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ARTICLE INFO ABSTRACT
Keywords: Background: Reducing Ca®" content in the sarcoplasmic reticulum (SR) through ryanodine receptors (RyRs) by
OpiCal-PEG-PLGA nanomicelle calcin is a potential intervention strategy for the SR Ca>" overload triggered by p-adrenergic stress in acute heart

Acute heart failure
p-adrenergic stress
RyRa
Ca?*

diseases.

Methods: OpiCal-PEG-PLGA nanomicelles were prepared by thin film dispersion, of which the antagonistic effects
were observed using an acute heart failure model induced by epinephrine and caffeine in mice. In addition,
cardiac targeting, self-stability as well as biotoxicity were determined.

Results: The synthesized OpiCal-PEG-PLGA nanomicelles were elliptical with a particle size of 72.26 nm, a PDI
value of 0.3, and a molecular weight of 10.39 kDa. The nanomicelles showed a significant antagonistic effect
with 100 % survival rate to the death induced by epinephrine and caffeine, which was supported by echocar-
diography with significantly recovered heart rate, ejection fraction and left ventricular fractional shortening rate.
The FITC labeled nanomicelles had a strong membrance penetrating capacity within 2 h and cardiac targeting
within 12 h that was further confirmed by immunohistochemistry with a self-prepared OpiCal polyclonal
antibody. Meanwhile, the nanomicelles can keep better stability and dispersibility in vitro at 4 °C rather than
20 °C or 37 °C, while maintain a low but stable plasma OpiCal concentration in vivo within 72 h. Finally, no
obvious biotoxicities were observed by CCK-8, flow cytometry, H&E staining and blood biochemical
examinations.

Conclusion: Our study also provide a novel nanodelivery pathway for targeting RyRs and antagonizing the SR
Ca2* disordered heart diseases by actively releasing SR Ca2* through RyRs with calcin.

1. Introduction ventricular tachycardia (CPVT), the elevated Sarcoplasmic reticulum
(SR) Ca®" under p1 adrenergic stimulation by sympathetic excitation

In common heart diseases such as heart failure, myocardial infrac- acompanied with abnormal Cardiac ryanodine receptor (RyR2) func-
tion, and certain arrhythmias e.g. catecholamine polymorphic tions by mutation, or the changes of phosphorylation, nitration or
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binding proteins e.g. Calmodulin antibody (CaM) and FKBP12.6 (syn-
chronously cause the increase of diastolic SR Ca?" leakage and the
decrease of SR Ca>" release threshold, which generally leads to the in-
crease of cytosolic Ca>" and delayed depolarization (DAD) through Na*-
Ca?* exchanger (NCX) on the cell membrane, triggering abnormal ac-
tion potential and a series of ventricular tachyarrhythmias such as
premature ventricular contraction (PVC), ventricular tachycardia (VT),
ventricular fibrillation (VF), and even cardiac death [1-6]. Due to the
various causes of pathological factors and forms of functional abnor-
malities in RyR2, compared to restoring its functional state, preventing
excessive SR Ca®" elevation is a relatively simple and uniform strategy
for antagonizing Ca®* disordered damages under p1 adrenergic stimu-
lation in heart diseases [7,8].

In addition to the two strategies of directly inhibiting sympathetic
excitation by using p1 receptor blockers and reducing SR Ca?* reuptake
by inhibiting phospholamben (PLN) phosphorylation and the over-
activation of the Ca?"-ATPase SERCA, we used a novel kind of RyR
targeting peptide ligand calcin to partially activate RyR2, so as to in-
crease its open frequency and actively release the SR Ca*, which is also
a potential strategy to prevent excessive SR Ca2' elevation, and the
feasibility of this strategy was confirmed on CPVT by using a represen-
tative Imperacalcin (also named as Imperatoxin A) in our previous
studies [9-15]. Nevetheless, as a spherical peptide containing 33-35
amino acids, calcin has been found to mainly antagonize gentle PVCs or
non-sustained BVTs rather than severe sustained BVTs or PVTs; like most
of peptide drugs, calcin was also found to have a fast metabolic rate in
vivo, of which the half-life is even less than 2 h, therefore, it is necessary
to improve its drug efficacy by increasing the local concentration in
heart, as well as to extend its action duration by controlled release
through pharmaceutic methods [16,17].

Methoxy poly(ethylene glycol)-Poly(i-lactide-co-glycolide) (PEG-
PLGA) is one of the most commonly used biodegradable amphiphilic
block copolymers (ABCs) for drug delivery applications [18-23], where
PLGA forms the hydrophobic core and can be used for encapsulation and
controlled release of hydrophobic drugs, while the outer circumference
is hydrophilic PEG, which can improve the stability of nanomicelles and
carry hydrophilic drugs through its carboxyl group [24,25]. Moreover,
the nanomicelles can be controllably degraded into the small coum-
ponds e.g. lactic acid and glycolic acid from PLGA, ethylene glycol and
diethylene glycol from PEG, respectively, all of which can enter the citric
acid cycle for further utilization without any toxic side effects [21,22,
26-28]. Therefore, PEG-PLGA nanomicelle is an ideal drug carrier for
enhancing calcin’s antagonistic effect on Ca®* disordered damages
under f adrenergic stress [29,30].

