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Biomimetic Nanomaterials for the Immunomodulation of
the Cardiosplenic Axis Postmyocardial Infarction
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Dedicated to essential workers who lost their lives due to COVID-19.

The spleen is an important mediator of both adaptive and innate immunity. As
such, attempts to modulate the immune response provided by the spleen may
be conducive to improved outcomes for numerous diseases throughout the
body. Here, biomimicry is used to rationally design nanomaterials capable of
splenic retention and immunomodulation for the treatment of disease in a
distant organ, the postinfarct heart. Engineered senescent erythrocyte-derived
nanotheranostic (eSENTs) are generated, demonstrating significant uptake by
the immune cells of the spleen including T and B cells, as well as monocytes
and macrophages. When loaded with suberoylanilide hydroxamic acid
(SAHA), the nanoagents exhibit a potent therapeutic effect, reducing infarct
size by 14% at 72 h postmyocardial infarction when given as a single
intravenous dose 2 h after injury. These results are supportive of the
hypothesis that RBC-derived biomimicry may provide new approaches for the
targeted modulation of the pathological processes involved in myocardial
infarction, thus further experiments to decisively confirm the mechanisms of
action are currently underway. This novel concept may have far-reaching
applicability for the treatment of a number of both acute and chronic
conditions where the immune responses are either stimulated or suppressed
by the splenic (auto)immune milieu.
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1. Introduction

The spleen is the largest secondary lym-
phoid organ in the body, which has often
been thought of as dispensable, yet its im-
portance as an active regulator of the im-
mune response has only recently come to
light.[1–3] Given the tissue’s architecture, it
increases the likelihood of rare interactions
between cells, in particular cognate lym-
phocytes and antigen-presenting cells.[2] As
well, the spleen serves as a reservoir for
monocytes capable of trafficking to sites
of injury.[4–5] Over the last decade, the im-
portance of the role of this organ in re-
sponse to ischemic myocardial damage has
been investigated.[4,6–9] Upon infarction, in-
creased angiotensin II levels promote the
migration of monocytes from the spleen
to the heart where they differentiate into
macrophages and partake in the inflam-
matory phase of the insult.[10] Days after
the initial injury, the inflammatory milieu
changes to one that is reparative, suppress-
ing inflammation and inducing matrix

F. J. Garcia
Department of Radiology
Stanford University School of Medicine
Stanford, CA 94305, USA
N. Oleinik, B. Ogretmen
Department of Biochemistry and Molecular Biology
and Hollings Cancer Center
Medical University of South Carolina
Charleston, SC 29425, USA
M. I. Kontaridis
Department of Medicine
Division of Cardiology
Beth Israel Deaconess Medical Center
Harvard Medical School
Boston, MA 02115, USA
M. I. Kontaridis
Department of Biological Chemistry and Molecular Pharmacology
Harvard Medical School
Boston, MA 02115, USA
D. R. Menick
Ralph H. Johnson Veterans Affairs Medical Center
Charleston, SC 29401, USA

Adv. Mater. 2023, 2304615 © 2023 Wiley-VCH GmbH2304615 (1 of 12)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202304615&domain=pdf&date_stamp=2023-11-27


www.advancedsciencenews.com www.advmat.de

deposition and angiogenesis. The spleen’s significance in con-
trolling this process is best exemplified by its removal. In in-
flamed apolipoprotein E-deficient mice receiving a splenectomy
before ischemia-reperfusion injury, infarct size was significantly
decreased as compared to comparable mice with intact spleens,
likely due to a decrease in the initial inflammatory effect.[10]

Histone deacetylases (HDACs) are evolutionarily conserved
enzymes that operate by removing acetyl groups from hi-
stones and other protein regulatory factors, with functional
consequences on chromatin remodeling and gene expression
profiles.[11–12] Interestingly, several studies have shown that
HDAC inhibition (HDACi) can be beneficial in the setting of my-
ocardial infarction (MI).[12–17] We have previously demonstrated
that systemic HDACi via the intraperitoneal injection of suberoy-
lanilide hydroxamic acid (SAHA), a pan-HDAC inhibitor, re-
sulted in decreased inflammatory cytokines and matrix metal-
loproteinases (MMPs), as well as earlier recruitment of repara-
tive macrophages to the post-MI heart.[12,18] These results corre-
lated well with improved ventricular function and reduced dele-
terious remodeling. However, the precise molecular mechanism
of HDACi and its relation to therapeutic cardiac remodeling is
not well understood. Given the established role of the cardios-
plenic axis in the provision of pro-inflammatory monocytes, tar-
geted localization of HDACi to this organ may thus be capable of
modulating diseases both locally and systemically.[3,6,9] Improv-
ing spleen-specific delivery, while decreasing delivery to off-target
tissues, has been challenging in the design of nanomaterials.

