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ABSTRACT: In recent years, valvular heart disease has become a
serious disease threatening human life and is a major cause of death
worldwide. However, the glutaraldehyde (GLU)-treated biological
heart valves (BHVs) fail to meet all requirements of clinical
application due to disadvantages such as valve thrombus,
cytotoxicity, endothelialization difficulty, immune response, and
calcification. Encouragingly, there are a large number of carboxyls
as well as a few amino groups on the surface of GLU-treated BHVs
that can be modified to enhance biocompatibility. Inspired by
natural biological systems, we report a novel approach in which the
heart valve was cross-linked with erythrocyte membrane
biomimetic drug-loaded nanoparticles. Such modified heart valves
not only preserved the structural integrity, stability, and mechanical
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properties of the GLU-treated BHVs but also greatly improved anti-coagulation, anti-inflammation, anti-calcification, and
endothelialization. The in vitro results demonstrated that the modified heart valves had long-term anti-coagulation properties and
enhanced endothelialization processes. The modified heart valves also showed good biocompatibility, including blood and cell
biocompatibility. Most importantly, the modified heart valves reduced the TNF-a levels and increased IL-10 compared to GLU-
treated BHVs. In vivo animal experiments also confirmed that the modified heart valves had an ultrastrong resistance to calcification
after implantation in rats for 120 days. The mechanism of anti-calcification in vivo was mainly due to the controlled release of anti-
inflammatory drugs that reduced the inflammatory response after valve implantation. In summary, this therapeutic approach based
on BHVs cross-linking with erythrocyte membrane biomimetic nanoparticles sparks a novel design for valvular heart disease therapy.

KEYWORDS: biological heart valves, erythrocyte membrane, biomimetic drug-loaded nanoparticles, anti-calcification,

inflammatory response

1. INTRODUCTION

Valvular heart disease (VHD), including valve stenosis or
reflux, affects more than 100 million people worldwide. It has
become an increasingly serious problem, as the burden of
degenerative valvular disease is increasing in the elderly
population, and the incidence rate of rheumatic heart disease
in developing countries remains high."” Currently, there is no
effective medical treatment for cardiac valve dysfunction,
mainly due to a lack of understanding of its pathophysiology.””
Under grievous valvular dysfunction, replacing the damaged
valve with an artificial valve (mainly including mechanical and
biological valves) is the most effective solution.” It is expected
that the number of patients requiring heart valve replacement
will increase to over 850,000 by 2050.78 Biological heart valves
(BHVs) have been widely used,” and the proportion of
patients with valvular disease receiving BHVs has increased
each year, exceeding 80%.'>"'

Nevertheless, using biomaterials from animals enhances the
immunogenic response and increases the risk of transmitting
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diseases such as Creutzfeldt-Jakob disease, microorganisms,
and retroviruses.'”'® To resolve these issues, glutaraldehyde
(GLU) may be employed as it is commonly used to treat
biological tissue to obtain a fixed, nonliving, and nonresorbable
matrix."” The latest clinical data indicate that interventional
artificial heart valve products have a higher risk of subclinical
valve thrombosis within 1 year after implantation, with an
incidence of between 15% and 40%.'*" Although most
valvular thrombosis is manifested as a valvular thickening and
reduced valvular motility in the clinical setting, they may also
result in valvular motility disorder and hydromechanical
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Scheme 1. Illustrations Displaying Preparation of Erythrocyte Membrane Biomimetic Drug-Loaded Nanoparticles and
Mechanism of Cross-Linking with Heart Valves for Anti-coagulation/Accelerating Endothelialization Process/Anti-

inflammation and Anti-calcification

@ atorvastatin calcium

@ rapamycin

RAPA&AC@PLGA nanoparticle
camouflage

RBC/RAPA&AC@PLGA nanoparticle

RBC membrane

'<<:‘\ x;:;\ ¢ | ¢

anti-coagulation
accelerating endothelialization
anti-calcification

anti-inflammation

Heart valve

=/

Heart valve

deterioration without intervention.'® Furthermore, some
patients may have clinical symptoms such as valvular stenosis,
heart failure, fainting, and angina again. Meanwhile, valvular
thrombosis is strongly correlated with the occurrence of
complications, such as stroke and temporary cerebral ischemia,
and it may further aggravate the occurrence of calcification.'”
This would result in opening and closing disorders of the
valvular lobes and force the patient to have a second valve
implantation operation.

At present, the transcatheter aortic valve replacement
(TAVR) valve used in clinical practice is made from
glutaraldehyde cross-linked porcine or bovine pericardium.
These TAVR valves have been successfully used in elderly
patients over 70 years of age. The patients tolerated the TAVR
valves well for the rest of their lives. However, as a
heteroplastic material, the valve lobe could promote the
adhesion of platelets and local enrichment of clotting factors,
thus causing valve lobe thrombosis.'"® GLU-treated BHVs
could inhibit the adhesion and proliferation of endothelial cells
due to the high toxicity of glutaraldehyde,"” which is closely
related to the aldehyde groups of the valve.”® Still, the GLU-
treated BHVs revealed the disadvantages such as immune
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response, valvular thrombosis, endothelialization difficulty,
calcification seriousness, and a shorter life-span of the valve
(generally only 10—1S years) due to altered mechanical
properties and compromised functionality.”"”>* The short life
span of the heart valves treated with glutaraldehyde is also
detrimental for young patients who need much longer
durability of the implanted valves. Therefore, it is the key
point to improve the durability, safety, and life span of BHVs.
Although some other valve modification methods have been
reported to resolve these problems, the BHVs are still difficult
to meet the requirements for clinical application.zz”24 Hence,
the focus of our current research is seeking a new, nontoxic
modification method to improve the endothelialization, anti-
coagulation, anti-calcification, durability, life span, and other
properties of biological valves that will minimize the side
effects during and after valve replacement surgery.

Thanks to the advantages of nanomedicine delivery
systems—such as prolonging drug half-life, strengthening
site-specific targeting, reducing side effects and enhancing
therapeutic efficacy—numerous nanotechnologies have
emerged to sensitively diagnose or treat tumors,” microbial
infections,” cardiovascular diseases”’ (including atheroscle-
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rosis, VHD, and so on) and other diseases in recent years.28
However, nanoparticles still have inherent shortcomings,
including poor pharmacokinetics and pharmacodynamics,
immunological response, systemic toxicity, rapid organism
clearance, off-target protein adsorgtion, and nondegradability
during long systemic circulation.”” To address these above
problems, researchers are developing novel drug carriers usin%
the body’s circulatory cells, including macrophages,” T cells,®

neutrophils,32 stem cells,>® red blood cells,** and platelets,35 to
reduce reticuloendothelial system uptake, avoid immunological
recognition, and decrease immune response and systemic
toxicity.”® Compared with conventional nanoparticles, cell
membrane coated nanoparticles possess surface proteins of the
membranes (composed of phospholipid bilayers, protein,
cholesterol, and glycolipids), resulting in lower clearance
rates in vivo, longer circulation time, and better biocompati-
bility and anti-coagulation properties.””>® But, a great
challenge is how to combine cell membrane coated, drug-
loaded nanoparticles with biological valves to achieve stable
loading and controlled release of therapeutic drugs.

