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ABSTRACT. Cardiovascular diseases are the leading causes of mortality across the globe. Over
the years, various drug formulations and delivery methods have been tested, for cardiac repair.
Milrinone (MRN) is a widely known cardiac inotrope drug, used for the treatment of congestive
heart failure in patients, however, its efficacy is limited. This study is the first to report the
design of a novel MRN-nanoformulation using human serum albumin nanoparticles (HSA-NPs).
The HSA-NPs exhibit promising drug delivery characteristics such as target specificity, non-
immunogenicity, biocompatibility, and enhanced bioavailability. This article describes a MRN-
nanoformulation design for in-vitro drug release, cellular uptake, biocompatibility and other
features. The MRN-nanoformulation was prepared by the ethanol desolvation technique and key
parameters were optimized to obtain a desired particle size of 154.2+5.8 nm, zeta potential of -
29.5+2.9 mV and a drug encapsulation efficiency of 41.1+1.7 %. Molecular docking studies have
revealed that MRN binds in the hydrophobic cavity of HSA, which has also been indicated by
circular dichroism and enzyme-mediated drug release studies in the presence of trypsin, pepsin,
proteinase K, protease and cathepsin D. The intracellular uptake of fluorescently tagged MRN-
HSA-NPs using HUVEC and H9¢c2 cells, was evaluated by flow cytometry. The nanoparticle
toxicity results indicated that MRN-HSA-NPs show significantly lower cytotoxicity and higher
cell viability (P<0.0001) as compared to the MRN-Lactate drug, in HUVEC (61.6%3.7% vs
36.2+2.9%) and H9c¢2 (58.845.7% vs 18.8+4.9%) cells. These studies indicate that the novel
MRN-nanoformulation offers better drug delivery procedures than currently used methods and

has potential in treatment of congestive heart failure and other cardiovascular diseases.

INTRODUCTION
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Cardiovascular diseases (CVDs) are the leading causes of mortality across the developed and
developing world, primarily due to unhealthy lifestyles and lack of physical activity '. More than
50% of the global CVD occurrences are due to congestive heart failure (CHF), in which buildup
of plaque in the coronary artery obstructs the flow of blood to the heart, causing irreversible
cardiac necrosis 2. CHF is commonly treated by use of drugs such as ACE inhibitors, inotropes,

beta blockers etc., which lower blood pressure and treat cardiac arrhythmias °.

Milrinone (MRN), a cardiac inotrope and vasodilator, is widely used for the treatment of CHF. It
selectively inhibits the action of the phosphodiesterase III enzyme, increasing the intracellular
cAMP concentration, and providing high calcium influx to create a positive inotropic effect *°,
Milrinone increases myocardial contractility and decreases systemic vascular resistance, left
ventricular filling pressure and pulmonary arterial pressure, thus improving overall cardiac
function ’. It offers an advantage over other cardiac inotropes such as dobutamine, nitroprusside
and captopril, in significantly reducing right atrial pressure, pulmonary capillary wedge
pressures, left-ventricular end-diastolic pressure along with increase in stroke work index .
MRN is commercially available as a lactate formulation (MRN-Lactate) and clinically
administered either intravenously or orally to adult as well as pediatric patients for heart failure
and related cardiac conditions **. However, its efficacy may be limited due to lack of target
specificity and low bioavailability with other side effects such as renal dysfunction, palpitations

and arrhythmias > '°.

To improve the target specificity of MRN, we have prepared a MRN-nanoformulation using
HSA-NPs. The presence of multiple unique binding pockets on the HSA molecule, promotes the
use of HSA-NPs for delivery of various hydrophilic and hydrophobic drugs such as paclitaxel,

11-13

doxorubicin etc. . Milrinone has a half-life of approximately 1-2 hours in humans and is
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.. . . . . 14
therefore administered as a continuous intravenous infusion or repeated oral dose”

. It is widely
known that binding the drug to HSA-NPs improves its blood circulation time as compared to that
of the free drug itself '°. Therefore, it is hypothesized that MRN-carrying HSA-NPs will
demonstrate superior pharmacokinetics than free MRN , in-vivo. Previous studies have shown
that MRN carrying PLGA-NPs were utilized for the treatment of myocardial infarction (MI) in
rats, however no in-vivo pharmacokinetics study was performed ' Also, the particle size of the
PLGA-NPs was approximately 7.4 um, which is larger than the diameter of the smallest
capillaries (approximately 5-6 pm) in the body . A large particle size (> 1 pm) lowers
nanoparticle suitability for intravenous delivery. Moreover, HSA-NPs of size less than 250 nm
and approximately £30 mV zeta potential have shown greater physical stability and prolonged

blood circulation times '*2°

. Further, unique characteristics like biocompatibility,
biodegradability, and non-immunogenicity, have led HSA-NPs to emerge as an excellent choice

for delivery of MRN to the heart *'.

In this study, we demonstrate the preparation and optimization of the MRN-HSA-NPs. For the
first time, molecular docking has predicted binding between MRN and HSA, also indicated by
circular dichroism (CD) spectroscopy. Enzyme mediated drug release studies have been
performed to validate MRN encapsulation in HSA-NPs. The cellular uptake of MRN-HSA-NPs
was evaluated by fluorescence and flow cytometry studies using HUVEC and H9¢2 cells,
followed by cell viability analysis comparing the MRN-HSA-NPs with the commercial MRN-
Lactate. This novel MRN-nanoformulation is anticipated to be an excellent choice for use in

cardiovascular diseases.