In this study, the Opicalcin-PEG-PLGA (OpiCal-PEG-PLGA) nano-
micelles were firstly synthesized by the connection between the most
active member of the calcin family, Opicalcinl (OpiCal) and the PEG-
PLGA polymer, of which the antagonistic effects were then observed
on the lethal acute heart failure induced by the cocktail of epinephrine
and caffeine in mice. Further researches were conducted on cardiac
targeting, self-stability as well as biotoxicity of nanomicelles, so as to
provide a basis for the development of a calcin-derived nanodelivery
system against the SR Ca" overload related heart diseases.

2. Materials and methods
2.1. Synthesis and screening of OpiCal-PEG-PLGA nanomicelles

2.1.1. Synthesis

10 mg —~COOH-mPEG-b-PLGA was dissolved in 1 mL phosphate
buffer to obtain a solution concentration of 10 mg/mL 0.4 g of 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and
0.6 g of N-Hydroxysuccinimide (NHS) was added to the above solution.
The reaction was continued for 2 h to activate the carboxyl terminus of
—COOH-PEG-PLGA [31]. Dialysis was performed three times in 1 x PBS
for 4 h each. Then 10 mg/mL OpiCal was added in activation of
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—COOH-PEG-PLGA at a concentration of 10 mg/mL. Stirred for 2 h at
RT. An appropriate amount of the OpiCal-PEG-PLGA nanomicelle so-
lution was dissolved in organic solvent and dried at 55 °C. Then dis-
solved in deionized water at 60 °C, and filtered through 0.22 pm
microporous filter membrane to obtain the OpiCal-PEG-PLGA nano-
micelle solution [32].

2.1.2. Screening

OpiCal-PEG-PLGA nanomicelles were prepared by thin film disper-
sion method and dialysis method in four organic solvents dimethyl
sulfoxide (DMSO), methanol (MeOH), dichloromethane (DCM) and
isopropyl alcohol (IPA) respectively. Then the particle size, Zeta po-
tential and PDI of each preparation were detected to investigate the
optimal preparation conditions of nanomicelles. Film dispersion method:
10 mg PEG-PLGA finished product was precisely weighed and poured
into a glass dish containing 1 mL of DMSO, MeOH, DCM and IPA
respectively. It was completely dissolved by blowing with a pipetting
gun, and evaporated in a vacuum chamber at 60 °C to form a uniform
film. The prepared 60 °C deionized water was sucked with a 1 mL
pipetted gun, the formed film was dissolved, and then sucked out into a
15 mL centrifuge tube, which could be repeatedly sucked for three times,
vortexed for 1 min, centrifuged at 1000 x g for 5 min, and filtered by
0.22 pm microporous filter membrane to obtain OpiCal-PEG-PLGA
nanomicelle solution [33]. Dialysis method: The finished product of 10
mg —COOH-PEG-PLGA was precisely weighed and poured into an
organic solvent glass dish containing 1 mL DMSO, MeOH, DCM and IPA.
It was completely dissolved by blowing with a pipetting gun, the solu-
tion was introduced into a dialysis bag (MW 3500) and placed into a
beaker containing 2 L of 1 x PBS for dialysis. Dialysis was performed
three times in 1 x PBS for 4 h each, and filtered through 0.22 pm
microporous filter membrane to obtain the OpiCal-PEG-PLGA nano-
micelle solution [34].

2.2. Opimization and charaterization

The particle size, Zeta potential and PDI were measured by Malvern
laser particle size analyzer (Zetasizer nano ZS, UK). The characteristic
functional groups, molecular weight shifts and structural deformation
were detected by infrared spectroscopy (FT-IR, MEXUS, USA), Raman
spectroscopy (Renishaw, in Via, UK), gel permeation chromatography
(GPC, 1260 Infinity II, UK) and X-ray diffraction (XRD, Kratos, Japan).
The morphological structure of the sample was observed by trans-
mission electron microscope (TEM, JEOL-1230, Japan).

2.3. Survival of ICR mice

ICR mice 5-8 weeks old were obtained from Shanghai (CN). These
mice were mixed and divided into control, Caff and Epi, PEG-PLGA,
OpiCal and OpiCal-PEG-PLGA group. The survival rates were recorded
by inserting four subcutaneous needle electrodes into the subcutaneous
tissue of the limbs (PowerLab system, ADInstruments) while the anes-
thetized mice were placed on a heating pad with a rectal temperature of
36.8 °C-37.2 °C. Caff (120 mg/kg) and Epi (2 mg/kg) and were injected
intraperitoneally to induce ventricular tachyarrhythmias 5 min and
were monitored continuously for 30 min. Then PEG-PLGA, OpiCal (5
mg/kg), and OpiCal-PEG-PLGA (containing OpiCal 5 mg/kg) were pre-
injected via the tail vein after Epi and Caff injection to observe their
antagonistic effect on survival rate in mice (n = 6).