There are a large number of carboxyl groups and a few
amino groups on the surface of GLU-treated BHVs available
for modification. Cell membranes’ surfaces also have many
carboxyl and amino groups.’ Inspired by this natural
bioactivity, we hypothesized that the GLU-treated BHVs
could cross-link with erythrocyte membrane biomimetic
nanoparticles, leading to a large number of erythrocyte
membrane biomimetic nanoparticles on the surface of the
GLU-treated BHVs. In this work, we report a novel approach
for the biomimetic modification of biological heart valves
(Scheme 1). First of all, the erythrocyte/red blood cell (RBC)
membrane biomimetic nanoparticles are cross-linked to the
surface of the GLU-treated BHVs by the amidation reaction of
the amino groups with carboxyl groups in the presence of 1-
ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). These RBC membranes allow
the biological valves to achieve the anti-coagulation/endotheli-
alization and anti-calcification properties.*’ This strategy works
by integrating the “natural” characteristics of the RBC
membranes to make them anti-coagulant in blood circulation.
Loading immunosuppressive agents and anti-inflammatory
drugs to these RBC membrane coated nanoparticles could
restrain the immune stress response more effectively after heart
valve implantation and impart anti-calcification via inhibition
of the inflammatory response. Rapamycin (RAPA) is
considered as an effective immunosuppressive agent for
immune rejection because of its specific pharmacological
activity in targeting the mammalian target of rapamycin
(mTOR) pathway.*" Atorvastatin calcium (AC) has properties
that can inhibit the inflammatory response.*” Moreover,
poly(lactic-co-glycolic) acid (PLGA), which has been approved
by the U.S. Food and Drug Administration, works as a highly
effective drug-loading material with biocompatibility and
biodegradability.43 Hence, the PLGA nanoparticles were
loaded with RAPA and AC (RAPA&AC@PLGA). Subse-
quently, RBC vesicles were coated to the surface of
RAPA&AC@PLGA nanoparticles to prepare the RBC-based
nanocomplexes (RBC/RAPA&AC@PLGA). Finally, RBC/
RAPA&AC@PLGA nanoparticles were cross-linked to the
surface of the GLU-treated BHVs in the presence of EDC/
NHS. In this study, we have shown that these biomimetic
drug-loaded nanoparticles cross-linked on the surface of the
porcine pericardial valve could enhance the anti-coagulant,

endothelialization, and anti-calcification properties of porcine
pericardial valves before and after implantation. Although it has
been proved in previous studies that the lysed erythrocyte
membrane can promote calcification,** the proposed biomi-
metic strategy of erythrocyte membrane in this work could
effectively inhibit valve calcification, for the following reasons:
(1) the “right-side-out” orientation of the erythrocyte
membrane on the drug-loaded nanoparticles; (2) integrity of
erythrocyte membrane structure and composition; 3)a very
small amount of erythrocyte membrane bionic nanoparticles
present on the valve surface; and (4) the controlled release of
the anti-inflammatory drug atorvastatin calcium. More
importantly, this strategy applies a biomimetic drug delivery
system to porcine pericardial valve that holds considerable
promise as a new generation treatment for safe and eflicient
valvular heart disease therapy. However, it must be emphasized
that blood group matching is very important in future clinical
use to avoid the hemolysis phenomenon after heart valve
implantation. It is also better to select autologous (patients’
own) RBCs or RBCs with the same blood type.

2. MATERIALS AND METHODS

2.1. Materials. Rapamycin, fluorescein diacetate (FDA), and
atorvastatin calcium (AC) were obtained from Sigma-Aldrich. DiD
(red) and DiO (green) dyes were added from Beyotime Institute of
Biotechnology. Cell counting kit-8 was obtained from Dojindo
Laboratories (Japan). Human umbilical vein endothelial cells
(HUVECs) and macrophages were purchased from the Cellbank of
the Chinese Academy of Sciences. All of the chemical reagents were
obtained from Aladdin Reagent (Shanghai, China). Fresh gluta-
raldehyde-treated biological heart valves were kindly provided by
Qiming Medical Appliances Co., Ltd. (Hangzhou, China), and the
pericardium is from porcine origin.

2.2. Preparation of Red Blood Cell Vesicles. RBC vesicles were
prepared according to the reported method in the previous
reference.”* Whole blood was obtained from Sprague—Dawley (SD)
rats. First, the whole blood was centrifuged to remove serum at 4 °C
(2000 rpm, 10 min). The red blood cells were washed with pH = 7.4
phosphate buffered saline (PBS, three times). Then, the red blood
cells were resuspended in 0.25X PBS (pH = 7.4) containing EDTAK2
at 4 °C. After 30 min, the red blood cell solution was centrifuged at 4
°C (12000 rpm, 10 min); the pink precipitation was collected and
stored at 4 °C.

2.3. Preparation of Drug-Loaded PLGA Nanoparticles
(RAPA&AC@PLGA). PLGA (10 mg, MW 50000, 50:50), RAPA (1
mg), and AC (1 mg) were dissolved in 1 mL of dimethyl sulfoxide
(DMSO). Subsequently, the mixture solution was dropwise added
into 3 mL of water under gentle stirring. After 2 h, the solution was
dialyzed using a dialysis bag (MWCO = 3500 Da) for 48 h. The
fluorescence-labeled DID@PLGA nanoparticles were prepared by
loading 0.1 wt % DiD to PLGA nanoparticles.

2.4. Preparation of RBC Membrane Coating Nanoparticles.
The RBC membrane coating nanoparticles were prepared by an
extrusion method. First, RBC vesicles were prepared from 400 uL of
whole blood. Subsequently, RBC vesicles were mixed with
RAPA&AC@PLGA nanoparticles (2 mg/mL) and ultrasonicated (5
min). Then, the mixture solution was extruded with an Avanti mini-
extruder (Avanti Polar Lipids, USA) through a polycarbonate porous
membrane (100 nm) for 20 times. The RBC/PLGA, RBC/RAPA@
PLGA, and RBC/AC@PLGA nanoparticles were prepared by the
above method. Finally, the RBC membrane coating nanoparticles
were stored at 4 °C.

