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Liposomal azithromycin (L-AZM) promotes macrophage polarization toward an M2-like
phenotype in the context of myocardial infarction that results in improved cardiovascular
outcomes in mice. To improve upon this formulation, we sought to identify optimized
formulation, stability, and biological activity parameters necessary to enhance the
immunomodulatory activity and efficacy of L-AZM. While our parent formulation
contains a mixture of long-chain saturated phosphatidylcholine and
phosphatidylglycerol lipids, we evaluated a series of formulations with different
amounts of unsaturated lipids and cholesterol with the goal of improving the loading
capacity and stability of the formulations. We also introduce fusogenic lipids to improve the
cytosolic delivery to enhance the immune modulatory properties of the drug. To achieve
these goals, we initially prepared a library of 24 formulations using thin film hydration and
assessed the resultant liposomes for size and polydispersity. Five lead formulations were
identified based on low polydispersity (<0.3) and stability over time. The lead formulations
were then evaluated for stability in serum using dialysis and macrophage polarization
activity in vitro as measured by decreased IL-12 expression. Collectively, our data indicate
that the formulation components drive the balance between encapsulation efficiency and
stability and that all the lead liposomal formulations improve in vitro alternative macrophage
activation as compared to free AZM.
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INTRODUCTION

Myocardial infarction (MI) and its ensuing damage is the leading cause of death in developed
nations, affecting over 3 million patients annually (Force Members et al., 2012). Recurrent ischemia
following MI often evolves into congestive heart failure, the most powerful predictor of mortality in
patients with MI (Granger et al., 2003). Shortly after MI, hypoxia causes a large pro-inflammatory
response accompanied by neutrophil infiltration into the ischemic myocardium to trigger apoptosis
and clear cellular debris—a process that contributes to tissue damage (van der Laan et al., 2012;
Swirski and Nahrendorf, 2018). After the initial inflammatory phase, macrophages and monocytes
promote myocardial repair in a process that results in increased fibrosis and cardiac tissue scarring
(Yan et al., 2013). Although many treatment options exist to diminish the progression of cardiac
damage after MI, there are currently no approved therapies to modulate the immune response in this
setting. Many drugs have shown less favorable results in clinical trials due to their
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immunosuppressive effects (Bulkley and Roberts, 1974;
Schjerning Olsen et al., 2011), while others such as colchicine
have a low therapeutic index and have recently shown varying
results (Tardif et al., 2019; Tong et al., 2020). Therefore, new
treatment paradigms are critical to reduce the burden of
cardiovascular complications and improve post-MI outcomes
in patients.

Azithromycin (AZM) is used primarily for its antimicrobial
properties (Abtahi-Naeini et al., 2021; Bogdanov et al., 2021) but
has more recently been evaluated for its anti-inflammatory and
immunomodulatory effects (Equi et al., 2002; Clement et al.,
2006; Saiman et al., 2010; Ratjen et al., 2012; Nichols et al., 2020;
Venditto et al., 2021). These properties stem from the ability of
AZM to alternatively polarize macrophages, shifting M1-like
macrophages which are pro-inflammatory to a more reparative,
anti-inflammatory M2-like phenotype (Murphy et al., 2008;
Vrančić et al., 2012; Cory et al., 2013; Amantea et al., 2016;
Haydar et al., 2019). The ability of AZM to polarize
macrophages toward an M2-like phenotype in animals and
humans and improve disease outcomes has been
demonstrated in the context of ischemic stroke (Amantea
et al., 2016), chronic obstructive pulmonary disease (Hodge
et al., 2008), cystic fibrosis (Meyer et al., 2009), and more
recently MI (Al-Darraji et al., 2018; Al-Darraji et al., 2020).
An obstacle to the use of AZM in the context of MI, however, is
the incidence of cardiac arrythmias observed in human studies,
which has resulted in FDA warnings for AZM and other
macrolides in subjects with a history of cardiovascular
complications (Giudicessi and Ackerman, 2013). In fact, our
previous work with AZM in a murine model of MI shows
increased mortality after intravenous administration of free
AZM, underscoring the need for an improved delivery
method (Al-Darraji et al., 2020).