2.4. Ultrasonic cardiogram

ICR mice were divided into control, Caff and Epi, OpiCal, PEG-PLGA
and OpiCal-PEG-PLGA groups (n = 6). The OpiCal (5 mg/kg), PEG-
PLGA and OpiCal-PEG-PLGA nanomicelles (containing OpiCal 5 mg/
kg) were injected intravenously in sequence respectively after Caff (120
mg/kg) and Epi (2 mg/kg) were injected intraperitoneally in each group
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10 min except control. After 60 min, the transparent gel was gently
placed the chest of the mice so that the probe could transmit ultrasound.
The heart rate (HR), cardiac ejection fraction (EF), and left ventricular
fractional shortening rate (FS) were detected for cardiac function anal-
ysis by Small Animal Ultrasound Imaging System (Vevo 2100, USA).

2.5. Cell culture and membrane penetrating effect

HOC2 cells, an adherent cell line derived from BD1X rat embryonic
heart tissue, were grown in DMEM medium with high glucose contain-
ing 10 % fetal bovine serum and 1 % antibiotics, cultured at 37 °C, 5 %
CO9 and saturated humidity. A number of 5000 cells per well were
seeded in confocal culture dishes and cultured until in logarithmic
growth phase. After the replacement of old medium by 1 mL serum-free
medium, 2 mL OpiCal or OpiCal-PEG-PLGA nanomicelles containing
100 pM OpiCal was added to each dish. The transmembrane effiency of
OpiCal and OpiCal-PEG-PLGA namomicelles was observed under a
fluorescence microscope (Zeiss LSM 710, Germany) at 0, 30, 60 and 120
min.

2.6. Immunohistochemistry

The paraffin sections were placed in a 60 °C oven for 30-60 min, then
placed in xylene I, I, III for 10 min each, 100 %, 95 %, 80 %, 70 %
ethanol gradient for 2 min each, and washed with water for 5 min. PBS
was washed 3 times for 3 min each time. The sections were then infil-
trated with preheated blocking permeabilization solution (40 mL PBS,
120 pL TritonX-100, 400 pL 30 % H305) for 30 min (in the dark at RT)
and washed three times with PBS for 3 min each time. Some nonspecific
binding sites were then blocked with serum from the same source as the
secondary antibody, and the primary antibody was incubated overnight
at 4 °C. PBS was washed 3 times for 3 min each time. The secondary
antibodies were incubated at 37 °C for 2 h and washed three times with
PBS for 3 min each. After 10 min of color development with DAB-H505,
color development was terminated with distilled water. Image J 1.51
software was used for fluorescence intensity.

2.7. Living imaging

ICR mice 5-8 weeks old were mixed and divided into control, PEG-
PLGA, OpiCal and OpiCal-PEG-PLGA group (n = 6). In vivo imaging
was performed at 12 h after intravenous injection of PEG-PLGA, OpiCal
and OpiCal-PEG-PLGA nanomicelles. The IVIS Spectrum small animal in
vivo imaging system (IVScope 8000, USA) was used to monitor the dis-
tribution of nanomicelles.

2.8. Stability test

Stability of in Vitro: Firstly, 5 mL of OpiCal-PEG-PLGA nanomicelles
were prefrozen at —20 °C and —80 °C for 12 h respectively. The powder
was put into a freeze dryer and dried at —55 °C for 24 h under reduced
pressure to obtain the OpiCal-PEG-PLGA lyophilized powder. The par-
ticle size, Zeta potential and PDI of OpiCal-PEG-PLGA was measured at
0, 4, 8,12, 24, 48 and 72 h respectively [35,36]. Stability of in vivo: The
OpiCal-PEG-PLGA lyophilized powder was obtained by the same
method as described above. It was finely weighed and suspended in 3 mL
medium containing 10 % fetal bovine serum, and incubated at 37 °C for
72 h to simulate the physiological environment. The particle size of
OpiCal-PEG-PLGA was measured at 0, 4, 8, 12, 24, 48 and 72 h
respectively, to observe the effect of serum on the stability of
OpiCal-PEG-PLGA nanomicelles [37].

2.9. Plasma concentration

Blood samples were collected from mice at 0.05, 0.25, 1, 2, 4, 6, 24,
48 and 72 h before and after injection of 5 mg/kg OpiCal (OpiCal
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antibody prepared by Global genetics), 3000 x g for 15 min to obtain
serum. Sera were mixed 1:100 with coating buffer in 96-well plates and
incubated coated at 4 °C, washed three times with PBST for 15 min each,
and blocked with 1 % BSA (bovine serum albumin) PBST for 1 h at room
temperature. Primary rabbit serum antibody was diluted 1:80 and
incubated for 1 h at RT and washed 3 times with PBST for 15 min each
time. The secondary goat anti-rabbit IgG-HRP was then incubated at
1:500 dilution for 1 h at RT. Bound antibodies were detected at 450 nm
by TMB solution.