EXPERIMENTAL SECTION
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Materials. Human serum albumin (> 97% lyophilized) was purchased from Sigma Aldrich
(Oakville, ON, Canada). Glutaraldehyde (25% aq. solution) was purchased from Alfa Aesar
(Cedarlane, Burlington, ON, Canada). Fluorescein isothiocynate human serum albumin (FITC-
HSA) was purchased from Sigma Aldrich (Oakville, ON, Canada). Milrinone was purchased
from Selleck Chemicals (Burlington, ON, Canada). Bradford reagent was purchased Bio-Rad
(St. Laurent, QC, Canada). Trypsin from bovine pancreas, Pepsin from porcine mucosa,
Proteinase K, Cathepsin D from bovine liver and Protease were purchased from Sigma Aldrich
(Oakville, ON, Canada). Other chemicals were purchased from Fisher Scientific (Nepean, ON,

Canada). LysoTracker Deep Red dye (Thermo Fisher, Mississauga, ON, Canada)

Preparation and optimization of MRN-nanoformulation. HSA-NPs bound to MRN were
prepared and optimized by following the ethanol desolvation technique **. Briefly, an aqueous
solution of HSA was prepared by dissolving 10, 20, 30, 40 and 50 mg of HSA, each, in 1 mL of
deionized water and stirred for 10 minutes. The range of these concentrations were selected
based on the maximum solubility of HSA in deionized water (50 mg/mL). A stock solution of
Img/mL milrinone was prepared by dissolving milrinone in minimum amount of DMSO and
deionized water for 1 mL volume. The 1 mg/mL solution was diluted by mixing with the
preparatory HSA solution in HSA/MRN (uM/uM) ratios of 1:1, 1:5, 1:10 and 1:15. The range of
concentrations of MRN selected for optimization were based on the maximum solubility of
MRN in DMSO (20 mg/mL). Apart from the solubility of MRN alone, there was a limit to the
binding of MRN with HSA in solution. Dissolving higher amounts of MRN with the HSA
solution led to precipitation of the drug. The pH of the solution was adjusted to 7.0, 7.5, 8.0, 8.5
and 9.0 by addition of 0.1 M NaOH, while stirring at 800 rpm. The pH of the preparative

solution was maintained in the basic range in order to have particles with more negative zeta
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potential. Ethanol was added per volume of the HSA solution (1.0, 1.5, 2.0, 2.5 and 3.0) in a
dropwise manner, until it turned turbid. The minimum amount of ethanol needed to turn the
preparative solution turbid, was to be determined. Glutaraldehyde (8% v/v aq. solution)
concentrations of 0.235, 0.588 and 1.175 uL/mg HSA, were added, which correspond to
saturation of 40%, 100% and 200% of amino bonds present on the HSA molecule **. The
mixture was reacted for 4, 8, 18 & 24 hours at room temperature to determine the optimal time
needed for glutaraldehyde polymerization to form > 200 nm sized particles. For preparation of

fluorescently tagged FITC-HSA-NPs, regular HSA was replaced by FITC-HSA.

The nanoparticles were washed by three rounds of ultracentrifugation at 16500 rpm for 15
minutes each at 25°C **. After the final round, the supernatant was collected and pellet was re-
dispersed in phosphate buffer saline (PBS). The nanoparticle solution was tip-sonicated for 15

minutes and stored at 4°C until further use.

Nanoparticle characterization, yield and encapsulation efficiency. The average particle size
of the nanoparticles was measured by Dynamic Light Scattering (DLS) using a Particle Size
Analyzer (Brookhavens Instruments Corporation, NY, USA). The samples were diluted in a 1:20
ratio using deionized water and measured at a scattering angle of 90° and at a temperature of
25°C. The Polydispersity Index (PDI) estimated the size distribution of the nanoparticles. The
surface charge of the particles was measured by a Zeta Potential Analyzer (Brookhavens
Instruments Corporation, NY, USA), which uses electrophoretic laser Doppler anemometry. The
nanoparticle size, shape and surface morphology was examined by Scanning Electron
Microscopy (SEM) using Hitachi S-4700 FE-SEM. The nanoparticles were diluted with

deionized water and a drop of the diluted suspension was deposited on the polished surface of an
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aluminum sample holder. The samples were dried under vacuum and the morphology of the

nanoparticles was observed at 5 kV and 50k X magnification.

The nanoparticle yield was measured by UV-Visible spectrophotometry. A standard curve of
HSA solution dissolved in Bradford reagent was used as a reference and absorbance was

measured at 595 nm. For calculation of yield, the following equation was used:
Yield% = (final amount of HSA in suspension/initial amount of HSA added) * 100.

To measure the encapsulation efficiency, nanoparticles were spin concentrated using Amicon
centrifugal filters with a molecular weight cut off (MWCO) of 10,000 Da for non-encapsulated
MRN to be eluted out into the collection tube. The concentration of non-encapsulated MRN was
determined by UV-Visible spectrophotometry. A standard curve of MRN in a mixture containing

16,24

DDQ/Ethanol was used as a reference . The absorbance values were measured at 356 nm.

The MRN bound to the MRN-HSA-NPs was calculated using the following equation:

Encapsulation Efficiency (EE%) = (amount of MRN encapsulated/ initial amount of MRN

added) * 100

Computational modelling of the HSA-MRN complex. Molecular Docking was used to predict
the nature of binding, if any, between MRN and HSA. The Protein Data Bank (PDB) was
searched to identify target structures of HSA unbound and bound to fatty acids *°. PDB entries
1HK4, 2BXD and 2BXG bound to the small molecules Thyroxin (THY), Warfarin (RWF) and
Ibuprofen (IBP) were used as controls in validating the docking procedure. Fatty acids from the
protein target structures were removed before docking the small molecules to allow docking in

all interior cavities of HSA. The docking calculations were performed through the Wilma engine
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version 0.93 and the predicted conformations were re-scored using SIE (Solvated Interaction
Energy) scoring function ***’. Conformations of the small molecules were generated in-house.
AMI1BCC charges (small molecules) were calculated by MolCharge. Sybyl was used to cap N-
and C-terminal ends and chain breaks of the targets with NME/ACE groups, rebuild missing
side-chain atoms and add explicit Hydrogen atoms **. Water molecules were assumed to be non-
essential and removed. The protonation and tautomerization states of side-chains of the targets

were corrected using the minH algorithm followed by a minimization.