To accomplish this, we have generated biomimetic nanother-
anostics which utilize the spleen’s recognition of senescent red
blood cells (RBC) to affect enhanced retention of the materials.
RBCs, themselves, have been investigated as potential drug deliv-
ery vehicles for decades,[19] with more recent examples demon-
strating that these cells possess a multitude of capabilities for
the localization of therapeutics to sites of action, including as
vectors into which drugs are loaded, or via surface modification
with proteins or nanoparticles.[20–23] Building upon this earlier
work, we have utilized this cell type as a source material for the
generation of hybrid nanomaterials. These engineered senescent
erythrocyte-like nanotheranostics (eSENTs) utilize flipped RBC
membranes featuring unique scavenger signals including the
externalization of phosphatidylserine, other oxidized lipids, and
senescent cell antigens on their surface, as well as the loss of
cell surface CD47, a “don’t eat me” signal on healthy RBCs.[24–26]

These materials were extensively characterized and their ability
to modulate the therapeutic response in a distant organ, in par-
ticular scar size and cardiac function after myocardial infarction
(MI), was studied.

2. Results

2.1. Generation of Erythrocyte-Derived Materials to Enable
Splenic Localization

Heat-damaged erythrocytes (HDE) have been utilized in both
preclinical and clinical settings for selective imaging of splenic
tissue[27–28] and the splenic retention of HDE can be further
modulated by fine-tuning of their physicochemical characteris-
tics such as size, stiffness, and molecular “eat me” signals.[29]

Herein, senescent erythrocyte-like ghosts (SEGs) were generated

from mouse RBCs by a controlled freezing and thawing (cFT)
process (Figure 1a).[30] As erythrocytes have a simple structure
lacking nuclei and internal organelles, they are highly suscepti-
ble to cFT that freezes the cellular water, causing osmotic stress
and subsequently leading to cell shrinkage (Figure 1b). Freez-
ing temperatures below −20 °C promote the removal of water
molecules associated with the phospholipid head groups, thereby
inducing strong fluid-to-gel phase transitions of the erythrocyte
lipids, resulting in intracellular ice formation.[31–32] When this is
followed by rapid thawing at above 52 °C, hemolysis is acceler-
ated inducing protein denaturation and enzyme inactivation that
triggers phospholipid scrambling, thereby promoting the forma-
tion of heterogeneous SEGs (Figure 1a,b; and Figure S1, Sup-
porting Information). A subsequent sonication process further
reduces the size of SEGs, allowing the spontaneous formation
of senescent erythrocytes like nanovesicles (SENVs) which was
further confirmed by transmission electron microscopy (TEM)
with negative staining and dynamic light scattering (DLS) analy-
sis (Figure 1c,d).

Proteomics characterization of these SENVs revealed that a
process combining cFT with sonication (cFTS) induces a sig-
nificant loss of erythrocyte plasma membrane proteins (Figure
S2, Supporting Information) including CD47 (Figure 1e,f; and
Figure S3, Supporting Information) and concomitantly con-
centrates the “eat me” signaling antigenic peptides, including
band-3, stomatin, and carbonic anhydrase, on the SENV surface
(Figure 1g; and Table S1, Supporting Information). CD47 is a
heavily glycosylated cell surface protein present in erythrocytes in
a complex with Rh proteins that binds to signal regulatory protein
alpha (SIRP𝛼) on immunocytes and suppresses phagocytosis by
inhibiting inside-out activation of integrin signaling.[33] CD47 de-
ficient erythrocytes, in particular, are rapidly cleared from the pe-
ripheral circulation by splenic macrophages by complement and
antibody-mediated mechanisms.[34] Band 3, on the other hand,
is the most abundant integral membrane protein in erythrocytes
and a member of the anion exchanger gene family (AE-1).[24]

Band 3 associates with several other membrane proteins (includ-
ing CD47, ankyrin, and carbonic anhydrase), with these com-
plexes proving vital in the maintaining of the essential functions
of these cells. Yet, its oxidative damage and clustering play an in-
tegral role in the signaling responsible for the removal of senes-
cent erythrocytes from circulation.[35–36] Mechanistically, oxidized
Band 3 has also been associated with activated complement as
an additional mechanism for phagocyte recognition and removal
from circulation.[35,37] In fact, in previous work utilizing RBCs as
drug delivery vehicles, the authors specifically investigated tech-
niques to prevent complement activation as a result of cell sur-
face modification of with ligands of interest.[38–41] While not in-
vestigated further here, complement activation may also play an
important role in the observed enhanced splenic retention.

