NP
ability to hitchhike on M2–like macrophages in vivo. This
approach resulted in improved NP accumulation in the in-
farcted hearts at 7 days post-MI. In comparison with NPs
conjugated with only ANP, NPs modified with both peptides
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demonstrated superior accumulation in the heart, showing
that hitchhiking on inflammatory cells improves the heart tar-
geting of ANP. Immunoprofiling of spleens and blood showed
that the NP were safe after injection in the animals and did not
have acute toxic effects on immune cells. Moreover, the encap-
sulation of two small hydrophobic compounds, CHIR and SB,
resulted in a 4-fold increase of BrdU incorporating primary CMs
in vitro compared to control cells, as well as an increase on 𝛽-
catenin expression in both nucleus and cytoplasm, demonstrat-
ing the potential of the drug delivered compounds in stimulat-
ing cell cycle re-entry in non-dividing CMs. The NPs also showed
anti-inflammatory properties due to both the encapsulated drugs
and the ANP. Pilot in vivo studies did not demonstrate an in vivo
therapeutic effect of the developed NPs, however they showed
that the nanosystem did not lead to acute toxicity in injected an-
imals. Overall, this nanosystem offers a platform for therapeutic
drug delivery and imaging of the infarcted heart, but further in-
vestigations are needed to better evaluate the possible therapeutic
effects of the system and long-term safety profile.

4. Experimental Section
Preparation of Putre-AcDEX NPs, Surface Modifications, and Physicochem-

ical Characterization: All polymer synthesis, NPs preparation, NPs sur-
face modification and physico-chemical characterization protocols, were
described in the Supporting Information.

Cell Studies: All protocols used for cell isolation, culture, and differen-
tiation, are described in the Supporting Information.

In Vitro Biocompatibility: The protocols used for these studies were
described in detail in the Supporting Information.

Quantitative Cell-NPs Interaction Studies on Primary Rat Cardiac Cells and
Qualitative Uptake Studies: The methods used for these studies were de-
scribed in detail in the Supporting Information.

Determination of cell proliferation: BrdU, 𝛽-catenin and phospho-
MAPKAPK2 Immunostainings: Details and methods used for these stud-
ies were described in the Supporting Information.

Evaluation of the Phenotype Change in Murine M1– and M2–
like Macrophages Treated with the NPs: Murine M1– and M2–like
macrophages were differentiated from precursor cells isolated from the
bone marrow of mice as described in the Supporting Information. For
the studies on the phenotype change upon treatment with NPs, MØ
macrophages were seeded on 12-well plates at a density of 3 × 105 cells
per well and treated with different cytokines for 48 h to obtain M1– and
M2–like macrophages. After 48 h, cells were treated with different NPs
suspensions at a concentration of 50 μg mL−1 for 30, 60 or 120 min. Af-
ter the different time-points, cells were detached as described in the Sup-
porting Information file and the cells were blocked with 1% (w/v) bovine
serum albumin (BSA) for 10 min. After blocking, cells were incubated for
20 min in the dark at +4 °C with a cocktail of antibodies constituted by
Allophycocyanin (APC)–CD206 (BioLegend, USA) and Peridinin chloro-
phyll protein(PerCP)-Cyanine5.5-CD86 (BioLegend, USA). Fluorescence
was detected by a BD Accuri C6 Plus (BD, USA) flow cytometer, and the
data analysis was performed with FlowJo software (Tree Star, Inc., USA).
Cells were gated according to Scheme S1 (Supporting Information).

Experimental Model of Myocardial Infarction (MI): The national Project
Authorization Board in Finland approved the animal studies (license num-
ber ESAVI/43 134/2019). The study was carried out in compliance with the
European Union directive 2010/EU/63 on the protection of animals used
for scientific purposes.

MI was induced in male Sprague-Dawley rats (6-8 weeks old) by per-
manent ligation of the left anterior descending (or LAD) coronary artery
as described previously.[59–61] The sham operation consisted of the same
protocols except for the ligation of the coronary artery.

During nanoparticle injections and all imaging studies, rats were anes-
thetized with isoflurane (4-5% for induction and 1.5-2% for maintenance)
and body temperature was maintained using a heating pad. MIs were fur-
ther confirmed by H&E stainings, which were scanned with a digital slide
scanner (Pannoramic 250 Flash, 3DHistech Ltd., Budapest, Hungary).