Circular Dichroism Measurement. Circular Dichroism (CD) measurements were carried out
on a JASCO spectropolarimeter (model J-810) equipped with a thermoelectrically controlled cell
holder under a constant flow of nitrogen gas. The measurements were acquired using a 0.05 mm
quartz cell. The spectra were recorded as an average of three scans from 180 — 260 nm, acquired
with a scan rate of 20 nm/min at 25°C. The averaged spectra were smoothed with a Savitzky-
Golay window of five or seven points. The secondary structure was determined using a CDPro

with the CDNN and Deconvolution software 2°~°

. For CD measurements, an HSA concentration
of 0.2 mg/mL (3 uM) was prepared in deionized water. The HSA/MRN concentrations were in
the ratio of 0, 1:1, 1:5, 1:10, 1:15 and 1:20, analyzed at pH 7.0, 8.0 and 9.0. DMSO content

(solvent to dissolve MRN) never exceeded 1.0 % (v/v).

Enzymatic drug release from HSA-NPs. The enzymatic drug release from MRN-HSA-NPs
was carried out using the following enzymes: trypsin, proteinase K, pepsin, protease and
cathepsin D *'. The MRN-HSA-NPs were divided into aliquots of 1 mL each, with a final
nanoparticle concentration of 1 mg/mL and diluted with the respective enzyme buffers. The final
enzyme concentration, in the nanoparticle suspension, for trypsin was 100 ng/mL, protease 10

pg/mL, proteinase K 10 pg/mL, pepsin 0.2 mg/mL and cathepsin D 10 pg/mL 3! The mixture
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was incubated at 37°C and 120 rpm. After pre-determined time intervals, the amount of MRN
released due to nanoparticle degradation was measured photometrically at 356 nm and the

percentage of cumulative release of MRN over time, was calculated.

Cellular uptake of nanoparticles by HUVEC cells and dose-dependent study. The HUVEC
cells were received as a kind gift from Dr. Maryam Tabrizian (Dept. of Biomedical Engineering,
McGill University, Montreal, QC, Canada). HUVECs were grown in Medium 200 (Thermo
Fisher, Mississauga, ON, Canada) supplemented with Low supplement growth serum (Thermo
Fisher, Mississauga, ON, Canada). The H9c2 cells (rat cardiomyoblasts) were received as a kind
gift from Dr. Renzo Cecere, M.D. (Montreal General Hospital, Montreal, QC, Canada). The
HO9c2 cells were grown in DMEM (Gibco, Thermo Fisher, Mississauga, ON, Canada)
supplemented with 10% FBS (Gibco, Thermo Fisher, Mississauga, ON, Canada). Both the cell

lines were maintained in a humidified incubator at 37°C and 5% CO,.

Intracellular uptake of nanoparticles and their cytotoxic effect was determined by culturing
HUVECsS at an initial density of 5 x 10> cells/well and H9¢2 cells at 10 x 10° cells/well in black
clear bottom 96-well plates. The cells were replaced with fresh media after 24 hours of
incubation and treated with MRN-FITC-HSA-NPs and MRN-Lactate. The concentration of
MRN in the MRN-FITC-HSA-NPs and MRN-Lactate, was 1000uM, 100uM, 10uM, 1uM,
0.1uM and 0.01uM, diluted with serum-free medium. After 4, 24 and 48 hours of incubation,
the cells were washed with PBS and fresh cell culture medium was added. The fluorescence
intensity was measured at 489nm/535nm using a Victor3V 1420 Multilabel Counter
spectrophotometer (Perkin Elmer, Woodbridge, ON, Canada). After fluorescence measurement,
20 pL of MTT reagent was added to each well containing 100 pL of fresh cell culture medium

and incubated in a humidified chamber at 37°C with 5% CO,. After 4 hours, the cells were lysed
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using 100 pL of DMSO and incubated at room temperature for 15 minutes. The absorbance was

measured at 570 nm using the Victor3V 1420 Multilabel Counter spectrophotometer

Flow cytometry. Flow cytometry analysis was performed on HUVEC and H9c2 cells. The cells
were seeded in 6-well plates at an initial density of 5x10° cells/well with their respective growth
media for 48 hours in a humidified incubator at 37°C and 5% CO,. Post incubation, both the
HUVEC and H9c2 cells were exposed to the following treatments: 1) FITC-HSA-NPs (0.2
mg/mL in serum free media), 2) 50 nM of LysoTracker Deep Red dye and 3) FITC-HSA-NPs
and LysoTracker Deep Red dye double staining and 4) Untreated **. The cells were incubated
with the treatments for 1 hour followed by twice washing with PBS. The cells were trypsinized
and centrifuged at 1000 rpm for 5 minutes. Flow cytometry was performed on a FACSCanto II
(BD Biosciences, San Jose, CA, USA) and data analysis was performed using FlowJo Version

10 (Tree Star Inc., OR, USA) software.
RESULTS

Designing the MRN-nanoformulation. HSA is a a-helical protein, most abundantly found in

human plasma, with a molecular weight of 66kDa *'-*

. It consists of three homologous domains,
which are further divided into A and B subdomains. The subdomains IIA and IIIA allow binding
of various acidic drugs such as warfarin, diazepam, paclitaxel etc. at either Site 1 or 2,
respectively *>. MRN is a positive inotrope with a bipyridine structure, represented as 2-methyl-
6-0x0-1,6-dihydro-3,4’-bipyridine-5-carbonitrile **. Studies indicate that the potency of MRN
results from the interaction of the methyl moiety with the hydrogen atoms ***°. The MRN

structure with its electronegative features was anticipated to bind at the Site 1 of the HSA

molecule for formation of MRN-HSA-NPs.
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Preparation and optimization of the MRN-nanoformulation. In this study, MRN-HSA-NPs
were prepared by the ethanol desolvation method *2. Key parameters were optimized to obtain
nanoparticles of size less than 250 nm and zeta potential varying between -15 mV to -40 mV.
The parameters considered for optimization were: HSA concentration, MRN concentration, pH
of preparative solution, amount of ethanol per volume of HSA solution, glutaraldehyde

concentration and glutaraldehyde polymerization time.