The analysis of lipidomics profiles was subsequently under-
taken using a procedure described by Lorent et al. to investi-
gate plasma membrane asymmetry.[42] SENVs were treated with
phospholipase A2 or sphingomyelinase to specifically digest only
the lipid species present on the exoplasmic leaflet of the vesi-
cle and then analyzed by electrospray ionization mass spectrom-
etry. When compared to the proteins found on the untreated
vesicles, the difference in the samples could be attributed to
the external lipids. The obtained results reveal that the cFTS
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Figure 1. Preparation and characterization of senescent erythrocyte-like nanovesicles (SENVs). a) Schematic diagram outlines the step-by-step prepara-
tion process of senescent erythrocyte-like nanovesicles (SENVs). b) Scanning electron micrograph shows healthy RBCs as compared to senescent-like
erythrocyte ghosts (SEGs), with the inset showing photographic images of the fresh RBCs and processed SEGs produced by the controlled freeze-thaw
with sonication (cFTS) process. c) Transmission electron micrograph shows the SENVs (Scale bar 1200, 2100, 350, 425 nm, respectively) with white
arrows highlighting the multilayered nanovesicles. d) Size comparison of mouse RBCs, SEGs, and SENVs. e) Confocal microscopy demonstrates the
presence of “don’t eat me” signaling protein CD47 on the mouse RBC surface (CD47-FITC – green) and its loss of function on the SEGs surface. Cell
membranes labeled with CyAm7 (red). f) Flow cytometry analysis further confirms the presence of CD47 on the mouse RBCs surface, which is diminished
on the SEGs. g) LC-MS-based proteomic analysis of SENVs demonstrates how the cFT process concentrates the “eat me” signaling antigenic peptides
on the SENVs surface.

process interferes with the erythrocyte plasma membrane asym-
metry, scrambling the membranes (Figure 2a–c), and modulating
the compositional diversity and acyl chain length of the lipids
(Figure S4, Supporting Information), which is seen over vari-
ous scales in sphingomyelins (SMs), phosphatidylcholines (PCs),
phosphatidylserines (PS), and phosphatidylinositol’s (PIs).[42–43]

PS is one of the best characterized membrane-anchored “eat me”

signaling lipid molecules, which normally resides on the inner
leaflet of the plasma membrane, yet reorganizes to the outer
leaflet on senescent and damaged erythrocytes, with this exter-
nalized PS binding to receptors on splenocytes to facilitate rapid
uptake (Figure S5, Supporting Information).[44] This cFTS pro-
cess also enhances the formation of immunomodulatory lipids
(Figure 2b–d) including lysophosphatidylcholine (LPC), in both
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Figure 2. Effect of controlled freeze-thaw process on the erythrocyte membrane lipidomics. a) Lipidomics analysis heatmap demonstrates how the cFTS
modulates the process-induced compositional diversity of lipid species. See Extended Data Table S2 (Supporting Information) for an explanation of
the abbreviations. Shown in a white-green scale are all lipid species comprising > 0.1-mole percent (mol%) of lipids, with mole percentage encoded in
green intensity (darkest = most abundant). Gray indicates species below the 0.1 mol% thresholds (including those not detected). b) Pie chart shows
the compiled compositions of the lipidomics analysis of the cFT and cFTS process. c) Lipidomic heatmap shows the process-induced compositional
diversity of ceramide lipid species. Shown in a red-blue scale are ceramide lipids species based on Z -Score encoded in red intensity (darkest = most
abundant). Dark blue indicates species below the 0.1 mol% thresholds (including those not detected). d) Confocal microscopy-based live sequential
images were acquired at 0 and 5 min demonstrating PS lipid externalization via the binding of FITC-labeled annexin-V. E) The schematic diagram outlines
the fluorescent labeling of SENVs and senescent-like RBCs (sRBCs). f) IVIS image shows the splenic accumulation of SENVs and sRBCs. g) Quantitative
fluorescence image analysis shows the splenic accumulation of SENVs and sRBCs (n = 3).

the outer and inner membrane-associated lipid species.[45–46] Ad-
ditional ceramide-specific lipidomics of the SENVs revealed that
cFTS potentiates a membrane rearrangement process, inducing
long-chain ceramide derivatives (Figure 2c), which further en-
hanced the phosphatidylserine migration from the lower to the
upper leaflets (Figure 2d; and Figure S6, and Movie S1, Support-
ing Information).[47,48]

To correlate the materials properties with biological activity,
the cFTS-derived SENVs were fluorescently labeled with CyAm7
and injected into naïve C57BL/6J mice, with CyAm7-labeled
senescent-like RBCs serving as a control (Figure 2e–g). Forty-
eight hours after injection, the animals were sacrificed and the
organs were examined for splenic retention, with the SENVs
displaying similar accumulation to the source senescent-like
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erythrocytes. While it is known that the spleen demonstrates a
size-based clearance threshold, for the RBC-derived vesicles used
in this study it appears that the surface characteristics of these
particles are significantly more critical to splenic immunocyte
recognition than their size. Collectively, this data demonstrate
that the proteolipids of SENVs afford both the “find me” and
“eat me” signals promoting enhanced retention within the spleen
(Figure S1b, Supporting Information).