2.10. Flow cytometry

The HI9C2 cells were cultured by conventional methods. The cells
were spread in 6-well plates and 2 mL culture medium was added after
24 h. The culture medium was discarded, and the OpiCal-PEG-PLGA
(OpiCal was 100 pM) was added to the final volume of 2 mL per well.
The cells were cultured in an incubator with 5 % CO, for 12 h at 37 °C.
Cells were resuspended in 400 pL of 1 x Annexin V binding solution at a
concentration of approximately 1 x 10° cells/mL. A total of 100 pL (1 x
106 cells/mL) of the cell suspension was aspirated into a 5 mL culture
tube, and 5 pL of Annexin V-FITC and 5 pL of Propdium lodide staining
solution were added. After vortexing the cells gently, the cells were
incubated at RT (25 °C) in the dark for 15 min. An additional 400 pL of
binding buffer was added to each well to collect all cells after blowing
and passing through the membrane, and the fluorescence intensity was
measured by flow cytometry (BD FACS Calibur, USA).

2.11. CCK-8

H9C2 cardiomyocytes were grown in DMEM medium containing 10
% fetal bovine serum and 1 % antibiotics, cultured at 37 °C, 5 % CO».
The above cells were seeded in 96-well plates (5000 per well). Then the
PEG-PLGA, OpiCal and OpiCal-PEG-PLGA were coated with 20, 30, 40,
50, 60, 80 and 100 pM respectively (n = 6). After 12 h of incubation, 10
pL CCK-8 solution (10 % in DMEM) was added to each well and incu-
bated in the incubator for 45 min. Cell viability was calculated by
measuring absorbance at 450 nm by microplate reader (Varioskan LUX,
USA).

2.12. Hematological and pathological tests

ICR mice were intravenously injected with control, OpiCal, PEG-
PLGA and OpiCal-PEG-PLGA (containing OpiCal 5 mg/kg, n = 6) for
12 h. Blood was drawn from the inner canthus of the eyes and placed in
an anticoagulant centrifuge tube to detect alanine aminotransferase
(ALT) and aspartate aminotransferase (AST). Creatine kinase (CK),
creatine kinase isoenzyme (CK-MB), lactate dehydrogenase (LDH),
creatinine (Cr) and uric acid (UA) were taken out. The specimens were
fixed with 4 % fixed paraformaldehyde universal tissue fixative and
subjected to routine hematoxylin-eosin (HE) staining for histopatho-
logical examination by Shanghai Bolf Biological Company.

2.13. Statistics

All results were expressed as X + SD. GraphPad Prism 8.0.2 software
was used for statistical analysis. Statistical significance was calculated
using the two-tailed non-parametric Mann-Whitney T test for two
groups’ comparison. *P < 0.05; **P < 0.01.
3. Results
3.1. Synthesis and screening

The OpiCal-PEG-PLGA polymers were firstly synthesized through an

amide crosslink between the amino group of OpiCal and the carboxyl
group of PEG-PLGA in the presence of the two activators EDC and NHS
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which was to dissolve in different organic solvents, including DMSO,
MeOH, DCM and IPA, to form fat-soluble films, and then use surfactant
deionized water to disperse them into the water phase to spontaneously
form nanomicelles which were composed of OpiCal polypeptide mole-
cules as the shell, and the PLGA end of PEG-PLGA as the core to form an
elliptical spherical structure [38-40]. (Fig. 1A). A total of eight
OpiCal-PEG-PLGA nanomicelles were self-asembled with two methods
in four different organic sovents, and their particle size, Zeta potential
and polydispersity index (PDI) were determined under the same con-
ditions (Fig. 1B~1G). In the dialysis method, the particle size and Zeta
potential of the nanomicelles generated in the four solutions DMSO,
MeOH, DCM and IPA were very close, approximately 200 nm and —14
mV, respectively. In contrast, the PDI value in DMSO was around 0.15,
significantly smaller than that in other three solutions with the values
between 0.6-0.9. In the thin film dispersion method, a significant dif-
ference was that the nanoparticle size in IPA was 68.29 + 3.28 nm,

A

A4V

Opicalcinl COOH-PEG-PLGA Opicalcin1-PEG-PLGA
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which was far smaller than that in other three solutions between
200-300 nm. The mean values of Zeta potential in IPA and DCM
exceeded —25, which was much larger than those in MeOH and DMSO
with the values of —16.80 + 0.73 and —7.52 + 0.51 respectively, and
indicated a better stability. The PDI values in four solutions were be-
tween 0.6-1.0, where the value in DMSO was the smallest while in IPA
was the largest [41-44]. In summary, although the dispersibility of the
OpiCal-PEG-PLGA nanomicelles by thin film dispersion method in IPA
needed further improvement, it had the smallest particle size and the
best stability, making it a candidate nanoparticle for further research.