Effect of HSA concentration on nanoformulation. The effect of HSA concentration on
nanoparticle size and surface charge was determined by preparing nanoparticles at pH 7.0,
ethanol/HSA (v/v) ratio 2.0, glutaraldehyde concentration 1.175 pL/mg of HSA and
polymerization time of 24 hours. HSA is a negatively charged protein. Thus, increasing the
amount of HSA in solution from 10 mg/mL to 50 mg/mL, the particle size increased from
213.2+3.6 nm to 281.8+4.8 nm, due to enhanced formation of intermolecular disulfide bonds
(Figure 1(a)). Further, the zeta potential decreased from -22.8+1.8 mV to -29.5+2.4 mV (Figure
1(b)) ">, The polydispersity index (PDI) for all the preparations was less than 0.15, indicating
the homogeneity of the suspension. From this study, the 20 mg/mL HSA concentration, resulting
in particle size of 241.8+3.7 nm and zeta potential of -25.5+2.4 mV, was selected for further

optimization.

Effect of pH preparative solution on nanoformulation. The pH of the preparative solution was
found to influence the size and zeta potential of the nanoparticles. The starting HSA
concentration was 20 mg/mL, ethanol/HSA (v/v) ratio was 2.0, glutaraldehyde concentration
1.175 uL/mg HSA and polymerization time of 24 hours. The pH of preparative solution was
raised by addition of 0.1 M NaOH, which increases in the negative charges (OH ions) in

solution. Thus, due to greater repulsion between charges, when pH of the preparative solution
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varied from 7.0 to 9.0, particle size decreased from 219.84+0.4 nm to 147.4£1.1 nm (Figure 1(c)).
As particle aggregation was lowered, the zeta potential of the particles reduced from -23.8+0.8
mV to -26.5+0.2 mV (Figure 1(d)) 22 There was no significant difference in the PDI of the
particles and was less than 0.15, which indicated homogeneity of the suspension. At pH 8.0, the
particle size was 169.1+0.6 nm and zeta potential was -24.1+0.4 mV, and hence, was selected for

further optimizations.

Effect of ethanol volume on nanoformulation. The ratio of ethanol/HSA (v/v) was also
optimized. The nanoparticles were prepared with a starting HSA concentration of 20 mg/mL, pH
8.0, glutaraldehyde concentration of 1.175 pLL/mg HSA and 24 hours polymerization time.
Results showed that increasing the ethanol/HSA (v/v) ratio from 1.0 to 3.0 resulted in higher
precipitation of the nanoparticles, thus increasing particle aggregation and size from 200.5+2.2
nm to 293.9+5.1 nm, respectively (Figure 1(e)). However, since HSA concentration and pH of
solution remained constant throughout this optimization, there were no significant differences in
the zeta potentials (Figure 1(f)). The PDI for all samples was less than 0.15. The ethanol/HSA
(v/v) ratio of 1.0 was selected as optimal resulting in particle size of 200.5+2.2 nm and a zeta

potential of -27.1+1.8 mV.

Effect of glutaraldehyde on nanoformulation. Glutaraldehyde (8% v/v aqueous solution)
concentrations of 0.235, 0.588 and 1.175 pL/mg of HSA, saturating 40%, 100% and 200%,
respectively, of the amines present on the HSA molecule, were chosen for optimization **. The
nanoparticles were prepared at a starting HSA concentration of 20 mg/mL, pH 8.0, ethanol/HSA
(v/v) ratio of 1.0 and polymerization time of 24 hours. It was observed that at glutaraldehyde
concentration of 0.235 and 0.588 uL/mg of HSA, the particle size was significantly different

from that obtained at 1.175 uL/mg of HSA (155.0+0.8, 152.242.4 to 175.7+1.6 nm, respectively)
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(Figure 1(g)). However, there was no significant difference between the zeta potentials of
different samples (Figure 1(h)). The PDI for all samples was less than 0.15. The glutaraldehyde

concentration 0.588 pL/mg of HSA was considered as optimal.

Effect of MRN concentration on nanoformulation. MRN was added to the HSA solution in the
HSA/MRN (uM/uM) ratio of 1:1, 1:5, 1:10 and 1:15. The starting HSA concentration was 20
mg/mL, pH 8.0, ethanol/HSA (v/v) ratio of 2.0, glutaraldehyde 0.588 uL/mg of HSA and
polymerization time of 24 hours. It was observed that on increasing the amount of MRN in the
HSA solution, the particle size reduced from 384.1+2.9 nm at HSA/MRN (uM/uM) ratios of 1:1
to 224.4+6.3 nm at HSA/MRN (uM/uM) ratios of 1:15, however, there was no significant
difference among particle sizes at 1:5, 1:10 and 1:15 (Figure 1(i)). This could be due to the
electronegative features of the bipyridine rings in the MRN structure. With increasing MRN
concentration in the preparative solution, the repulsion between molecules would prevent particle
aggregation, thus forming smaller sized particle. Significant differences in the zeta potential of
different samples were not observed (Figure 1(j)). The PDI of the nanoparticle suspensions was
less than 0.15 for all samples. The MRN concentration at HSA/MRN (uM/uM) ratio of 1:15 was

selected as optimal.

Effect of glutaraldehyde polymerization time on nanoformulation. The last parameter
optimized was the glutaraldehyde polymerization time. The nanoparticles were prepared at 20
mg/mL HSA concentration, HSA/MRN (uM/uM) ratio of 1:15, pH 8.0, ethanol/HSA (v/v) ratio
of 2.0 and glutaraldehyde concentration of 0.588 pL/mg of HSA. The MRN-HSA-NPs were
reacted for 4, 8, 18 and 24 hours. Results showed that after 24 hours of polymerization, the
particle size was 269.5+3.9 nm, which was lower than the particle sizes obtained at other

reaction times (Figure 1(k)). Glutaraldehyde forms a mesh-like network by undergoing a
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condensation reaction with the amine groups present on lysine or hydroxylysine residues present
on the albumin *’. Thus, higher polymerization time possibly allows complete formation of
intermolecular bonds and stable nanoparticles. The zeta potential of nanoparticles reacted for 24
hours was -29.0+0.6 mV, which was significantly higher than that of the other samples (Figure
1(1)). The PDI for the HSA-NPs reacted for 24 hours was less than that of the other preparations.

Thus, the polymerization time of 24 hours was selected as optimized.