Given these results, we hypothesized that engineering of
SENVs to increase the display of PS on the outer leaflet would fur-
ther enhance splenic accumulation.[49–50] To accomplish this, so-
lutions of SEGs were combined with PS (1,2-dioleoyl-sn-glycero-
3-phospho-L-serine) at three different ratios of SEG lipid to PS
lipid via an extrusion and sonication procedure to produced
PS lipid engineered SENVs (eSENVs): PS4-eSENVs (4% PS by
mass), PS9-eSENVs (9.4% PS by mass), PS16-eSENVs (15.9%
PS by mass) (Figure 3a).[51 ] Cryo-TEM analysis revealed the ini-
tial formation of heterogeneous PS-modified engineered SEGs
(eSEGs, Figure 3b), which were subsequently used to form
unilamellar-spherical eSENVs (Figure 3c,d).[52]

2.2. Molecular Modeling of Lipid Bilayer Dynamics

To examine the effect of PS fusion with SENVs, we performed
coarse-grained molecular dynamics (MD) simulations (1.5 μs)
of the PS and SENVs fusion process, using the results of our
lipidomics analysis to modify the input data for the RBC mem-
brane bilayer as a starting point.[53] While electron microscopic
images provide details about the vesicle structure and morphol-
ogy, they are insufficient in understanding the lipid distribution
within the synthesized membrane. MD simulations may bridge
this gap, as has been shown recently.[54–56] MD models were de-
signed as described in the Supporting Information Experimental
Section. 3D renders of the simulated systems are displayed in
Figure 3e; and Figure S7 (Supporting Information). Lipids origi-
nating in the RBC membrane are visualized as red bonds. PS is
visualized in blue bonds. Additionally, the phosphate group of all
phospholipids are highlighted as spheres in the respective color.
Cholesterol is shown as yellow beads. Although the renderings of
the simulation indicate a uniform mixture of erythrocyte mem-
branes with PS, the time averaged density maps show evidence
for dynamic nanometer sized patches of PS-rich and depleted re-
gions Figure 3e; and Figure S8 (Supporting Information). The
patch sizes were determined as described in the Supporting In-
formation Experimental Section with values of 4.2±1.3/4.0 ±
1.4 nm for the PS16-eSENVs, 2.0 ± 0.7/2.2 ± 0.8 nm for the
PS9-eSENVs, 1.1±0.6/1.2±0.3 nm for the PS4-eSENVs (lower
leaflet/upper leaflet, Figure S9a, Supporting Information). In ad-
dition, the time-averaged largest cluster size of PS was deter-
mined using the LiPyphilic library and are graphed in Figure S9b
(Supporting Information) as 25±6 lipids/cluster (PS16-eSENVs),
8±2 lipids/cluster (PS9-eSENVs) and 4±1 lipids/cluster (PS4-
eSENVs). An overview of the clustering of all remaining lipid
species is presented in Figure S9c–e (Supporting Information)
which allows for visualization of the enrichment index. Sev-
eral lipids preferably form clusters. In particular, polyunsatu-
rated lipids (e.g., di-C20:4-C22:5-phosphatidylcholine (DAPC),
di-C20:4-C22:5-phosphoethanolamine (DAPE), di-C20:4-C22:5-

phosphatidylserine (DAPS), di-C16:3-C18:3-phosphatidylcholine
(DFPC), di-C16:3-C18:3-phosphoethanolamine (DFPE), and di-
C16:3-C18:3- phosphatidylserine (DFPS)) show a particularly
high enrichment index indicating clustering of highly unsatu-
rated lipids in the RBC membrane. This clustering is reduced at
higher concentrations of PS. The in-plane diffusion of PS varies
slightly with increasing PS concentration. In plane diffusion con-
stants of 2.9 × 10−7±1.5 × 10−8 (PS16-eSENVs), 2.9 × 10−7 ±
2.1 × 10−8 (PS9-eSENVs), and 2.5 × 10−7 ± 2.7 × 10−8 cm2 s−1