2.5. Cross-Linking of Heart Valves and RBC Membrane
Coating Nanoparticles. GLU-cross-linked heart valves were
incubated with 0.1 M EDC and 0.1 M NHS for 3 h under vigorous
stirring. After that, the RBC/PLGA (2 mg/mL), RBC/RAPA@
PLGA, RBC/AC@PLGA, and RBC/RAPA&AC@PLGA (2 mg/mL)
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nanoparticles solution was added for 2 days. After being washed with
water 3 times, the heart valves cross-linked with erythrocyte
membrane biomimetic drug-loaded nanoparticles were obtained.
For RBC/RAPA@PLGA and RBC/AC@PLGA groups, to load the
same amount of drugs as RBC/RAPA&KAC@PLGA, the amounts of
RBC/RAPA@PLGA and RBC/AC@PLGA were added according to
the loading rate of each drug, respectively. Further, RBC/PLGA
nanoparticles were also added to ensure that the number of
nanoparticles was consistent in RBC/RAPA@PLGA and RBC/
AC@PLGA groups. The number of nanoparticles on the heart valves
was obtained from at least 10 different areas.

The initial weight (MO) of each lyophilized valve sample was
measured and recorded. After all of the process of cross-linking the
valve with the nanoparticle was completed, the modification valve was
lyophilized and weighed (M1). The nanoparticle content was
calculated with the following formula: nanoparticle content (%) =
(M1 — M0)/M1 X 100. Each group consists of five parallel samples.

2.6. Characterization of Drug-Loaded Nanoparticles. The
size distributions and { potentials of RAPA@PLGA, AC@PLGA,
RAPA&AC@PLGA, RBC/RAPA@PLGA, RBC/AC@PLGA, and
RBC/RAPAKAC@PLGA were detected by a Malvern Zetasizer
Nano ZS unit (Malvern Zetasizer Nano-ZS90 apparatus, Malvern,
U.K.) with a He—Ne laser (4 = 633 nm) at a scattering angle of 90° at
25 °C. Transmission electron microscope (TEM, Hitachi H-600,
Japan) was used to observe the shapes of RAPARAC@PLGA, and
RBC/RAPA&AC@PLGA nanoparticles. The concentration of all
samples for size distribution, { potential, and TEM detection was 1
mg/mL (H,O is the solvent).

2.7. Characterization of Red Blood Cell Membrane Proteins.
Polyacrylamide gel electrophoresis (SDS-PAGE) was utilized to
characterize the membrane proteins. The protein samples of RBC
vesicle and RBC/RAPA&AC@PLGA nanoparticles were separated
on 12% SDS-PAGE gel and stained with the Coomassie blue. Western
blot (WB) analysis was used to detect the CD47 protein.

Confirmation of Membrane Orientation. First, 1 mL of
RAPA&AC@PLGA nanoparticles (1 mg mL™') and RBC/
RAPAKAC@PLGA nanoparticles (1 mg mL™') were incubated
with trypsin (S ug) at 37 °C for 4 h. Then, the solutions were
centrifuged (8000 rpm, 10 min) and the supernatant was collected to
quantify glycoprotein using a rat glycoprotein enzyme-linked
immunosorbent assay (ELISA) kit (Jiangsu Jingmei Biological
Technology Co., Ltd.). There are five parallel samples for each group.

2.8. Differential Scanning Calorimetry and Attenuated
Total Reflection Flourier Transformed Infrared Spectroscopy.
Each heart valve sample (6—12 mg, n = 3) was cut and detected in an
N, atmosphere using a differential scanning calorimetry (DSC) DSC
2920 instrument. There are three parallel samples for each group.
Heart valve samples were equilibrated at 40 °C and heated at 10 °C/
min up to 120 °C. The thermal shrinkage temperature was recorded
as the maximum value of the endotherm peak. The specimens of
GLU, RBC/RAPA@PLGA, RBC/AC@PLGA, and RBC/RA-
PA&AC@PLGA were freeze-dried and directly characterized by
attenuated total reflection Fourier tranform infrared (ATR-FTIR;
Spectrum One, Nicolet).

2.9. Enzymatic Stability of the Cross-Linked Heart Valves.
The dried heart valve pieces were weighed (WO0) and incubated in
collagenase I (125 U mL™", pH 7.4) or elastase (30 U mL™’, pH 7.4)
tris buffer for 24 h, respectively. Then, the heart valves were washed
with water 3 times and weighed (Wt) after being freeze-dried. The
weight-loss percentage was counted by the following equation:
percentage of weight loss (w/w, %) = (WO — Wt)/W0 X 100%.
There are six parallel samples for each group.

2.10. Tensile Test. Each heart valve sample was prepared into
rectangles (40 X 8 mm?), and the average thickness of samples was
also detected by a thickness gauge at three different locations. Heart
valves were installed into the fixture of the tensile testing equipment
(Instron 5967) and tested. There are six parallel samples for each
group.

2.11. Co-localization Experiment. Macrophages (RAW 264.7
cells) were inoculated and cultured for 24 h. RBC/DiD@PLGA

nanoparticles (100 pg/mL) were added for 2 h. Then, the cells were
washed with PBS (pH 7.4) three times and stained with DiO green
(RBC membrane) and Hoechst 33342 (cell nucleus) for 30 min at
room temperature. Then, the cells were imaged using confocal laser
scanning microscopy (CLSM).

2.12. Loading of Drug and In Vitro Drug Release. RBC/
RAPA@PLGA, RBC/AC@PLGA, and RBC/RAPA&AC@PLGA
nanoparticles were dissolved in DMSO, respectively. The drug
content was detected by high-performance liquid chromatography
(HPLC). For the detection of AC, the mobile phase, and the
detection wavelength were acetonitrile and water (40:60), and 241
nm, respectively. The methanol, acetonitrile, and water (67:15:18) as
the mobile phase and 278 nm the detection wavelength for RAPA.

The drug-loading efficiency (DL) was counted by the previously
reported method.**

A 1 mg/mL amount of RBC/RAPA&AC@PLGA nanoparticle
solutions (n = 6) were added to dialysis bags (MWCO = 3500 Da) in
PBS (pH 7.4). The 3 mL aliquot of PBS was extracted and 3 mL of
fresh PBS (pH 7.4) was added at different times. The drug’s
cumulative released content was measured by the above method by
HPLC.