SEM analysis of MRN-nanoformulation. MRN-HSA-NPs were prepared by following the
ethanol desolvation method and compared with HSA-NPs without MRN, for SEM
characterization ****. The size of the MRN-HSA-NPs was 154.2+5.8 nm with a polydispersity
index of approximately 0.08 and zeta potential of -29.5+2.9 mV (Figure 2(a)). The size of the
HSA-NPs was 148.5+6.2 nm with a polydispersity index of approximately 0.19 and zeta
potential of -27.1+3.3 mV (Figure 2(b)). The yield of the MRN-HSA-NPs was 86.2+2.6% and
that of the HSA-NPs was 85.342.5%. The milrinone encapsulation efficiency at 1:15 HSA/MRN
ratio was 41.7+1.7%, as mentioned in Table 1. The particle size for FITC-HSA-MRN-NPs was
130.2+2.0 nm, polydispersity approximately 0.11 and zeta potential was -27.0+0.3 mV. For
FITC-HSA-NPs, the particle size was 118.8+1.4 nm, polydispersity index approximately 0.14

and zeta potential was -30.6+1.9 mV.

Molecular Docking study of HSA-MRN interaction. To evaluate the nature of binding
between the MRN and HSA, docking simulations were performed with the Wilma software
across the entire surface and interior cavities of HSA ?’. The literature data was reproduced by
docking the control ligand molecules THY, IBP and RWF (Figure 3 (a-c)). All molecules were
docked as shown in Table 2, i.e. the most energetically favorable conformation as per the Wilma

scoring function, a function that quantifies the protein-ligand interactions to estimate binding
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affinity. To precisely estimate binding affinities, the analysis was combined with a more

elaborate scoring function called SIE scoring function .

©CoO~NOUTA,WNPE

Docking performed by the SIE-software predicted that MRN was bound to HSA in the sub-
pocket that also binds RWF. The MRN molecule was found to exhibit 3-H bond acceptors and a
14 single H-bond donor. The sub-pocket contained the following residues with their side-chains

16 interacting with MRN: GLU292, ALA291, ILE290, SER287, ILE264, ALA261, ILE260,

19 ARG257, HIS242, VAL242, LEU238, LEU234, PHE223, ARG222, LEU219, ARG218,

21 ALA215, TRP214, PHE211, LYS199, GLN196, LYS195, SER192, GLU153 and TYR150. The
predictions can be grouped into 2 distinct flipped binding modes: where the nitrogen of the

26 nitrile of MRN interacts with LYS195 (Figure 3(d)) and where the oxygen of the hydroxyl is
28 highly stabilized via 3 H-bonds formed with ARG257 and TYR150 (Figure 3(e)). Predictions
also suggest that MRN binds to HSA with a binding affinity similar as that between RWF and
33 HSA. Using the Wilma scoring function, MRN is predicted to bind the strongest to a form of

35 HSA which is bound to fatty acids, in a sub-pocket close to that for RWF (Figure 3(f)).

38 However, SIE re-scoring indicates that the MRN binds stronger to a form of HSA which is

40 unbound to fatty acids at the same location (Figure 3(g)).

Effect of MRN binding on different HSA conformations. Circular Dichroism is one of the

46 most promising tools for studying various aspects of protein structure 3% The conformational

48 changes in the secondary structure of HSA have been studied with Far-UV CD, in the range of
50 180-260 nm at pH 7.0, 8.0 and 9.0. The CD spectra of HSA at pH 7.0, 8.0 and 9.0 exhibits two
53 negative bands in the UV region at 208 nm (n—n*) transition and 222 nm (n—n*) transition,

55 which is characteristic of an a-helical protein *°. The conformational states of HSA at pH 7.0, 8.0

58 and 9.0 contained a-helical content of 58.7%, 62.2% and 59.8%, respectively, which is in
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alignment with values reported in the literature *’. The effect of MRN binding on HSA was
studied using Far-UV CD spectra, recorded with MRN/HSA molar ratios of 0, 1:1, 1:5, 1:10,
1:15 and 1:20. At pH 7.0 (Figure 4(a-b)) and pH 9.0 (Figure 4(c-d)), no change in the HSA
secondary structure was observed on binding with different MRN concentrations. However, at
pH 8.0, a significant reduction in the a-helical content from 62% to 36% at the expense of
random coil with 30.7%, was observed at MRN/HSA ratio 1:5. The a-helical content in the
remaining preparations with HSA/MRN ratios 1:1, 1:10, 1:15 and 1:20 remained 62.2%, 60.9%,
60.1% and 57.8% respectively (Figure 4(e-f)). Similar reduction in helical content of human
serum albumin on binding with other drugs has also been reported *'**. These results
demonstrated the interaction between MRN on binding with HSA at pH 8.0 and have been

summarized in Table 3.

Enzymatic degradation of HSA-NPs and MRN release. The intracellular delivery of
nanoparticles is of utmost importance. In this study, the enzyme mediated release of MRN from
MRN-HSA-NPs has been evaluated in the presence of different enzymes such as trypsin,
protease and proteinase K which are functionally active at the neutral pH and pepsin, cathepsin
D, which are functionally active at acidic pH *'. The enzyme concentrations in the nanoparticle
suspension were set to obtain a rapid nanoparticle degradation and release of MRN. It was
observed that trypsin caused rapid degradation of the nanoparticles, releasing 72.5+1.9% of
MRN within 24 hours (Figure 5(a)) whereas pepsin released 87.5+0.9% of MRN within just 2
hours of incubation (Figure 5(b)). Proteinase K, protease and cathepsin D exhibited a relatively
slower release of 33.442.5%, 14.2+2.7% and 5.9+1.3%, respectively, over 24 hours (Figure 5(c-

e)). A summary of these results is presented in Table 4.
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Intracellular nanoparticles uptake. It is known that HSA is transported across the endothelial
cells by receptor mediated endocytosis via the albondin glycoprotein receptor (gp60) on the

surface of endothelial cells **. Albumin transports fatty acids across cardiac cells, however, the
p y

©CoO~NOUTA,WNPE

exact method of HSA uptake by these cells is uncertain **. In this study, the uptake of HSA-NPs
13 by HUVECs and H9¢2 cells was studied by using FITC-HSA. The HUVECs and H9¢2 cells

15 were treated with different concentrations of HSA-NPs with and without MRN, for 4, 24 and 48
18 hours. The HUVECSs treated with MRN-HSA-NPs with nanoparticle concentration of 8000

20 pg/mL (M-8000) exhibited significantly higher (P<0.0001) fluorescence intensity as compared to
the other treatments after 4 hours (Figure 6(a)). An increase in the fluorescence intensity at

25 nanoparticles concentrations of 600 pg/mL, represented by M-600 (MRN-HSA-NPs) and H-600
27 (HSA-NPs alone) was observed between 4 hours and 24 hours (Figure 6(b)), after which there

was no significant increase until 48 hours (Figure 6(c)).