3.2. Opitimization and characterization
The candidate OpiCal-PEG-PLGA nanomicelles by film dispersion in

IPA were further optimized by ultrasound, follwed by systematically
characterization with a series of methods such as TEM, DLS, FT-IR,
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Fig. 1. Synthesis and screening of OpiCal-PEG-PLGA nanomicelles. (A) The schem:
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vents. (B) Size distribution of OpiCal-PEG-PLGA by dialysis method, (C) Zeta potential and (D) PDI of OpiCal-PEG-PLGAin DMSO, MeOH, DCM, and IPA by dialysis
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and IPA by film hydration; (Mean + SD, n = 3). Statistical significance was calculated using the two-tailed non-parametric Mann-Whitney T test for two groups’

comparison. *P < 0.05; **P < 0.01.
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Raman, XRD and GPC. Both of the nanomicelles PEG-PLGA and OpiCal-
PEG-PLGA displayed elliptical shapes by TEM (Fig. 2A), where the
OpiCal-PEG-PLGA was slightly larger in particle size than that of the
blank PEG-PLGA (Fig. 2B). In contrast, the Zeta

potential of the OpiCal-PEG-PLGA was higher than that of the PEG-
PLGA (Fig. 2C), and the PDI values were both around 0.3, which were
greatly improved and indicated a good disperivity of OpiCal-PEG-PLGA
after the opimization by ultrasound (Fig. 2D). FT-IR found that all three
samples had two segements 500~1750 cm ™! and 2750~3750 cm
with similar peak distributions and shapes, and the obvious difference
comes from the complete disapperance of a very narrow and sharp peak
at around 2600 cm™! in PEG-PLGA after connecting with OpiCal
(Fig. 2E) [29,45]. There were also two peak segments >2500 cm ™! and
500~2000 cm~! observed by Raman spectroscopy, among which the
shapes were similar in the segement >2500 cm ™! whereas the peak
distributions and shapes between 500 and 2000 cm ™! seemed disorderly
[46,47]. In addition, OpiCal-PEG-PLGA showed an iconic sharp peak
between 1250 and 1500 cm ™! and two peaks among 500~1250 cm ™
disappeared in PEG-PLGA (Fig. 2F). The biggest difference tested by
XRD was the disappearance of the narrow and sharp peak between
11.90-11.98° in PEG-PLGA after the connection (Fig. 2G) [48]. Finally,
the molecular weight (MW) of OpiCal-PEG-PLGA was around 10.39 kDa
by GPC that is roughly the sum of OpiCal’ MW of 3.88 kDa and

A
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PEG-PLGA’s MW of approximate 7.00 kDa (Fig. 2H). All of the results
indicated that OpiCal-PEG-PLGA nanomicelles was successfully syn-
thesized by the connection OpiCal and PEG-PLGA.

3.3. Efficiency

Mouse survival analysis and echocardiography were used to evaluate
the effect of OpiCal-PEG-PLGA nanomicelles on lethal acute heart
failure induced by the cocktail of caffeine (Caff) and epinephrine (Epi) in
mice. When we administered 120 mg/kg Caff and 2 mg/kg Epi intra-
venously to ICR mice, it was found that all mice died within 30 min. The
intervention of PEG-PLGA had no effect, and its death time was
completely the same as that of the control group. But when we injected
5 mg/kg OpiCal and OpiCal-PEG-PLGA equivalent to 5 mg/kg OpiCal,
the survival rates of both were significantly improved where OpiCal-
PEG-PLGA achieved a 100 % survival rate, and OpiCal exceeded 80
%, indicating that OpiCal and its OpiCal-PEG-PLGA nanomicelle had a
significant antagonistic effect on Epi and Caff induced lethal acute heart
failure (Fig. 3A). The results of similar antagonistic effects were also
confirmed in echocardiography (Fig. 3B). The heart rates (HRs) of mice
decreased from 400 bpm to less than 100 bpm after injection of Caff and
Epi cocktail, and PEG-PLGA did not show any effect. Both OpiCal and
OpiCal-PEG-PLGA significantly recovered to a heart rate close to that of
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< 0.01.
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Fig. 3. The evaluation of OpiCal-PEG-PLGA nanomicelles for sudden cardiac death induced by adrenaline and caffeine in mice. (A) The survival of mice were
injected with OpiCal (5 mg/kg), PEG-PLGA (5 mg/kg) and OpiCal-PEG-PLGA (5 mg/kg) nanomicelles after Caff (120 mg/kg) and Epi (2 mg/kg) administration; (B)
The echocardiography of mice in control, Caff + Epi, PEG-PLGA, OpiCal and OpiCal-PEG-PLGA. (C) The heart rate, (D) EF, (E) FS statistics of mice were injected
with OpiCal and OpiCal-PEG-PLGA nanomicelles 10 min after Caff (120 mg/kg) and Epi (2 mg/kg) administration through Echocardiography (Mean + SD, n = 6).
Statistical significance was calculated using the two-tailed non-parametric Mann-Whitney T test for two groups’ comparison. *P < 0.05; **P < 0.01.