2.13. Blood Compatibility Evaluation. For whole blood
adhesion, heart valve samples were mounted into the flow chamber
of the peristaltic pump and whole blood constantly flowed across the
flow chamber for 45 min at 37 °C. For platelet adhesion, whole blood
was centrifuged at 1600 rpm for 20 min to acquire the platelet-rich
plasma. Different heart valve samples were treated with platelet-rich
plasma at 37 °C under constant wobbling. The heart valves were
washed with PBS 3 times after 2 h and fixed with 2.5% glutaraldehyde.
Finally, the samples were surveyed by scanning electron microscope
(SEM, S4800, Hitachi, Japan). The number of adherent red blood
cells and platelets on the heart valves was obtained from at least six
different areas.

Complement Activation. Complement activation studies were
carried out by using plasma isolated by centrifugation from whole
blood from the rat. Different heart valves samples (1 cm X 1 cm, n =
5) were treated with S00 uL of plasma at 37 °C for 1 h under constant
wobbling. After 1 h incubation, the plasma was collected and
measured by using a commercial C3a enzyme immunoassay kit
(Jiangsu Jingmei Biological Technology Co., Ltd.).

Hemolysis Ratio of Heart Valves. Each heart valve sample was cut
and suspended in 600 uL (containing 200 yL RBCs suspension) of
PBS buffer for 2 h at 37 °C. H,O and PBS were experimented with as
positive control and negative control. After incubation for 2 h, the
supernatant was centrifuged and 100 pL of supernatant was pipetted
into a 96-well plate and the absorbance (541 nm) was detected with a
microplate reader (Synergy H1, BioTek Instruments Inc.). The
hemolysis ratio was calculated as follows: hemolysis ratio (%) =
(Asample - Anegative)/(Apositive - Anegative) X 100. There are six Parallel
samples for each group.

The platelet’s poor plasma (PPP) was acquired by centrifuging
whole blood (3000 rpm, 15 min). Each heart valve sample was treated
with PPP at 37 °C for 30 min under constant wobbling. Then,
samples were detected by an automatic coagulation analyzer (Sysmex
CS5100, Japan). There are six parallel samples for each group.

2.14. HUVECs Culture. To prepare the diluted extraction of the
heart valve samples, the valve samples were immersed in a complete
cell medium after radiation disinfection with a concentration of 0.2 g/
mL and extracted for 72 h. The HUVECs were incubated at 37 °C
under 5% CO,. Heart valve samples (six parallel samples in each
group) were disinfected by 75% ethanol solution for 24 h. Then heart
valve samples were washed with PBS and placed in 96-well plate. A
100 L aliquot of HUVECs cell suspension was seeded at a density of
2 X 10* cells per well. At 1 day and 3 days, 100 L of medium (10%
CCK-8 reagent) was added and cultured for 2 h. And the absorbance
(450 nm) was detected with a microplate reader (Synergy H1, BioTek
Instruments Inc.).

For cell FDA staining, cells were immersed in FDA for 10 min. The
cell morphology was imaged by a fluorescence microscope (Leica
DMI 4000, Germany) at 1 day and 3 days.
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Figure 1. (A) Size and (B) { potential of RAPAKAC@PLGA and RBC/RAPA&AC@PLGA (n = 3). (C) TEM images of RAPAZAC@PLGA and
RBC/RAPA&AC@PLGA (scale bar = 100 nm). (D) Proteins of RBC vesicles (group 1) and RBC/RAPA&AC@PLGA nanoparticles (group 2)
characterized by SDS-PAGE (top); Western blot analysis of CD47 in RAPA&AC@PLGA nanoparticles (group a), RBC vesicles (group b), and
RBC/RAPA&AC@PLGA nanoparticles (group c) (bottom). (E) SEM images of heart valves treated with or without RBC/RAPA&AC@PLGA
(scale bar = 4 um). (F) ¢ potential of GLU-treated or RBC/RAPA&AC@PLGA-treated heart valves at different pH values. (G) Weight-loss ratios
(n = 6) of GLU, RBC/PLGA, RBC/RAPA@PLGA, RBC/AC@PLGA, and RBC/RAPA&AC@PLGA-treated heart valves after treatment with
collagenase and elastase for 24 h at 37 °C (n = 6) (GLU-treated heart valve selected as a control group). (H) Thermal shrinkage temperatures of
GLU, RBC/PLGA, RBC/RAPA@PLGA, RBC/AC@PLGA, and RBC/RAPA&KAC@PLGA-treated heart valves (n = 3) (GLU-treated heart valve
selected as a control group). (I) CLSM images for fluorescence co-location of macrophage treated with RBC/DiD@PLGA nanoparticles for 2 h,
including the nucleus channel (blue), RBC shell (green) channel, nanoparticles core (red) channel, and overlay of previous (scale bar = § ym). (J)
Rapamycin and atorvastatin calcium cumulative release at different time points (n = 3).

2.15. Cell Viability of RAW 264.7 Cells In Vitro. Macrophages 2.16. ELISA Assay. Macrophages were seeded into 6-well plates
were seeded in a 96-well plate (10* cells per well). After 12 h, the cells (5 X 10° cells per well). After 24 h, the media was replaced with
were pretreated with lipopolysaccharide (LPS, 10 sg/mL) for 2 h and DMEM media containing LPS (10 pg/mL) for 2 h. Next, the
incubated with diluted extraction of the heart valve samples for macrophages were treated with 2 mL of diluted extraction of the
another 24 and 72 h. The cell viability was measured by CCK-8 assay different valve samples for 72 h, respectively. Finally, the supernatants
and calculated according to the methods reported in previous were measured by ELISA assay following the manufacturer’s
literature.* instructions.

41117 https://dx.doi.org/10.1021/acsami.0c12688

ACS Appl. Mater. Interfaces 2020, 12, 41113-41126


https://pubs.acs.org/doi/10.1021/acsami.0c12688?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12688?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12688?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12688?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12688?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

2.17. Western Blot. Macrophages, after incubation with 2 mL
diluted extraction of the different valve samples for 72 h, were lysed at
4 °C for 30 min. Then samples were centrifuged at 12000 rpm for 20
min. The BCA protein assay kit (Beyotime) was used to detect
protein concentration. Then cell lysates containing equivalent
amounts of protein were separated by SDS-PAGE and electro-
transferred onto poly(vinylidene fluoride) (PVDF) membranes. After
being blocked with 5% (w/v) skim milk powder in tri-sec-buffered-
saline with Tween-20 (TBST) for 1 h at 37 °C, the PVDF membranes
were incubated overnight with TNF-a antibody (1:500 of dilution) or
IL-10 antibody (1:1000 of dilution) at 4 °C with gentle shaking. Then
membranes were washed and incubated secondary antibody (1:5000
of dilution) for 1 h at room temperature. Finally, the membranes were
visualized with ECL reagent (Thermo Scientific) and imaged by the
ChemiDoc-XRS imaging system (Bio-Rad).