(PS4-eSENVs) were determined. Doping the membrane with the
monosaturated PS also moderately increases the area per lipid
from 0.5746 ± 0.0002 nm2 in a membrane with a 24.1:1 ratio of
RBC:PS to 0.5801 ± 0.0002 nm2 in a membrane that contains a
5.3:1 ratio of RBC:PS. Details are presented in Figure S10a (Sup-
porting Information). 2D maps, visualizing the in-plane projec-
tions of the local area per lipid averaged over the last 100 ns
of the simulation are shown in Figure S10b–d (Supporting In-
formation). The area per lipid was found to fluctuate between
0.45 and 0.85 nm2 which demonstrates a drastic variation de-
pending on the local environment. However, no noticeable differ-
ence was observed between the three simulation systems. Previ-
ous MD simulations and X-ray diffraction studies on large-scale
models show a similar de-mixing of lipid species in biological
cell membranes,[57–58] with recent work studying erythrocyte hy-
brid membranes.[53] The observed lipid rafts are intrinsic to bio-
logical membranes and play an essential role in their biological
function. The reproduction of rafts in the MD simulations vali-
dates the accuracy of these simulations and the model used for
RBCs. The formation of PS-enriched rafts indicates the success-
ful incorporation of synthetic PS lipids into the native biologi-
cal membrane, preserving their structural integrity and dynam-
ics. This is likely crucial for maintaining their biological function
and serves as compelling evidence that RBC membranes can be
enriched with synthetic lipids. We suggest that the presence of
PS-enriched lipid rafts enhances the accessibility and availability
of PS for recognition by macrophage receptors, promoting the
binding and uptake of red blood cells by splenic macrophages.
This mechanism may contribute to the splenic accumulation of
red SENVs.

2.3. Splenic Retention of eSENTs

Each of the eSENVs was subsequently utilized to generate the
core–shell structure of engineered senescent erythrocyte-like
nanotheranostics (eSENTs) by the ES process (Figure 3a,f; and
Figure S11, Supporting Information). The cores, which we re-
fer to as NTs, were comprised of poly(lactic-co-glycolic acid)
(PLGA) nanoparticles, fluorescently labeled with a near-infrared
cyanine dye, and were coated with the eSENVs using previ-
ously reported strategies,[59–60] increasing the overall hydrody-
namic diameter from 104 nm for the uncoated core to 116 nm
for the eSENT (Figure S11, Supporting Information). TEM im-
ages demonstrated the formation of core-shell hybrid eSENTs
featuring an 8–12 nm thick eSENV layer on the surface of the
polymeric core (Figure 3f). The process was also accomplished
using micrometer-sized PLGA nanoparticles to enable fluores-
cence microscopic visualization of the resulting materials, in-
cluding the colocalization of the CyAm7-labeled proteolipids with
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Figure 3. Preparation and characterization of phosphatidylserine lipid-engineered senescent erythrocyte-like nanovesicles coated nanotheranostics (eS-
ENTs). a) Schematic outlines the overall approach used in the design and production of eSEGs and eSENTs. SEGs and PS are combined (I) and processed
via extrusion and sonication (II) to give eSENVs (III). eSENVs are subsequently combined with the polymeric core (NTs) via extrusion and sonication to
give eSENT (IV). b) Cryogenic TEM micrograph shows the formation of heterogeneous eSEGs (Scale bar 1100, 250 nm, Color code of arrow was used
to emphasize the diverse natures of eSEGs: green color represents the heterogenous size of eSEGs; red color represents different shapes of eSEGs;
blue color highlights the different degree of lipid layer thicknesses (Insets show the uni- and multilamellar nature of lipids vesicles. c) Sonication, and
step-by-step extrusion process yield the unilamellar, spherical nanovesicles of eSEGs (Scale bar 50 nm). d) The thickness of the lipid layer was assayed
by cryo-TEM and was analyzed using Image J software (n = 10). e) Course-grained molecular dynamics (MD) simulations (1.5 μs) process were un-
dertaken using the results of our lipidomics analysis to modify the input data for the RBC membrane bilayer as a starting point. Density maps were
created to visualize the patchy structure of PS-rich areas in the upper leaflets (shown) and lower leaflets (shown in Figure S8, Supporting Information).
f) Negatively stained transmission electron microscopy images of core–shell hybrid nanostructure of eSENTs (Scale bar 100 nm). g) Confocal laser
scanning fluorescence microscopy images show the core–shell hybrid nature of the materials produced by the sonication and extrusion process. The
micrometer-sized CyAl5-labeled polymeric particles and CyAm7-labeled eSEGs were generated and then fused (Scale bar 20 μm). Inset images show a
representative schematic illustration of the core-shell hybrid structure of eSENTs.
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Figure 4. Investigation of the splenic retention of eSENTs in naïve C57BL/6J mice. a) Schematic outline of the PS-dependent splenic accumulation of
eSENTs. b) IVIS images show that increases in PS doping result in increased splenic retention. c) Quantitative fluorescence image analysis shows the
PS-dependent splenic accumulation of eSENTs (t-test,*p < 0.05). d) Schematic representation of the comparative experiments between engineered
(eSENTs), nonengineered (SENTs), and uncoated nanotheranostics (NTs). e) IVIS images show the comparative accumulation of eSENTs, SENTs, and
uncoated nanotheranostics within the spleen. f) Quantitative image analysis demonstrates the superior splenic accumulation of eSENTs versus SENTs,
and uncoated nanotheranostics 48 h postinjection as a function of dose (3, 6, and 30 mg kg−1, n = 3 mice per group, t-test,**p < 0.05). g) Schematic
outline of the determination of the dose-dependent plasma clearance half-life of eSENTs. h) Quantitative fluorescence analysis illustrates the dose-
dependent circulation half-life of eSENTs (n = 3 mice per group). i) Schematic representation of the dose-dependent splenic immunocyte-specific
uptake of eSENTs. j,k) Flow cytometric analysis of nanoagent (6 and 30 mg kg−1) uptake by splenocytes (n = 3 mice per group) depicting the percent
of nanoparticle positive cells in the F4/80, CD3, and CD20 gates.