33 The H9c¢2 rat cardiomyoblasts treated with M-600 and H-600 exhibited higher nanoparticle

35 uptake than M-8000 after 4 hours of treatment (Figure 7(a)). The fluorescence intensity further
38 increased significantly (P<0.0001) in the M-8000, M-600 and H-600 treatments as compared to
40 rest of the treatments from 4 to 24 hours (Figure 7(b)) after which there was no significant
increase until 48 hours (Figure 7(c)). However, no significant cellular uptake of nanoparticles

45 was observed in other treatment conditions.

48 Flow cytometry analysis. Flow cytometry analysis was performed to validate the uptake of

50 FITC-HSA-NPs (0.2 mg/mL) by HUVECs and H9c2 cells. The treatments were divided as:

53 FITC-HSA-NPs, LysoTracker Deep Red labeled (control), FITC-HSA-NPs and Lysotracker

55 double stained and untreated cells. Results suggested that the for the HUVECS treated with both

FITC-HSA-NPs and LysoTracker Deep Red, approximately 98% of the cell population exhibited
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fluorescence for both the FITC as well as LysoTracker Deep Red dye (Figure 8(a)). For H9c2
cells treated with both FITC-HSA-NPs and LysoTracker Deep Red, approximately 41.3% of the
cell population exhibited fluorescence for both FITC and LysoTracker Deep Red dye (Figure

8(b)). These results validated the intracellular uptake of the FITC-HSA-NPs.

Cell viability analysis. For evaluating the safety and efficacy of MRN-HSA-NPs on HUVECs
and H9c2 cells, the MTT assay was performed. The cells were treated with MRN-HSA-NPs and
MRN-Lactate at MRN concentrations 0.01 pM, 0.1 uM, 1 uM, 10 uM, 100 uM and 1000 uM
for 4, 24 and 48 hours. Results suggested that the HUVECs incubated with the two treatments
containing 1000 pM MRN displayed cell viabilities of 82.4+14.3%, 60.1+£3.8%, and 61.6+3.7%
at 4, 24 and 48 hours, respectively, in the presence of MRN-HSA-NPs. In comparison, cell
viabilities in the presence of MRN-Lactate were 42.5+5.8%, 35.4+0.9% and 36.2+2.9%,
respectively (Figure 9). When MRN concentration was 100 uM, the cell viability in the presence
of MRN-HSA-NPs was 85.9+12.3%, 71.9+9.6% and 65.1+1.5% at 4, 24 and 48 hours,
respectively, whereas for MRN-Lactate treatment was 59.44+4.1%, 49.6+1.1% and 55.7+2.8%,
respectively. There were no significant differences in the other MRN-HSA-NPs and MRN-

Lactate treatments containing 0.01, 0.1, 1 and 10 uM MRN.

Similarly, the safety of MRN-HSA-NPs as compared to the MRN-Lactate was also evaluated in
HO9c2 cells. Results suggested that at 1000 pM MRN concentration, the cell viability due to
MRN-HSA-NPs was 74.7£3.9%, 74.9£2.2%, and 58.84+5.7% at 4, 24 and 48 hours, respectively,
in comparison to that of MRN-Lactate with 52.6+4.9%, 46.1+2.5% and 18.8+4.9%, respectively
(Figure 10). At 100 uM MRN concentration, cell viability in the presence of MRN-HSA-NPs
was 79.0+0.9%, 88.3+4.1% and 64.9+5.6% at 4, 24 and 48 hours, respectively, whereas in the

presence of MRN-Lactate was 62.3+2.1%, 50.14+3.8% and 42.3+10.4%, respectively. Also, there
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were no significant differences in the remaining MRN-HSA-NPs and MRN-Lactate treatments
containing 0.01, 0.1, 1 and 10 pM MRN. Therefore, it was concluded that the MRN-HSA-NPs

exhibited greater cell biocompatibility than MRN-Lactate.

©CoO~NOUTA,WNPE

15 DISCUSSION

15 HSA-NPs are widely used for the delivery of drugs, genes, hormones, and various other
molecules *'. This study is the first to report the use of HSA-NPs as vehicles for carrying the

20 cardiac inotrope and vasodilator drug, milrinone. MRN is a phosphodiesterase-III inhibitor,

22 which through the action of protein kinase A, improves myocardial contractility. It is commonly

administered as a lactate formulation to patients suffering from CHF > **,

28 This study demonstrates the development of a novel MRN-nanoformulation. Following the

30 ethanol desolvation technique, stable MRN-HSA-NPs were prepared by optimizing key

33 parameters such as HSA and MRN concentration, pH of preparative solution, ethanol volume,

35 glutaraldehyde content and polymerization time *. This resulted in achieving an encapsulation
37 efficiency of approximately 41%, which is the highest reported so far. Nanoparticle

40 characterization was performed by the DLS, laser Doppler anemometry and SEM techniques.

42 Molecular docking analysis using the Wilma software predicted a strong binding affinity of -27.6
44 kcal/mol between MRN and HSA bound to fatty acids, similar to that between warfarin and HSA
47 (-26.6 kcal/mol) *°. The SIE-rescoring predicted a HSA-MRN binding affinity of -8.6 kcal/mol,
49 when HSA is unbound to fatty acids. MRN is predicted to bind with the Lys195, Arg257 and
Tyr150 residues in sub-domain IIA at Site 1 of the HSA molecule, which is also known to bind
54 other hydrophobic drugs '***. Circular dichroism spectroscopy determined a change in the

56 secondary structure of HSA on interaction with MRN in a 1:5 molar ratio. However, this change
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in secondary structure was not observed at other HSA/MRN molar ratios and at other different
pH conditions. This can be compared with changes observed in the HSA secondary structure on

binding with drug molecules such as virstatin or cisplatin ****

. This could be explained due to the
changes in molecular conformation of albumin on binding with small molecules, which also
change with the pH of solution leading to increased formation of -sheets and random coil

structures at the expense of the a-helix. *"*

. This may also suggest formation of more inter and
intra-domain structures when MRN interacts or binds with HSA. This test was a supplement to

our molecular docking studies to indicate that there was an interaction between the MRN and

HSA, given that this has not been reported in literature earlier.