2.18. Immunofluorescence Staining. Macrophages were pre-
treated with LPS (10 pg/mL) for 2 h. Next, the macrophages were
treated with 2 mL diluted extraction of the heart valves. After 72 h,
the cells were rinsed with PBS and fixed with 4% paraformaldehyde
(37 °C, 15 min). After being washed with PBS three times, the
macrophages were treated with mouse anti-TNF-a (1:100 dilution)
or anti-IL-10 antibodies (1:100 dilution) overnight at 4 °C. Then
macrophages were treated with FITC-labeled secondary antibody for
1.5 h. Finally, macrophages were incubated with Hoechst 33342 at 37
°C for 20 min. Finally, the cells were imaged using CLSM.

2.19. Implantation and Explantation of Heart Valves. All
animal experiments have been authorized by the Medical Ethics
Committee of Sichuan University. There are six parallel samples in
each group. Heart valves were disinfected with 75% ethanol overnight
and washed with PBS (pH 7.4). Sprague—Dawley (SD) rats were
anesthetized using sodium pentobarbital. On the back of SD rats, a
longitudinal surgical incision was made. Heart valve samples for each
group were implanted subcutaneously in male SD rats (150 + 10 g).
Then rats were euthanized at 7, 30, 60, and 120 days; the surrounding
tissues containing heart valve samples were extracted and fixed with
4% paraformaldehyde for 24 h.

2.20. Histological Analysis. For histological analysis, the H&E of
tissue sections was used to examine the biocompatibility of different
heart valve samples in vivo. Calcium deposition was stained by alizarin
red. Anti-rat IL-10 antibody and anti-rat TNF-a antibody were
utilized to evaluate the inflammation of different heart valve samples
in the body. Slide scanner (MIRAX Desk, Carl Zeiss Microimaging
GmbH, Germany) and Image-Pro Plus software were used to observe
the images and quantify the immunopositive cells, respectively.

2.21. Quantitative Analysis of Calcium. Explanted heart valve
samples (n = 6) were freeze-dried and weighed. Then heart valve
samples were dissolved with 6 M HCI solution at 100 °C for 12 h.
The calcium content was detected with ICP-OES by Ceshigo
Research Service, www.ceshigo.com.

3. RESULTS AND DISCUSSION

First, we synthesized a RBC-like drug delivery platform by
fusing RBC membranes onto the surface of PLGA nano-
particles. Figure 1A showed the size of the drug-loaded
nanoparticles after coating with RBC vesicles increased from
99 to 103 nm, indicating that the RBC membrane was
successfully attached onto the surface of RAPAKAC@PLGA
nanoparticles.”* The results in Supporting Information Figure
S1 described a similar consequence. In addition, { potential
(Figure 1B and Figure S2) displayed that RAPA&KAC@PLGA
(—18.7 mV) has a slight decrease in { potential after the cell
membrane coating (RBC/RAPA&KAC@PLGA, —22.7 mV).
For RBC/RAPA&AC@PLGA nanoparticles, the drug loadings
of RAPA and AC were 3.04% and 5.43%, respectively (Table
1). From the SEM images in Figure 1C, the RBC membrane
was observed on the surface of RAPA&AC@PLGA nano-
particles, further showing successful coating."” And the
nanoparticles before and after coating were both mono-

Table 1. Drug-Loading Efficiency of the RBC/RAPA@
PLGA, RBC/AC@PLGA, and RBC/RAPA&AC@PLGA (n
=3)

RAPA-]oadin AC-loading
sample ID efficiency (%% efficiency (%)
RBC/RAPA@PLGA 7.54 + 098 N/A
RBC/AC@PLGA N/A 941 + 0.75
RBC/RAPAKAC@PLGA 3.04 + 0.21 5.43 + 0.65

dispersed. The SDS-PAGE results in Figure 1D (top)
illustrated that the protein bands of RBC vesicles and RBC/
RAPAKAC@PLGA were highly consistent, suggesting that
none of the membrane proteins were destroyed throughout the
fabrication. CD47 has been identified on the RBC surface as a
self-marker that inhibits macrophage phagocytosis.*® It plays
an important role in bypassing the immune recognition
process, improving the in wvivo circulation time and
biocompatibility."” The Western blot results in Figure 1D
(bottom) indicated that this CD47 protein appeared on the
RBC/RAPA&AC@PLGA nanoparticles. As shown in Figure
S3, compared with the equivalent amount in RBC vesicles, the
average content of glycoprotein on RBC/RAPA&KAC@PLGA
nanoparticles was approximately 92.2%. This quantification
indicated that glycoproteins were retained on the outside
surface of the RBC/RAPA&AC@PLGA nanoparticles, dem-
onstrating the “right-side-out” orientation of the RBC
membrane on the drug-loaded nanoparticles.”* SEM was
used to verify whether the erythrocyte membrane biomimetic
drug-loaded nanoparticles could be successfully cross-linked to
the heart valves surface. The SEM images in Figure 1E and
Figure S4 indicated that these biomimetic nanoparticles were
successfully cross-linked with heart valves, and that large
numbers of nanoparticles were observed on the heart valve
surface.”” The number of nanoparticles on the surfaces of valve
samples was also quantified in Figure SS, showing a grafting
density of approximately 45 nanoparticles/um” The weight
change after incorporating these biomimetic nanoparticles
onto the heart valve samples was shown in Figure S6. The
results suggested that the nanoparticle content after the cross-
linking was about 0.9%. To further demonstrate that the
biomimetic drug-loaded nanoparticles were successfully cross-
linked onto the heart valve surface, ATR-FTIR spectrum was
used to identify the characteristic peak of the amide bond
(Figure S7).”° The amide-linked C=0 stretching vibrations
resulted in a newly appeared peak at 1690 cm™!, and the
telescopic vibration absorption peak of the carboxyl group was
broad and weak at 3000—3280 cm™' in the RBC/
RAPAKAC@PLGA group compared with a sharp absorption
peak of the carboxyl group in GLU group. Next, the surface {
potential of the heart valves was studied at different pH values.
According to the data in Figure 1F, the surface { potential of
the GLU group decreased from —5.4 to —38.5 mV with a
corresponding increase in pH value from 3.7 to 7.6 and the
surface { potential of the GLU group was approximately —37
mV when the pH was 7.4. In contrast, the surface { potential of
the heart valve group modified with RBC/RAPA&AC@PLGA
nanoparticles was very stable (from —8.6 to —10.0 mV) at pH
values ranging from 3.9 to 8.1, the surface { potential was
about —8 mV when the pH was 7.4. The weight-loss ratio of
heart valves after being treated with collagenase was used to
assess the protection of collagen.21 GLU, RBC/PLGA, RBC/
RAPA@PLGA, RBC/AC@PLGA, and RBC/RAPAKAC@
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Figure 2. (A) SEM of heart valves on different samples after treatment with whole blood. The red blood cells were marked as red, and the platelets
were marked as yellow. (B) SEM of heart valves on different samples after treatment with platelets. The platelets were marked as yellow. (C)
Quantitative results for the hemolysis effect for the different samples. (D) APTT for different heart valve samples after treatment with PPP. (E) PT

for different heart valve samples after treatment with PPP.