the CyAl5.5-labeled particles (Figure 3g). Preliminary cell uptake
experiments with the eSENVs were also undertaken using RAW
264.7 murine macrophages, with the PS-doped materials demon-
strating significant uptake by these model immune cells (Figure
S5, Supporting Information).

The splenic retention of the resultant eSENTs with differing PS
to RBC lipid ratios was initially investigated in naïve C57BL/6J
mice, with increases in splenic fluorescence signal correlating
with an increased degree of PS doping (Figure 4a–c). We next
explored whether our observed splenic retention could be mod-

ulated by decreasing the dose of the material given, using the
highest doped eSENTs versus the undoped or uncoated particles
(Figure 4d–f). At the lowest dose (3 mg kg−1 polymer) there was
no significant difference between groups, whereas a doubling of
the dose resulted in dramatically increased signal from the spleen
in both coated groups (Figure 4e,f). Moreover, at the highest dose
(30 mg kg−1) the eSENTs showed a significantly higher splenic re-
tention (Figure 4e,f) over the control groups. Given the proposed
mechanism of splenic accumulation, we hypothesized that the
plasma elimination half-life would be relatively short, yet at this
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high dose, that was not observed (t1/2 = 7.8 h). Based upon prior
work in the liver,[61,62] we assumed that we were observing a sat-
uration effect, whereby the organs responsible for the clearance
of the nanomaterials were overwhelmed. To test this, we injected
the particles at half dose (15 mg kg−1) and observed rapid plasma
clearance (t1/2 = 0.33 h, Figure 4g,h), intimating that for mate-
rials such as these, there may be an active, yet dynamic process
responsible for organ retention.

Assessment of the splenic accumulation on the cellular level
was accomplished at 48 h after injection using flow cytomet-
ric (Figure 4i–k; and Figures S12 and S13, Supporting Informa-
tion) and histological examinations (Figures S14 and S15, Sup-
porting Information). Injection of these materials, which mimic
senescent red blood cells, led to a modulation of the cell types
within the splenic milieu, with the most significant changes at
the higher dose. In particular, the percent F4/80 positive cells
doubled for the eSENTs in the live cell population versus naïve,
untreated mice, while the percent CD3 positive cells decreased
20-fold (Figure S13, Supporting Information). While the mecha-
nisms responsible for this effect are still being investigated, we
hypothesize that this is a result of the spleen sensing a massive
influx of damaged RBCs and responding by increasing the effero-
cytic capacity as a protective mechanisms with concomitant acti-
vation and release of T cells via antigen-presenting cell-based ac-
tivation. Interestingly, at the 6 mg kg−1 dose of particles, eSENTs
were mainly localized to F4/80+ macrophages (Figure 4J), yet a
fivefold increase in the injected dose (30 mg kg−1), resulted in the
material uptake switching mainly to CD3+ T cells and CD20+ B
cells (Figure 4k). Immunofluorescence and H&E images further
elucidated the intra-splenic accumulation of the particles as be-
ing mainly distributed throughout the marginal zone, yet with a
minor amount escaping the meshes of the red pulp cords and
distributing into the white pulp compartments (Figures S14 and
S15, Supporting Information). Overall, these results demonstrate
how the rationally designed eSENTs mimic the molecular prote-
olipid signals of dysfunctional and senescent erythrocytes. Uti-
lizing cell-derived coating materials featuring a functional loss
of CD47 and the enriched presence of PS along with oxidized
ceramide lipids on the nanomaterial surface leads to enhanced
retention and uptake of eSENTs by the various splenic immuno-
cytes in the splenic subcellular compartments.