An enzyme-mediated drug release study was performed to confirm that MRN was bound to
HSA-NPs. The enzymes trypsin, pepsin, proteinase K, protease and cathepsin D were used to
evaluate the cumulative MRN release from MRN-HSA-NPs *'. However, these enzymes may not
be physiologically involved when nanoparticles are administered in the body as the drug is
expected to be released into the cytosol by receptor mediated endocytosis of the nanoparticles.
The rate of degradation of nanoparticles varies due to the difference in the type of peptide bonds
cleaved by the enzymes. Trypsin, known to cleave at the carboxyl end of lysine and arginine
residues of the protein, released approximately 70-75% of the drug. Pepsin, which cleaves the
peptide bonds between phenylalanine, tyrosine and tryptophan residues, released approximately
85-90% of the MRN. However, the drug release in the presence of other enzymes was relatively
slower. Cathepsin D, a lysosomal enzyme known for HSA degradation, was unable to
completely release MRN from the nanoparticles, possibly due to the high glutaraldehyde
concentration >'. Also, the in vitro conditions cannot completely simulate the conditions of a

lysosomal vesicle inside the cell.
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During in-vivo treatment, MRN-HSA-NPs are anticipated to be up-taken by endothelial cells as
well as cardiomyocytes. Therefore, the intracellular uptake and cell biocompatibility of MRN-

HSA-NPs was studied using HUVECs and H9c2 cells. Fluorescence studies have revealed that

©CoO~NOUTA,WNPE

the nanoparticle uptake by both HUVECs and H9c2 cells was time-dependent. This was

13 demonstrated by an increase in fluorescence intensity from 4 to 24 hours at nanoparticle

15 concentrations of 600 and 8000 pg/mL, post which there was no significant increase until 48

18 hours. Fluorescence intensity at lower nanoparticle concentrations was significantly lower due to
20 high dilution. Further, the presence of MRN in the NPs did not affect their cellular uptake. A
flow cytometry analysis confirmed the intracellular uptake of the nanoparticles by both cell

25 types. HUVECs (endothelial cells) are known to interact with HSA through the presence of

27 albondin (gp60) receptors present on the cell surface, which allows receptor mediated
endocytosis of the nanoparticles **. Also, H9¢2 cells (cardiomyoblasts) are anticipated to interact

32 with HSA through the gp18 and gp31 receptors present on the cell surface *°.

35 Cell viability due to MRN-HSA-NPs and MRN-Lactate was analyzed by performing the MTT
38 assay. The MTT assay is a commonly-used colorimetric assay using the dye 3-(4,5-

40 dimtheylthiazol-2-yl)-2,5-diphenltetrazoliumbromide (MTT) for the rapid determination of cell
viability/cytotoxicity '2. The overall cytotoxicity of the MRN-Lactate treatments was

45 significantly higher than the MRN-HSA-NPs in both HUVEC and H9c2 cells. The treatments
47 which showed very low cytotoxicity, could be attributed to the higher dilution and hence lower
nanoparticle uptake as revealed by the fluorescence studies. Therefore, it may be concluded that

52 the MRN-nanoformulation is safer and more biocompatible as compared to the MRN-Lactate.

55 CONCLUSIONS
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The growing incidence of CVDs across the world has also increased the need for developing
effective novel technologies. This study is the first to report the development of a novel MRN-
nanoformulation using HSA-NPs as vehicles for delivery of milrinone, a cardiac inotrope drug
that treats congestive heart failure. MRN-HSA-NPs exhibit a final particle size less than 200 nm
and zeta potential of approximately -30 mV, which is ideal for in-vivo drug delivery. This study
is also the first to report predictions for MRN binding to the hydrophobic pocket present on sub-

domain ITA (Site I) of the HSA molecule, by molecular docking studies.

Future studies will include the determination of the therapeutic effect of the MRN-
nanoformulation. Currently, milrinone with a retention time of 1-2 hours, is administered
clinically as a continuous intravenous infusion " ' Hence, pharmacokinetic-pharmacodynamic
studies with the MRN-nanoformulation will be useful in determining an increase in the body
circulation time of MRN. Since the MRN-nanoformulation is target-specific, it is anticipated to
have reduced dose requirements as compared to that of the currently used MRN-Lactate. The
intracellular uptake of MRN-HSA-NPs by endothelial cells and cardiomyoblasts as well as their
high biocompatibility are indicative that this novel nanoformulation will work better and may
potentially be used in CHF and other cardiac applications. Since the presented study is the first
of its kind, these results need extrapolation into in-vivo data. Therefore, further animal studies

will be required to evaluate the complete clinical potential of the MRN-nanoformulation.
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A novel milrinone nanoformulation for use in cardiovascular diseases: preparation and in vitro
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Figure 1. Effect of HSA concentration (mg/mL) on (a) nanoparticle diameter and polydispersity index and

(b) nanoparticle zeta potential; Effect of pH of preparative solution on (¢) nanoparticle diameter and

polydispersity index and (d) nanoparticle zeta potential; Effect of ratio of ethanol/HSA (v/v) on (e)

nanoparticle diameter and polydispersity index and (f) nanoparticle zeta potential; Effect of glutaraldehyde

concentration (LL/mg HSA) on (g) nanoparticle diameter and polydispersity index and (h) nanoparticle zeta

potential; Effect of HSA/Milrinone (uM/uM) ratio on (i) nanoparticle diameter and polydispersity index and

(j) nanoparticle zeta potential; Effect of glutaraldehyde polymerization time (hours) on (k) nanoparticle
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diameter and polydispersity index and (I) nanoparticle zeta potential. The nanoparticle diameter is represented
as the dark grey bar, polydispersity index as symbol and zeta potential as light grey bar. The graphs show a
representative result of mean+SD (n=3). ****P<(0.0001 was considered highly significant and *** P<0.001,