Lipid nanoparticles used for drug delivery to macrophages
provides a unique opportunity to counteract inflammatory
damage associated with MI, while reducing exposure of
cardiomyocytes to AZM. Some drug delivery strategies target
the inflamed tissue directly using liposomes with polyethylene
glycol (PEG) on their surface to prevent macrophage uptake in
the blood and promote tissue accumulation (Torchilin et al.,
1996; Levchenko et al., 2012; Dasa et al., 2015). However, by
harnessing the phagocytic nature of immune cells trafficking to
the injury, non-PEGylated liposomes are preferentially taken up
en route to inflamed tissue, thereby decreasing cardiomyocyte
uptake and reducing the risk of cardiotoxicity. Previous work by
our group has shown that liposomal AZM (L-AZM) succeeds in
targeting immune cells over cardiomyocytes, thereby significantly
reducing the cardiotoxicity relative to free AZM (Al-Darraji et al.,
2020). Additionally, in a murine model of cardiac ischemia,
L-AZM significantly decreases mortality as compared to those
treated with an equivalent dose of free AZM or vehicle control
(Al-Darraji et al., 2020). Notably, free AZM led to reduced heart
rate, arrhythmia, and sudden cardiac death, which was not
observed using the same dose of AZM encapsulated in a
liposome. These preclinical data support continued
investigation of liposomal delivery as a therapeutic strategy to
reduce the burden of post-MI inflammation in patients with the

goal of long-term event-free survival and improved long-term
cardiac output.

The efficacy of our primary L-AZM formulation in lowering
post-MI mortality in mice prompted the evaluation of additional
formulations for further optimization. Since the parent
formulation contains a mixture of long-chain saturated
phosphatidylcholine (PC) and phosphatidylglycerol (PG)
lipids, we hypothesized that the inclusion of unsaturated and
fusogenic lipids would improve the stability and cytosolic delivery
of the formulations. Unsaturated phospholipids have shown
better efficiency in encapsulating both hydrophilic (Sakai et al.,
2008) and lipophilic drugs (Pereira et al., 2016) compared to their
saturated counterparts. A library of liposomal formulations was
prepared and characterized, of which five lead formulations were
selected based on size and polydispersity index for further
analysis of encapsulation efficiency, stability and polarization
activity. Herein, we describe the characterization and in vitro
functional evaluation of the five lead L-AZM formulations with
the goal of identifying an optimized formulation for continued
in vitro and in vivo investigation.

MATERIALS AND METHODS

Reagents
Lipids were purchased from Avanti Polar Lipids (Alabaster, AL,
United States) including 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC, 25.0 mg/ml in chloroform), 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 25.0 mg/ml in
chloroform), 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC, 25.0 mg/ml in chloroform), and 1,2-Distearoyl-sn-
glycero-3-phospho-1′-rac-glycerol, sodium salt (DSPG).
Powdered DSPG was dissolved in the solvent mixture of
chloroform, methanol, and DI water at a ratio of 13:7:1,
respectively, and made fresh at 25.0 mg/ml when required.
Cholesterol was re-crystallized in ethanol before being
dissolved in chloroform for use in formulations. LC-MS grade
acetonitrile and methanol were procured from J.T. Baker
(Philipsburg, NJ, United States). Azithromycin dihydrate was
purchased from TCI. Monobasic potassium dihydrogen
phosphate (KH2PO4) was purchased from VWR and
manufactured by Amresco LLC (Dallas, TX, United States).
DMEM (Dulbecco’s Modification of Eagle’s Medium with
4.5 g/L glucose, L-glutamine and sodium pyruvate), fetal
bovine serum (FBS) and stable cell trypsin was procured from
Corning (Corning, NY, United States).

Liposomal Formulations
All liposomal formulations were prepared by thin film hydration
according to an established protocol (Nardo et al., 2021). Briefly,
phospholipids and cholesterol solutions were mixed in a round
bottom glass tube at the desired molar ratio. Next, AZM dissolved
in ethanol was added to the lipid mixture at 10 or 30 mol% of the
total phospholipid content. Subsequently, solvents from the lipid-
AZM mixture were evaporated using a rotary evaporator at 60°C
to obtain a thin film layer on the glass tube surface, which was
dried overnight under vacuum. The resulting thin film was
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rehydrated in PBS pH 7.5 and sonicated for 1 h at 60°C. Each
formulation was prepared at a final lipid concentration of 40 mM.
Empty liposome controls without AZM were also prepared for
each formulation using the identical procedure.