PLGA groups (Figure 1G) emerged with weight-loss ratios of
9.37, 9.69, 9.19, 8.89, and 9.72%, respectively. This result did
not show large differences in the weight-loss percentages
compared to the GLU group, demonstrating that the
nanoparticle modification did not change the collagen stability
of the heart valves. Further, when the GLU, RBC/PLGA,
RBC/RAPA@PLGA, RBC/AC@PLGA, and RBC/RA-
PAKAC@PLGA groups were treated with elastase, similar
weight-loss ratios (RBC/PLGA, 13.61%; RBC/RAPA@PLGA,
13.98%; RBC/AC@PLGA, 13.65%; and RBC/RAPA&AC@
PLGA, 12.60%) did not significantly differ from that of the
GLU group (14.74%), indicating that the nanoparticles did not
change the elastin protection of the heart valves (Figure 1G).
Differential scanning calorimetry (DSC) was used to detect the
thermal shrinkage temperature of the heart valves and
determine whether or not the modification of the drug-loaded
nanoparticles could enhance the heart valve collagen stability.”
This result, shown in Figure 1H, demonstrated that the
thermal shrinkage temperatures of heart valves before and after
being modified by the nanoparticles was similar to that of the
GLU group (about 75 °C). Additionally, the stress—strain
curve was used to evaluate the mechanical property of the
heart valves.”* The results in Figure S9 showed that the stress—
strain curves of the heart valves after being cross-linked with
biomimetic drug-loaded nanoparticles were similar to that of
the GLU group, indicating that the surface modification
process did not significantly change the mechanical property of
the heart valves. The fluorescent images (Figure 1I) showed

41119

that most of the nanoparticles (red) co-localized with the RBC
membrane shell (green), suggesting the structure of the
nanoparticles was still intact after cell internalization. Finally,
the release kinetics of RAPA and AC from RBC/RAPA&AC@
PLGA nanoparticles was researched in PBS (pH 7.4) solution.
The results in Figure 1] revealed that the cumulative release of
both drugs was controlled release in 31 days. After 4 days of
incubation, 41.43% RAPA was released from RBC/RA-
PA&AC@PLGA nanoparticles, while 47.1% AC was released
from the RBC/RAPA&AC@PLGA nanoparticles. At 31 days,
97.5% RAPA and 96.8% AC were released, respectively.

Furthermore, we first evaluated whether the EDC/NHS
treating process would affect the cytocompatibility of the heart
valves before evaluating other biological properties. As shown
in Figure S10, in the GLU valves treated by the EDC/NHS
only group, the viability of L929 cells was similar to that of the
GLU-treated-valves group. The results suggested that the
cytotoxicity of the GLU-treated valves was not significantly
affected after treatment by EDC/NHS only, and similar cell
viability results were also found in the HUVECs in Figure S11.
Meanwhile, after cultivating with the extraction of the bionic
modified heart valves for 24 and 72 h, the viability of 1929
cels and HUVECs in all groups was more than 90%,
suggesting that the heart valves were nontoxic and showed
good biocompatibility to L1929 cells and HUVECs after
modifying with RBC membranes’ biomimetic nanoparticles.
To sum up, the GLU-treated valves after treatment by EDC/
NHS only would not affect their cytocompatibility.
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Figure 3. (A) Live staining of HUVECs on different heart valve samples at 1 day and 3 days (scale bar = 100 ym). (B) Cell viability of HUVECs on
different heart valve samples at 1 day (mean + SD; n = 6; **, P < 0.001). (C) Cell viability of HUVECs on different heart valve samples at 3 days

(mean + SD; n = 6; **, P < 0.001).

Next, the blood compatibility and anti-coagulant properties
of heart valves before and after modification by nanoparticles
were investigated. The results for adhesion of whole blood on
different heart valve samples were shown in Figure 2A. The
number of adhered things (RBC, platelet, and so on) on the
GLU group was greater than that on the other heart valve
groups. In particular, the results in Figure S12 showed that the
number of adhered things on the surface of the GLU group is
over 13 times more than that of the RBC/RAPA&AC@PLGA
group. These results indicated that modifying heart valves with
RBC-coated, drug-loaded nanoparticles effectively inhibited
blood adherence and promoted better blood compatibility.
Platelet activation and adhesion was also investigated. The
results in Figure 2B showed that many platelets adhered to the
GLU group. The morphology of the platelets was irregular and
protruded with a large number of pseudopodia, suggesting that
the adhered platelets were activated. However, only a few
platelets were found on the surfaces of heart valve samples
from the other groups. The sizes of the platelets were rounder,
suggesting less platelet activation.”’ The numbers of platelets
adsorbed onto the surfaces of valves were also counted. The
results in Figure S13 showed that the number of platelets in
the RBC/RAPAKAC@PLGA group was 752 per mm?; it is
significantly less than the 15620 per mm* found in the GLU
group. These results suggested that the heart valves showed
better anti-coagulant properties than the GLU group after
bionic nanoparticle modification. These benefits were caused
by the RBC membrane coated nanoparticles as well as the
cross-linking and consumption of carboxyl and amino groups
on the surface after the valve modification. When blood comes
into contact with foreign materials, the complement system of
the host defense system would activate.”” In the process of
activation, complement component C3 is cleaved into C3a and
C3b. And the level of complement activation was indicated by