the control group (Fig. 3C). Similar results also appeared in the ejection
fraction (EF) (Fig. 3D) and left ventricular fractional shortening rate (FS)
(Fig. 3 E) indicators, which showed that OpiCal and OpiCal-PEG-PLGA
were completely restored to normal, and PEG-PLGA had a gentle trend
of partial recovery [49,50]. In all, The results from survival rate and
echocardiography indicated that OpiCal-PEG-PLGA nanoparticles
retain the activity of OpiCal and have the effect of antagonizing the
lethal acute heart failure induced by Caff and Epi.

3.4. Targeting

Membrane penetrating effect and cardiac targeting of OpiCal and
OpiCal-PEG-PLGA nanomicelles were compared and explored at the
levels of myocardial cells and intact animals. By using H9C2 cells and
FITC labeled OpiCal and OpiCal-PEG-PLGA nanomicelles, we found
that both could penetrate the cell membrane and enter myocardial cells
within 120 min. However, the difference between the two was that FITC
labeled OpiCal penetrated the cell membrane with a faster initial rate
with the first hour, while the rate of FITC labeled OpiCal-PEG-PLGA
nanomicelles entering the cells was significantly accelerating within
2h, indicating that OpiCal has the ability to carry PEG-PLGA polymers
into myocardial cells (Fig. 4A~4D). At the same time, compared to the
scattered distribution of FITC labeled PEG-PLGA, both FITC labeled
OpiCal and OpiCal-PEG-PLGA nanomicelles were more concentrated in

cardiac tissues within 12 h, thereby exhibiting good cardiac targeting in
vivo (Fig. 4E and F and Fig. S2). Finally, we used the method of immu-
nohistochemistry with self-prepared OpiCal polyclonal antibody and
found that both OpiCal and OpiCal-PEG-PLGA nanomicelles were
significantly distributed in cardiac tissue, further confirming the cardiac
targeting of OpiCal and OpiCal-PEG-PLGA nanomicelles (Fig. 4G and
H).

3.5. Stability

The stability of OpiCal-PEG-PLGA nanomicelles mainly includes the
change of particle parameters in PBS solution, OpiCal cocentration in
10 % serum and plasama in vitro, as well as the change of plasma OpiCal
concentration in vivo. In PBS solution, there were no significant changes
in parameters including particle size, Zeta potential, and PDI at 4 °C
within 72 h for both the control PEG-PLGA and OpiCal-PEG-PLGA
nanomicelles. However, at 20 °C and 37 °C, both of the nanomicelles
showed a significant increase in particle size, with 37 °C increasing more
than 20 °C. In contrast, the temperature showed a similar upward effect
on Zeta potential in OpiCal-PEG-PLGA nanomicelles but little in the
control. Conversely, the temperature had significant influence on PDI in
the control instead of OpiCal-PEG-PLGA nanomicelles (Fig. 5A~5F).
Overall, the OpiCal-PEG-PLGA nanomicelles kept stable under 4 °C PBS
conditions within 3 days that can be used for short-term storage. In 10 %
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Fig. 4. Targeting of OpiCal-PEG-PLGA nanomicelles. (A) The cell membrane penetration images of OpiCal and (C) OpiCal-PEG-PLGA at 0, 30, 60 and 120 min; (B)
The statistical analysis of fluorescence of OpiCal and (D) OpiCal-PEG-PLGA at 0, 30, 60 and 120 min; (E) The living image and (F) The total heart fluorescence
intensity statistics of control, PEG-PLGA, OpiCal and OpiCal-PEG-PLGA nanomicelles at 12 h in mice; (G) Cardiac immunohistochemistry and (H) The statistical
analysis of immunohistochemistry of control, PEG-PLGA, OpiCal and OpiCal-PEG-PLGA nanomicelles at 12 h (Mean + SD, n = 6). Statistical significance was
calculated using the two-tailed non-parametric Mann-Whitney T test for two groups’ comparison. *P < 0.05; **P < 0.01).

serum, the concentration of free OpiCal increased within 72 h at 20 °C
and 37 °C by ELISA with self-prepared OpiCal polyclonal antibody,
while there was no obvious change at 4 °C (Fig. 5G). No significant in-
crease in free OpiCal was observed in plasma at all temperatures within
72 h (Fig. 5H), indicating a more stablity in plasma than that in PBS
solution and diluted serum. When free OpiCal was injected, it decreased
with a very fast rate in the first 2-4 h, and completed disappeared within
48 h. In contrast, after injection of OpiCal-PEG-PLGA nanoparticles, the
initial concentration of free OpiCal was far lower than that of free
OpiCal injection, and the plasma OpiCal concentration remained stable
for 72 h, indicating that the OpiCal-PEG-PLGA nanomicelles have a
good sustained-release effect in vivo (Fig. 5I) there by maintaining the
plasma OpiCal concentration for a longer period in vivo.