2.4. Cardiosplenic Axis-Mediated Immunomodulation for the
Treatment of Myocardial Infarction

To examine the potential immunomodulatory effect of spleen-
localized nanomaterials, we utilized a murine model of myocar-
dial infarction (MI) as shown in Figure 5a. As has been demon-
strated previously, the spleen serves as a reservoir for monocytes
which migrate to damaged tissues in response to injury.[5,63] In-
flammatory Ly6Chigh monocyte recruitment to the infarct area
post-MI begins within the first 30 min of ischemic onset and
peaks between 48 and 72 h. These monocytes are predominantly
recruited from the splenic reserve in a CCR2-dependent manner
and differentiate into inflammatory macrophages upon reach-
ing the injured tissue. These early inflammatory macrophages
produce high levels of TNF-𝛼, IL-1𝛽, IL-6, MMPs, and reactive
oxygen species. The number of Ly6Clow monocytes recruited to

the post-MI infarct area is initially negligible, slowly increases
throughout the first week, and peaks at day 7. This recruitment
changes the expression of cytokines, growth factors, pathogen-
associated molecular patterns, and other microenvironment me-
diators shifting macrophage polarization to a less inflammatory
and more reparative phenotype.[12,64] In our previous work, we
demonstrated that systemic histone deacetylase (HDAC) inhibi-
tion via the intraperitoneal injection of suberoylanilide hydrox-
amic acid (SAHA), a pan-HDAC inhibitor, resulted in decreased
inflammatory cytokines and MMPs, as well as earlier recruitment
of reparative macrophages to the post-MI heart.[12,18] Importantly,
this correlated with improved ventricular function and remod-
eling. We, therefore, hypothesized that this observed effect was
driven by the spleen. Thus, localization of SAHA to this organ
may serve to recapitulate the results from the systemic interven-
tion.

To test this, we generated eSENTs containing SAHA within
the polymeric core (eSENTs-SAHA) and examined their ther-
apeutic efficacy, with nondrug-loaded particles (eSENTS) and
saline injections servings as controls (Figure 5a). Intravenous
injection of the immunomodulatory SAHA-eSENTs 2 h after
MI significantly increased the number of CD11b+Ly6C+ mono-
cytes/macrophages retained in the spleen (Figure 5b; and Figure
S16, Supporting Information). Consistent with this, the num-
ber of CD11b+/F4/80+ macrophages present in the infarct at
24 h post-MI were reduced by 3.5-fold when compared to the
saline group (Figure 5c; and Figure S17, Supporting Informa-
tion). While not significant, this trend continued at 72-h post-MI
(Figure 5d; and Figure S18, Supporting Information). The data
are recapitulated in the 48 h fluorescence-based biodistribution
data, exhibiting localization of the eSENTS to the spleen, heart,
and lungs of the mice bearing infarcts, whereas those with sham
surgeries demonstrated minimal accumulation within the heart
(Figure S19, Supporting Information). The fluorescence signal
coming from the lung is telling in both groups, as intubation
during the ligation of the coronary artery elicits damage to this
organ, to which the particles traffic in response to injury. Ulti-
mately, treatment with eSENTs-SAHA dramatically reduced in-
farct size by 14% at 72-h post-MI when compared to eSENTs or
saline controls (Figure 5e,f). Importantly, this significant reduc-
tion in ischemic damage was accomplished via a single injection
of the SAHA-loaded eSENTs at a drug dose of 3 mg kg−1, as com-
pared to our previously reported 100 mg kg−1 day−1 required for
a similar effect, where it was given systemically.[12,18] The efficacy
of the SAHA loaded spleen targeted eSENTs is highlighted by
the fact that treatment with the uncoated core PLGA nanopar-
ticles incorporating SAHA (NTs-SAHA) or SAHA-loaded PLGA-
cored particles with only PS as the coating material (PS-SAHA) at
the same dose demonstrates no significant reduction in ischemic
damage when compared to saline controls (Figure S20, Support-
ing Information). Systemic delivery of the free drug at the same
dose (3 mg kg−1) similarly elicited no therapeutic effect (Figure
S20, Supporting Information). Most importantly, daily treatment
with eSENT-SAHA significantly preserved ejection fraction at
7 days post MI as compared to empty eSENT control (Figure 5G).
Taken together, this study serves as the first of its kind to demon-
strate the potential of the spleen-targeted inhibition of HDACs in
the attenuation of post-MI ischemic damage and the promotion
of infarct healing.

Adv. Mater. 2023, 2304615 © 2023 Wiley-VCH GmbH2304615 (8 of 12)
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Figure 5. Investigation of the splenic immunocyte-mediated immunomodulatory potential of SAHA-eSENTs. a) Schematic representation of the overall
experimental approach. b) Flow cytometry-based quantitation of CD11b+Ly6C+ and CD11b Ly6C+NTs+ (cells that have engulfed CyAl5-eSENTS) within
the spleens of CD1 mice receiving MI (cells mg−1 spleen tissue, no NTs (saline, n = 7), eSENTs alone (n = 7), eSENTs-SAHA (n = 8)). Flow cytometry-
based quantification of CD11b+F4/80+ and CD11b+F4/80+NTs+ (cells that have engulfed CyAl5-eSENTs) in infarcted murine hearts (cells mg−1 infarct
tissue). c) 24 h post (No NTs (n = 7), eSENTs (n = 8), eSENTs-SAHA (n = 7)), and d) 72 h post-MI (No NTs (n = 3), eSENTs (n = 4), and eSENTs-SAHA
(n = 5). e) Quantitative assessment infarct area at 72 h post-MI by TTC staining depicting a 14% decrease in infarct size in the treated group (No NTs
(n = 10), eSENTs (n = 10), eSENTs-SAHA (n = 9), P = 0.04). f) Representative images of yellow/white region indicate an area of infarction at 72 h
post-MI. Infarct areas were measured using ImageJ software. g) Mice were treated daily with either eSENTs-SAHA (n = 4) or empty eSENTs (n = 4). Mice
were subjected to echocardiogram to assess cardiac function as measured by ejection fraction before MI and 7-days post MI. All data are represented
as mean±SEM. *p value <0.05, **p value <0.005, and ***p value <0.0005 versus control as determined by Kruskal–Wallis nonparametric analysis with
Dunn’s multiple comparison post-hoc test or Student’s t-test.