the concentration of C3a in plasma. Here, the concentration of
C3a in plasma was monitored by using a C3a enzyme
immunoassay kit. Figure S14 showed the concentrations of
C3a in the plasma after treatment of different heart valve
samples. The result indicated that RBC membrane modified
valves caused significantly weaker complement activation when
compared to the GLU-treated valves (51.6 ng/mL). The effect
was significantly decreased in RBC/RAPA@PLGA (232 ng/
mL) and RBC/RAPA&KAC@PLGA groups (23.0 ng/mL) due
to the controlled release of RAPA. The concentration of the
RBC/RAPA&AC@PLGA group was very close to that of the
control group (20.9 ng/mL), indicating that the complement
system was not activated after biomimetic nanoparticle
modified valves implantation. On the basis of the result, the
modification strategy (the patient’s cell membrane and the
immunosuppressive-loaded nanoparticles) will greatly suppress
the complement activation of the xenogenic graft material
when the valve is transplanted into the human body. However,
considering the differences between species and the application
of these biomimetic-modified valves in the human body, the
evaluation of the complement activation response after valve
implantation has not been very comprehensive. The galactose,
a 1,3-galactose (Gal) antigen, is widely presented in
bioprosthetic heart valves, especially in porcine and bovine
tissues.””>* Most importantly, it is also retained in currently
used commercial BHVs.” And different from protein antigens,
Gal remains immunogenic after fixation.* Thus, in the next
step, we will focus on evaluating whether the modified heart
valves can reduce the complement activation response induced
by Gal antigen of xenogenic tissues after implantation. Given
that heart valves are blood contacting medical devices,
hemolysis is very crucial.’® The hemolysis ratios of the
RBC/RAPA&AC@PLGA group and GLU group were 1.09%
and 2.58%, respectively (Figure 2C). The hemolysis ratios that
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Figure 4. (A) Cell viability of macrophages when contacting with leaching solution of different heart valves for 1 day and 3 days (mean + SD; n =
6; **,P < 0.001). Macrophage was pretreated with LPS for 2 h. (B) IL-10 in the supernatant detected by enzyme-linked immunosorbent assay
(ELISA) (mean + SD; n = 6; **, P < 0.001). (C) TNF-a in the supernatant detected by ELISA assay (mean + SD; n = 6; **, P < 0.001). (D)
Expression levels of IL-10 and TNF-a measured by using immunoblot analysis (f-actin selected as a control group). (E) Immunofluorescence
staining of IL-10 for macrophages. (F) Immunofluorescence staining of TNF-a for macrophages. All scale bars = 50 ym.

were less than 3% were considered as receivable. Furthermore,
the activated partial thromboplastin time (APTT) and
prothrombin time (PT) were also utilized to assess the heart
valve anti-coagulation properties.”” The result shown in Figure
2D indicated that the APTT of the RBC/RAPA&KAC@PLGA
group (31.0 s) was slower than the GLU group (23.9 s). A
similar phenomenon was also found in Figure 2E; the PTs of
RBC/RAPA&AC@PLGA group and GLU group were 31.2
and 18.5 s, respectively. From what has been discussed above,
after modification the RBC-coated, drug-loaded nanoparticles,
heart valves should have less blood adhered and activated
platelets. Taken together, these findings suggest that modifying
the heart valves with RBC-coated, drug-loaded nanoparticles is
a very good strategy for potential long-term anti-coagulation
properties and good blood compatibility.

Endothelialization on heart valves is critical to maintaining
mechanical stability during long-term usages after implanta-
tion. Human umbilical vein endothelial cells were utilized to
investigate whether modified heart valves could enhance
HUVECs adhesion, growth, and proliferation.20 As shown in
Figure 3A, the fluorescein diacetate staining was utilized to
evaluate the morphology and quantity of HUVECs. The results
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in Figure 3A indicated that few HUVECs attached and grew in
the GLU group after incubating for 1 day due to the
cytotoxicity of GLU. However, more cells were observed in the
RBC/PLGA, RBC/RAPA@PLGA, RBC/AC@PLGA, and
RBC/RAPAKAC@PLGA groups at 1 day (Figure 3A). After
culturing for 3 days, most cells could be found on the RBC/
RAPAKAC@PLGA group surface compared with other
groups. And CCK-8 results for 1 day and 3 days were shown
in Figure 3B,C. The CCK-8 quantitative results exhibited the
lower absorbance for the GLU group and the higher
absorbance for the RBC/RAPA&AC@PLGA group at 1 day
and 3 days, respectively. These results showed that the
cytocompatibility and endothelialization process were en-
hanced after the heart valve was modified with the RBC-
coated drug-loaded nanoparticles. The reasons for RBC
membranes supported endothelialization are as follows: (1)
high expression of CD47 protein on the surface of RBC
membrane plays important roles in promoting HUVECs’
adhesion, proliferation, and migration;***” and (2) the
biomimetic nanoparticles modified heart valves exhibited
good biocompatibility to HUVECs compared with the GLU-
treated valves.
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Figure S. (A) HE staining of different heart valves at 7, 30, 60, and 120 days postimplantation into male SD rats. (B) Alizarin red staining of
different heart valves at 7, 30, 60, and 120 days postimplantation into male SD rats. All scale bars = 100 ym. (C) Calcium contents of different heart

valves at 7 and 30 days were calculated (mean + SD; n = 6;
60 and 120 days (mean + SD; n = 6; **,P < 0.001).

* P < 0.01; ** P < 0.001). (D) Calculated calcium contents of different heart valves at

Macrophage inflammation plays a significant effect in the
calcification of the heart valves.”” And the macrophages could
be preactivated with LPS (lipopolysaccharide) to mimic the
inflammatory environment and create a first-rank inflammatory
environment to expound the efficacy of drug-loaded nano-
particle-modified valves in inhibiting inflammation.®" First, the
cell viability results of raw 246.7 cells in Figure 4A indicated
that the RBC/RAPA&AC@PLGA group enhanced the
survival rate of macrophages which were preactivated with
LPS at days 1 and 3. This is mainly due to the AC drug
released from the RBC/RAPA&AC@PLGA nanoparticles
reducing the inflammatory response of macrophages. However,
GLU group heart valves further decreased the survival rate of
macrophages, mainly due to their own cytotoxicity and
inability to suppress inflammation response. Interleukin-10 is
a potent pleiotropic cytokine with anti-inflammatory proper-
ties, however, TNF-a pathway plays a pivotal pro-inflamma-
tory role in inflammatory diseases.”” IL-10 and TNF-a
expression were quantified by ELISA. The quantitative analysis
results in Figure 4B,C suggested that the expression level of IL-
10 in the RBC/RAPA&AC@PLGA group enhanced 230% and
the expression level of TNF-a reduced 69% compared with
that of the GLU group. Western blot assays were also utilized
to evaluate the expression levels of inflammatory-related
proteins. As shown in Figure 4D, the RBC/RAPA&AC@
PLGA group could enhance the expression of IL-10 and
decrease the expression of TNF-a compared with that in the
GLU group. Finally, IL-10 and TNF-a were measured by
immunofluorescence staining. For IL-10 immunofluorescence
staining, the green fluorescence in the RBC/RAPA&AC@

PLGA group was higher than that in the GLU group. The
results in Figure 4E suggested that the RBC/RAPA&AC@
PLGA group increased the expression of IL-10 in LPS-
activated macrophages. However, the weaker green fluores-
cence in the RBC/RAPA&KAC@PLGA group than the GLU
group indicated that the expression of TNF-a was decreased
(Figure 4F). Immunofluorescence staining results suggested
that RBC/RAPA&KAC@PLGA group could reduce inflamma-
tion response in LPS-activated macrophages.