3.6. Biotoxicity

Finally, the biotoxicity of OpiCal-PEG-PLGA nanomicelles was
tested by flow cytometry and CCKS8 for in vitro cytotoxicity, biochemical
and pathological examinations for in vivo toxicity (Fig. 6 and Fig. S1).
Among them, PEG-PLGA, OpiCal, and OpiCal-PEG-PLGA all showed
very slight proapoptotic effects within 12 h, with a proportion of
apoptotic cells of only about 1.5 % (Fig. 6A and B and Fig. S3), which
was consistent with the results of CCK8 detection where the cell via-
bilities of all samples remained >90 % after 12 h of exposure at the
concentrations up to 100 pM OpiCal, indicating that the cytotoxicities
of both OpCal and its derived OpiCal-PEG-PLGA nanomicelles were
very low (Fig. 6C) [51,52]. Similarly, there were no significant differ-
ences in cardiac function (CK, CK-MB, and LDH) (Fig. 6D), liver function
(ALT and AST) (Fig. 6E), and renal function (Crea and UA) (Fig. 6F)
among all samples after 12 h of treatment. Pathological examination
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Fig. 5. Stability of the OpiCal-PEG-PLGA nanomicelles. (A) The Size, (B) PDI and (C) Zeta potential of PEG-PLGA nanomicelles at 0, 4, 8, 12, 24, 48 and 72 h in PBS
solution (pH 7.4) at 4 °C, 20 °C and 37 °C (D) The Size, (E) PDI and (F) Zeta potential of OpiCal-PEG-PLGA nanomicelles at 0, 4, 8, 12, 24, 48 and 72 h in PBS
solution (pH 7.4) at 4 °C, 20 °C and 37 °C (Mean + SD, n = 6). (G) The concentration of OpiCal-PEG-PLGA nanomicelles in 10 % serum. (H) The plasma con-
centration of OpiCal-PEG-PLGA nanomicelles in vitro. (I) The plasma concentration of OpiCal-PEG-PLGA nanomicelles in vivo. Statistical significance was calculated
using the two-tailed non-parametric Mann-Whitney T test for two groups’ comparison. *P < 0.05; **P < 0.01.

also obtained the same results, showing that all samples had clear
myocardial fibers and stripes (Fig. 6G) with no in vivo toxicity [53].

4. Discussion

Calcin is a group of membrane penetrating peptides scorpion toxins
that specifically target RyRs. It contains 33-35 amino acids and struc-
turally is a globular molecule maintained by an ICK motif core that is
folded by three pairs of disulfides [54,55]. On the spherical surface, all
basic amino acids (=30 %) aggregate on one side, while neutral and
acidic amino acids are distributed on the other side, making it a typical
class of spherical amphiphilic molecules. This special structure and
charge distribution endow calcin with the ability to penetrate the cell
membrane and specifically bind to RyRs, causing partial opening of
RyRs by long-lasting subconductance and actively releasing Ca>" from
the SR [56,57]. Based on this characteristic, our previous research found
that calcin only partially depletes the SR Ca®*, with a maximum release
ratio of approximate 60 %, therby preventing excessive elevation of SR
Ca2" under p adrenergic stress while maintaining normal cardiac
excitation-contraction coupling and diastolic function under normal
conditions [58,59]. By using the representatve calcin, Imperacalcin, we
confirmed this hypothesis and found that it can antagonize SR Ca*"
overload related tachyarrhythmias such as PVCs and non-sustained
BVTs in CPVT [55,60].

However, our previous research also found that its antagonistic

effects were mainly concentrated in gender Ca" disordered ventricular
tachyarrhythmias such as PVCs and non-sustained BVTs, and thus its
antagonistic efficacy needs to be strengthened. On the other hand, as a
peptide ligand of RyRs, calcin also has the common peptide character-
istics of fast metabolism rate and relatively short efficacy time [61,62].
Therefore, extending the residence time in the body through a
sustained-release effect is also an key question for calcin to enhance the
antagonistic effect on heart diseases. Regarding this, OpiCal-PEG-PLGA
nanomicelles were synthesized in this study based on the most common
non-toxic nanocarrier PEG-PLGA polymer [63-65]. We found that
OpiCal-PEG-PLGA nanomicelles keep almost the same effect as OpiCal
in antagonizing the lethal acute heart failure induced by epinephrine
and caffine, and exhibit good cardiac targeting, self-stability, as well as
low toxicity. Especially, it was found that OpiCal-PEG-PLGA nano-
micelles maintain relatively stable long-term low concentrations of
OpiCal in the body. Due to the high affinity between OpiCal and RyRs
(~0.3 nM), a very small amount of OpiCal can achieve the prevention of
SR Ca®* increase under B adrenergic stress [11]. It can be seen that
OpiCal-PEG-PLGA micelles undoubtedly achieved the aim of sustained
release of OpiCal and prolonging the OpiCal efficacy. Moreover, This
study also provide a novel nanodelivery pathway for targeting RyRs and
antagonizing the SR Ca?" diordered heart diseases by actively releasing
SR Ca®" through partially increasing the open frequency of RyRs with
calcin.