3. Conclusions

Biomimicry, especially cell mimicry, is extensively utilized in
hybrid nanomaterial development as it possesses the ability
to emulate the natural homing capabilities of their source
materials.[26,60,65] Here, we have for the first time, demonstrated
senescent erythrocyte nano-biomimicry and their potential im-
munomodulation in cardiovascular disease settings. As shown

in the present study, the engineering of senescent erythrocyte
membranes facilitates the retention of eSENTs within the spleen,
likely through the presentation of “find me” and “eat me” sig-
nals on the nanoagent surface while concomitantly decreasing
the presence of “don’t eat me” signals, such as CD47. When
loaded with HDAC inhibitors, splenic retention of the nanoma-
terials promotes immunomodulation via the cardiosplenic axis,
specifically, eSENTs produce an immunomodulatory response by

Adv. Mater. 2023, 2304615 © 2023 Wiley-VCH GmbH2304615 (9 of 12)
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augmentation of splenic monocyte response in the setting of my-
ocardial injury, reducing infarct size by 14% at a dose 33-fold
lower than required to elicit a comparable effect when given sys-
temically. While this reduction may seem modest, it is in relation
to the total infarct area. Myocardial infarction causes massive cell
death in ischemic areas, and initiates inflammatory and repair
processes which result in the formation of a scar as a means to
prevent rupture. Areas adjacent to the infarct in the border zone
between the necrotic tissue and healthy tissues are thought to
be “at risk,” with the intensity of the inflammatory process de-
termining the ultimate infarct size. It is this tissue that we are
salvaging, thus our observed therapeutic effect is indeed signifi-
cant.

While the experiments demonstrated herein serve as an ini-
tial validation of this platform, and are consistent with our hy-
pothesis, further investigation is currently underway to define the
mechanisms relevant to the observed therapeutic benefits. The
inflammatory response after MI is multifaceted, and while our
initial study has focused on monocyte trafficking, other cell types,
including neutrophils, T, B, and dendritic cells are bound to play
a role in this process, particularly those cells contained within
the splenic milieu. Apart from the cell-specific effects, we are
also highly interested in exploring how the localization of SAHA
to the spleen modulates monocyte trafficking to the infarct, and
are aiming to examine alterations in cytokine profiles and the
cell types within the spleen, heart and blood, as well as other
reservoirs for these cells including lymph nodes and the bone
marrow. While this initial study showed a significant decrease in
infarct size and preservation of cardiac function, we would also
like to explore how the therapeutic efficacy of our agents might
be increased. Likely points of investigation may also include the
timing of administration, the dose given, or potentially giving
multiple doses. We have also begun considering possible safety
concerns that may arise in using these materials. Since they are
derivative of RBCs, there is the potential for deleterious activa-
tion of the coagulation or complement cascades.[66–67] As with
any nanocarrier, unintended biocompatibility issues may arise
enroute to potential clinical use, each of which will be considered
as we further examine these materials.[68] As opposed to other
cell-based source materials, erythropoiesis generates red blood
cells by the billions each day. When used in combination with
our cFT process, patient-specific nanomaterials can be generated
which may facilitate innovative treatment regimens while avoid-
ing potential immunogenicity. In looking beyond MI, several
other (auto)immune disorders have splenic manifestations, in-
cluding systemic lupus erythematosus, for which there are no cu-
rative measures. We believe that spleen-localized immunomod-
ulation may thus play an important role in the provision of novel
therapeutic avenues for a wide range of diseases.

4. Experimental Section
In Vivo Animal Study: All animal experiments were approved by the

Institutional Animal Care and Use Committee (IACUC) at the Masonic
Medical Research Institute (Protocol 2021-04-02-CK02) or the Ralph H.
Johnson Department of Veterans Affairs Medical Center (Protocol ACORP
706).

Experimental details, including the materials and methods used, can
be found in the Supporting Information.

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