Ex Vivo Biodistribution Studies: The biodistribution of the NPs was
studied at 3 days (n = 5 for each group) or 7 days (n = 5 for each
group) after coronary ligation or at 3 days (n = 5 for each group) or 7 days
(n = 5 for each group) after the sham operation. The rats were divided
into four groups: isotonic sucrose; Putre-AcDEX-PEG NPs; Putre-AcDEX-
PEG-ANP NPs; and Putre-AcDEX-PEG-TT1-ANP NPs. Animals were kept
under isoflurane anesthesia (Attane Vet., ScanVet Animal Health, Finland)
in air carrier at 0.4-0.6 L min−1 during sucrose or NPs administration. The
dose of NPs administrated for each group was 2 mg. The intravenous in-
jections were given in a volume of ≈100 μL via tail vein, followed by a
flush of 0.1 mL of sterile 0.9% NaCl. One-hour post-injection, animals
were sacrificed, and different organs were collected. For the study of ex
vivo NPs’ biodistribution hearts, livers, and spleens were collected and
sliced into 8 and 20 μm sections. Liver and spleen sections were fixed with
4% paraformaldehyde (PFA) and stained with DAPI. Hearts sections were
blocked with 1% BSA for 1 h after fixation and then stained with anti-CD86
(1:200, from BioRad, MCA2874GA) and anti-CD163 (1:200, from Invitro-
gen, PA5-78961) primary antibodies overnight at +4 °C. After overnight in-
cubation, sections were washed 3 times for 5 min with PBS and incubated
with secondary antibodies (Goat anti-mouse IgG H+L Alexa-546 (1:250,
Life technologies A-11030); donkey anti-rabbit IgG H+L Alexa-647 (1:250,
A-31573, Life technologies)) and DAPI (1:250, Vector Laboratories) for 1 h.
Sections were washed again 3 × 5 min with PBS and slides were mounted
with a non-hardening mounting media. Slides were imaged using a 63×
water objective in a Leica TCS SP8 STED 3× CW 3D inverted microscope
(Leica Microsystems, Germany) and images were processed with Leica AS
software (Leica Microsystems, Germany) to check the presence of NPs in
the different organs.

Immunoprofiling Studies: For each experimental group of the in vivo
studies, liver, and spleen sections were derived from only two animals out
of five. The other three animals were sacrificed and their spleens and livers
were collected to study the immunoprofile of the animal upon NPs injec-
tion. Spleens were smashed onto 70 μm strainers. White cells from blood
were instead separated by Ficoll-Paque (1.077 g mL−1 density) gradients
according to the manufacturer’s instructions (GE Healthcare Bio-sciences,
Piscataway, NJ). White cells derived from blood and cells suspensions de-
rived from spleens, were then blocked with 1% (v/v) of BSA for 10 min.
After that, they were incubated with a cocktail of antibodies for 20 min,
at +4 °C in the dark, to study the population of macrophages and T cells:
APC anti-rat CD3, Phycoerythrin (PE) anti-rat CD8, and PerCP anti-rat CD4
(all from BioLegend) were used to study the T-cell population; PerCP anti-
rat CD11b, AlexaFluor647 anti-rat CD86 and PE anti-rat CD163 (the first
two from BioLegend and the last one from Novus Biologicals) were used
to study the macrophage population. Stained cell suspensions were then
washed with PBS and flow cytometry analysis was performed using a BD
Accuri 6 plus (BD Biosciences) and analyzed by FlowJo software (Tree Star,
Ashland, OR, USA). Cells were gated as shown in the Scheme S2 (Support-
ing Information).

PET/CT Studies and Evaluation of the Cardiac Function by Echocardio-
graphy: The rats underwent the PET scans with a glucose analog 18F-
FDG for identification of the myocardium on day 6 after MI and with 18F-
FOL for studying expression of folate receptor 𝛽, a marker of activated
macrophages, on 7 and days 15 after MI. A computed tomography (CT)
scan was performed before each PET scan for attenuation correction.

Protocols for PET/CT and image analysis were described earlier.[60–62]

Briefly, the rats received standard rat food and tap water ad libitum. On
average, 35 ± 5.5 MBq of 18F-FDG was injected intravenously via the tail
vein and the animals were scanned using a small-animal PET/CT scanner
(Inveon Multimodality, Siemens Medical Solutions, Knoxville, TN, USA)
for 10 min starting at 20 min after the injection. In turn, 50 ± 4.5 MBq of
18F-FOL was injected intravenously via the tail vein and the animals were
scanned for 20 min starting at 20 min after the injection. The 18F-FOL was
synthesized as previously described.[62] PET images were reconstructed
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using 2 iterations with 3-dimensional ordered-subset expectations maxi-
mization (OSEM3D) and 18 maximum a posteriori (MAP) iterations algo-
rithms.

PET images using Carimas v.2.10 software (Turku PET Centre, Turku,
Finland) were analyzed. 18F-FDG and 18F-FOL PET images were manually
superimposed. Based on myocardial contours visible in 18F-FDG images,
regions of interest (ROIs) were drawn in the infarcted region (defect in 18F-
FDG uptake) and in the remote, non-infarcted myocardium in the inferior
septum to measure myocardial 18F-FOL uptake 20–40 min after injection.
In sham-operated rats, ROIs were drawn in myocardial regions matching
those in the rats with MI. The uptake of 18F-FOL in each ROI was expressed
as the mean SUV calculated from the mean radioactivity concentrations
(Bq/mL) normalized for injected radioactivity dose and animal weight.

Echocardiography was performed on day 7, 15, and 90 after MI using a
dedicated small animal Doppler ultrasound device (Vevo 2100, VisualSon-
ics, Inc., Toronto, ON, Canada) and a linear 13–24 MHz (MS250) trans-
ducer as previously described.[61] The left LVVDi and EF were measured
by planimetry in long axis 2D images.

After the echocardiography at 90 days post-MI, the rats were eutha-
nized, and their left ventricles were excised. The left ventricle was frozen
in dry ice-cooled isopentane and cut into 8 and 20 μm sections along the
short axis at 1 mm intervals. The 20-μm sections were stained with H&E,
and scanned with a digital slide scanner (Pannoramic P1000, 3DHistech
Ltd., Budapest, Hungary) to determine MI size as the percentage of scar of
the endocardial perimeter as previously described.[59–61] MI was defined
as a scar >4% of the endocardial perimeter.

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