J. Li et al. Materials Today Bio 23 (2023) 100859

A Control PEG-PLGA B

~ T
2 5 Q1-UL(0.00%) Q1-UR(0.00%) = 3 Q1-UL(0.00%) Q1-UR(0.00%)
] ] 3.00- *
0\9 E =y -
3 3 =
] ] S 2.254
II)O i m
I'.JI_J ] F ] 3
< n'q. b Q_1-50'
(=8 o [*]
] E <
7 _: o T 0.754
=3 - 17,
oo, 1Q1-LE(100.00%) Q1-LR(0.00%) o ] Q1-L0(99.03%) ™ .7 '|Q1-LR(0.97%) 0.00-
-~ LELELRLLLU B BRI B R RLLL | LELRLRLLLL BN R -— T T T T TTIIm T T T T T TThm T T TTT] 0
102 108 104 10° 106 107 102 108 104 105 108 107 Goo“
FITC-A FITC-A
Opical OpiCal-PEG-PLGA C
k= 4 Q1-UL(0.02%) Q1-UR(0.00%) g 3 Q1-UL(0.06%) Q1-UR(0.00%) 120
23 S =
o ] , 2 ] z
< < 3 . < < 3 =
! 3 = . ! ] e}
& ] L g3 s 60 PEG-PLGA
S o o 4 > —— OpiCal
3 By T3 @ iCal-PEG-PLGA
: ] 10 S 304 e
@ N @ 0.
b= a S=r
o :Q1J|'_|;(97i5§3%)M Q1-LR(2.39%) o 1QILL(E858%)~ - " {Q1-LR(1.36%) 0 T T T 1
=) R e R B ALRA LI R =} LBNIE L ) e e 20 40 60 80 100
102 103 104 105 108 107 102 10° 104 105 10% 107 c trati M)
D FITC-A E FITC-A F oncentration (u
500
Il Control 60-1mm control 100 Il Control
a00] ™ PEGPGA o %R d | PEG-PGA A o = | PEG-PGA
= B Opicat *® 2 45 ]m opicat 3
2 BN OpiCal-PEG-PLGA 3 |mm opicatpEG-PLGA by
% i o °
© 300 c £
k-] = >
£ o 30 )
t > c
* 1
5
100
0- 0

Heart 200 X

Control PEG-PLGA

Fig. 6. The apoptosis of (A) Control, PEG-PLGA, OpiCal and OpiCal-PEG-PLGA nanomicelles at 12 h; (B) The statistics of Control, PEG-PLGA, OpiCal and OpiCal-
PEG-PLGA nanomicelles at 12 h; (C) The cell viability of PEG-PLGA, OpiCal and OpiCal-PEG-PLGA incubated at 20, 30, 40, 50, 60, 70, 80 and 100 pM for 12 h; (D)
Heart index, (E) Liver index and (F) Kidney index of Control, PEG-PLGA, OpiCal-PEG-PLGA nanomicelles. (G) H&E staining analysis of Heart of Control, PEG-PLGA,
OpiCal, and OpiCal-PEG-PLGA group after 12 h of intravenous injection (Mean + SD, n = 6). Statistical significance was calculated using the two-tailed non-
parametric Mann-Whitney T test for two groups’ comparison. *P < 0.05; **P < 0.01.



J. Liet al.

5. Conclusion

In this study, OpiCal-PEG-PLGA nanomicelles were successfully
synthesized for cardiac Ca?* overload induced by p-adrenergic receptor
stress. Applying it to mice with sudden cardiac death induced by
adrenaline and caffeine, the survival rate of mice is over 90 %. Because
OpiCal-PEG-PLGA nanomicelles maintain the biological function of the
calcin, which enabled OpiCal-PEG-PLGA nanomicelles to quickly bind
with RyRs, further activating RyRs, and dissociating from RyRs, to in-
crease Ca2' release from sarcoplasmic reticulum and prevent Ca2*
overload. In addition, compared with OpiCal, the structure of OpiCal-
PEG-PLGA nanomicelles are more stable within 72 h at 4 °C. Cytotox-
icity and organ toxicity of OpiCal-PEG-PLGA nanomicelles are also much
lower than that of OpiCal. All results demonstrate OpiCal-PEG-PLGA
nanomicelles have the potential to antagonize the sudden cardiac
death in mice induced by epinephrine and caffeine and improve the
prognosis of cardiac disease events. This study importantly provides
theoretical and experimental basis for developing novel peptide nano-
medicines to cure related diseases of sarcoplasmic reticulum Ca?*
overload.
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