* P<0.05 were considered significant based on Tuckey’s posthoc analysis, when compared with other groups.
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30 (a) (b)

35  Figure 2. Nanoparticle surface characterization using SEM analysis: (a) MRN-HSA-NPs of size 154.2+5.8
37 nm, polydispersity index of approximately 0.08 and zeta potential of -29.5+2.9 mV (Scale = 500 nm); (b)
HSA-NPs of size 148.5+6.2 nm, polydispersity index of approximately 0.19 and zeta potential of -27.1+3.3

42 MV (Scale = 500 nm).
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Figure 3. Molecular docking predictions for (a) Thyroxine (green) relative to its cognate conformation (blue);
(b) Ibuprofen (green) relative to its cognate conformation (beige); (¢) Warfarin (green) relative to its cognate
conformation (beige); (d) MRN (green) docked against HSA, where the nitrile group on MRN forms 1 H-
bond (yellow dashed line) with Lys195 on HSA; (e) MRN docked against HSA, where the hydroxyl group
forms 3 H-bonds (yellow dashed lines) with Arg257 and Tyr150; (f) MRN (green) predicted to bind the
strongest to forms of HSA bound to fatty acids, in the same sub-pocket as Warfarin when considering Wilma
scoring results; (g) MRN (green) predicted to bind the strongest to forms of HSA unbound to fatty acids when

considering SIE re-scoring results.
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Figure 5. Cumulative release of MRN from 1 mg/mL. MRN-HSA-NPs in the presence of (a) trypsin, (b)

pepsin, (¢) proteinase K, (d) protease and (e) cathepsin D. The graphs show a representative result of mean+SD

(n=3).
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Figure 7. Intracellular uptake of MRN-HSA-NPs and HSA-NPs in H9¢2 cells at (a) 4 hours, (b) 24 hours and
(c) 48 hours. H9¢2 cells were treated with different nanoparticle concentrations: 8000, 600, 450, 33.5, 2.5 and
0.18 pg/mL, represented as M-8000, M-600, M-450, M-33.5, M-2.5 and M-0.18 in case of MRN-HSA-NPs;
and H-8000, H-600, H-450, H-33.5, H-2.5 and H-0.18 in case of HSA-NPs alone. The graph shows a
representative result of mean+SD (n=3). ****P<(0.0001 was considered highly significant and *** P<(.001,
** P<0.01 were considered significant based on Tuckey’s posthoc analysis, when compared with other

groups.
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Figure 8. Flow cytometry analysis of intracellular uptake of FITC-HSA-NPs. Gated on single cells and
28 quadrants were set as per FMO controls. (a) HUVEC cells treated with both FITC-HSA-NPs and LysoTracker
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33 treated with both FITC-HSA-NPs and LysoTracker Deep Red exhibiting double staining in approximately
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staining (Q1 quadrant). Data is represented for n=3 experiments.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Molecular Pharmaceutics Page 38 of 40

g 120+
® 120+ .
= I o S 1004 =
< 100{ gml T - 5
2 £ 804 *k
& 801 - —
£ 60 I i %
2 T = 40+
= 40 =
Q
L g 20-
S 20 2
© @
3 o- o 0 <
N N S
S NS S S R
Milrinone concentration (nM) Milrinone concentration (nM)
(a) (b)

% de ok ke

™
100-
ﬁ*
T

N
> R\

-
© N
o o
1 1

'S
i

Cell viability (% ) after 48 hrs
N [+2]
i g

o
L

Milrinone concentration (nM)

(c)

Figure 9. Viability of HUVECs incubated with MRN-HSA-NPs (black bars) compared with MRN-Lactate
(grey bars) at different MRN concentrations, at (a) 4 hours, (b) 24 hours and (c) 48 hours. The graph shows a

representative result of meantSD (n=3). ****P<(.0001, ***P<0.001, **P<0.01 and *P<0.05 were

considered significant based on Sidak’s posthoc analysis.
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TABLES

Table 1. Encapsulation efficiency of MRN-HSA-NPs at various MRN concentrations, represented as
HSA/MRN molar ratio.

HSA/MRN Encapsulation

molar ratio efficiency (%)
1:1 86.9113.8
1:5 23.4+4.9
1:10 30.2+5.9
1:15 41.8+1.7

Table 2. Predicted binding affinities between HSA and MRN using the Wilma and SIE scoring.

Ligand bound to  SIE Predicted Wilma Predicted

HSA (kcal/mol) (kcal/mol)
MRN (best Wilma) -5.7 -27.6
MRN (best SIE) -8.6 -26.5
THY (control) -6.7 -26.2
RWEF (control) -8.3 -26.6
IBP (control) -7.6 -23.6

Table 3: HSA secondary structural content on interaction with MRN in different molar ratios.

200 - 260 nm
Molar ratio HSA (at pH 7.0) HSA (at pH 8.0) HSA (at pH 9.0)
(HSA/MRN)
a- B- Random a- B- Random a- B- Random
helix sheet  coil (%) helix sheet coil (%) helix sheet coil (%)
(%) (%) (%) (%) (%) (%)
0 58.7 13.1 17.8 62.2 12.6 16.4 59.8 13.0 17.3
1:1 54.0 13.8 19.9 56.3 13.4 19.1 62.4 12.6 16.1
1:5 59.9 12.9 17.3 36.0 16.3 30.7 61.2 12.8 16.7
1:10 72.8 11.2 11.9 60.9 12.8 17.0 59.7 13.0 17.3
1:15 58.80 13.1 17.7 60.1 12.9 17.1 65.5 12.2 14.8
1:20 59.10 13.1 17.6 57.8 13.2 18.3 59.1 13.1 17.6

Table 4. Cumulative release of MRN from MRN-HSA-NPs in the presence of different enzymes.

Enzyme present Cumulative MRN
with MRN-HSA-NPs release (%)
Trypsin 72.5+1.9
Pepsin 87.5+0.9
Proteinase K 33.4+2.5
Protease 14.2+2.7
Cathepsin D 5.9+1.3
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