To study the effects of heart valves after being modified with
the RBC coated drug-loaded nanoparticles in vivo, different
heart valve samples were subcutaneously implanted in male
Sprague—Dawley (SD) rats for 7, 30, 60, and 120 days to
examine the biocompatibility in vivo.'” The H&E of tissue
sections (Figure SA and Figure S15) showed that the GLU
group had significant abnormal damage and many loose
regions in the pericardium—tissue interface compared with the
RBC/RAPA&AC@PLGA group at 120 days. The results also
revealed that the RBC/RAPA&AC@PLGA group had better
biocompatibility in vivo than the GLU group. To assess the
calcification after valves 1mp1antat10n, an alizarin red staining
experiment was carried out.”> As shown in Figure 5B and
Figure S15, alizarin red staining of the RBC/RAPA&AC@
PLGA group showed few calcification deposits, while the GLU
control group manifested many more at 120 days. Calcium
content was quantified by 1nduct1vely coupled plasma optical
emission spectrometer (ICP-OES;** Figure SC,D); the
calcium content of the GLU control group significantly
increased with the time of implantation. The calcium content
increased from 38.4 mg/g tissue dry weight at 30 days to 957.9
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Figure 6. (A) IL-10 and (B) TNF-a of different heart valves at 7, 30, 60, and 120 days postimplantation into male SD rats. All scale bars = 100 ym.
(C) Ratio of IL-10 positive cells at 7, 30, 60, and 120 days (mean + SD; n = 6; **,P < 0.001). (D) Ratio of TNF-a positive cells at 7, 30, 60, and

120 days (mean + SD; n = 6; **,P < 0.001).

mg/g tissue dry weight at 120 days. However, the calcium
content of the RBC/RAPA&AC@PLGA group had only a
modest increase in tissue dry weight from 4.0 mg/g at 30 days
to 39.7 mg/g at 120 days. The calcium content in the RBC/
RAPAKAC@PLGA group was always conspicuously lower
than that in the GLU group at detective time points. This
demonstrated that the RBC/RAPA&AC@PLGA group has the
least calcification compared to other groups. In summary, the
results suggested that the nanoparticle modification strategy
had the potential for anti-calcification of heart valves.
Calcification of biological heart valves is known to be
associated with inflammation response in vivo.”> Accordingly,
we further studied the inflammation response after valves
implantation in the rat”> Here, TNF-a and IL-10 were
selected as indicators to assess the inflammation in vivo. The
IL-10 staining results in Figure 6A and Figure S16 showed
higher levels of IL-10 in the RBC/RAPA&AC@PLGA group
at multiple time points (7, 30, 60, and 120 days) than those in
GLU group. Quantification in Figure 6C revealed that there
was a 68.8% IL-10-positive cell ratio after 30 days of
implantation in the RBC/RAPA&AC@PLGA group, which
represented a greater increase compared to that of the GLU
group (6.7% in IL-10-positive cell ratio), indicating severe
inflammation in the GLU group. At 120 days, the ratios of IL-
10-positive cells in the RBC/RAPA&KAC@PLGA and GLU
groups were 39.8% and 11.9%, respectively. The results in
Figure 6B and Figure S16 also indicated lower numbers of
TNEF-a-positive cells at 7, 30, 60, and 120 days in the RBC/
RAPA&AC@PLGA group compared to the GLU control
group. The results were consistent with those in Figure 6D.
The number of TNF-a-positive cells comparatively decreased

after 30 days with implantations compared with those at 7 days
(from 30.5% to 21.4%), suggesting that the inflammation
response was reduced in the RBC/RAPA&AC@PLGA group.
The RBC/RAPAKAC@PLGA group (5.9%) had a lower
positive cell ratio at 120 days than the GLU control group
(75.8%), indicating that the RBC/RAPA&AC@PLGA group
induced a milder inflammation response than GLU group due
to the release of the anti-inflammatory drug AC. Interestingly,
in the GLU group, we found that the TNF-a-positive cell rate
was slightly reduced at 120 days after implantation compared
to 60 days (from 85.7% to 75.8%); we speculated that this
might be related to the immune regulation system of the rats
themselves. In conclusion, these results indicated that the
RBC/RAPAKAC@PLGA group could more effectively
decrease the inflammation response than the GLU group
after valves implantation in the rat.

4. CONCLUSION

In summary, we developed a new cross-linking-modified
strategy for combining a biomimetic drug delivery system
with biological heart valves that effectively overcomes its
existing problems in clinical application. To the best of our
knowledge, this concept and design strategy has not been
reported. The heart valves that were cross-linked with the
RBC/RAPA&AC@PLGA nanoparticles preserved the struc-
tural stability and mechanical properties of the GLU-treated
heart valves. Most importantly, the heart valves modified with
biomimetic drug-loaded nanoparticles exhibited excellent
biological performance. First, we reported that the novel
heart valves have more long-term anti-coagulation properties
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and better blood compatibility than the GLU-treated heart
valves. Second, the modification of the RBC-coated drug-
loaded nanoparticles provide a potential function in promoting
the heart valve endothelialization process. Lastly, the modified
heart valves have ultrastrong resistance to calcification after
implantation in rats, for at least 120 days. Through in vitro and
in vivo experiments, we also elucidated the mechanism of anti-
calcification after valve implantation as mainly being due to the
rapid endothelialization and controlled release of anti-
inflammatory drugs to reduce the inflammatory response. In
summary, the in vitro and in vivo data confirmed the use of
novel heart valves that were cross-linked with erythrocyte
membrane, biomimetic drug-loaded nanoparticles as an
effective method for anti-coagulation, endothelialization, and
anti-calcification via inhibition of the inflammatory response.
Our strategy offers a valid modality for ameliorating heart
valves and opens a new window into exploiting biomimetic
nanomaterials to overcome the shortcomings of biological
heart valves. Most importantly, our heart valve modification
strategy holds great potential for clinical translation.
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