Formulation Size and Zeta Potential
Measurement
The mean diameter, polydispersity index (PDI), and zeta
potential of each formulation were measured on a Zetasizer
Nano ZS (Malvern Panalytical, Malvern, United Kingdom).
Liposomes were diluted 20-fold in hydration buffer, and all
measurements were conducted at 25°C. During the size (mean
diameter) and polydispersity measurements, ~1 ml of liposomes
was placed in the regular plastic cuvettes, and the number of
photons scattered by the liposome particles was measured at the
detection angle of 175°. The mean diameter and PDI of the
liposome particles were then estimated by photon correction
spectroscopy. The zeta potential of the liposomes was measured
by adding ~1 ml of the same 20-fold diluted liposomes to a folded
capillary cell (DTS 1070). Zeta potential of the liposomes are
correlated with fluctuations in intensity of the incident light
scattered from the mobile liposome particles under applied
voltage. As liposomes move through the capillary cell with
applied voltage, light scattered by the particles is detected at
12.8° and all experiments are conducted at 25°C. Each reported
zeta potential value is the average of 10 repeated measures.

HPLC Method to Quantify Free
Azithromycin
Quantification of released AZM was determined with Agilent
1,100 and Dionex ultimate 3,000 HPLCs equipped with a
quaternary pump, diode array detector, and an autosampler.
HPLC conditions were adapted from a published protocol
with slight modification (Rukavina et al., 2018). In brief,
separation was carried out using a C18 column (ACE
equivalence, 100 mm × 4.6 mm, 5 μm) and the mobile phase
consisting of 20 mM KH2PO4 aqueous solution (pH adjusted to
7.5) and acetonitrile at a 30:70 ratio. The mobile phase flow rate
was 1.0 ml/min, and AZM was detected at the wavelength of
210 nm. Importantly, AZM bound to serum proteins (in
experiments using FBS) and to dialysis chamber surfaces are
not included in this measurement. A calibration curve was
constructed using the AZM concentration ranging within
10–500 μg/ml. Under these conditions with our system, AZM
eluted with a retention time of ~5 min.

Determination of Encapsulation Efficiency
Un-encapsulated AZM was separated from the L-AZM by
filtering the liposomes through a Sephadex G-25 mini-column,
gravimetrically. In brief, 2.5 ml of liposome solution was eluted
through the mini-column with 3.6–4.0 ml of PBS pH 7.5. To
assess the concentration of AZM retained in the formulation after
size exclusion column, 50 μL of liposomes were mixed with
950 μL of methanol. AZM content of each formulation was
determined by HPLC before and after passing through the

mini-column and the encapsulation efficiency of the liposomes
from each formulation was calculated as the ratio of AZM content
before and after filtration.

Serum Stability of Liposomes and in vitro
Azithromycin Release
Release kinetics of the AZM from all liposomal formulations were
evaluated at physiological pH (PBS pH 7.5) in the presence and
absence of 50% FBS. Liposomes were dialyzed using a snakeskin
dialysis membrane (molecular weight cut-off: 10 kDa) with
constant stirring at 60 rpm and maintaining the temperature
at 37°C. Liposomes filtered through the Sephadex G-25 mini-
column (1.0 ml) were mixed in a 1:1 ratio with PBS or FBS to
achieve serum concentrations of 0% and 50% (mimicking human
blood), respectively. The resultingmixtures were placed inside the
snakeskin dialysis bag and dialyzed against 50 ml PBS in the outer
media. The experimental design using 50% FBS in the dialysis
tubing and PBS on the outside is based on previous reports and
aligns with the goal of investigating the role of protein disruption
of the liposomal bilayer, which are retained by the dialysis
membrane (Jafari et al., 1998; Qin et al., 2011). AZM content
in outer media was determined overtime at 1, 2, 4, 6, 8, and 24 h.
During every sampling point, 1 ml of the outer media was
aliquoted and re-compensated with fresh PBS pH 7.5. Free
AZM was also evaluated to quantify dialysis kinetics for un-
encapsulated AZM. All samples collected during the release
studies were analyzed for AZM content using the HPLC
conditions described previously. Results were quantified using
a calibration curve for AZM with concentrations ranging from 2
to 70 μg/ml.

Macrophage Polarization
In order to study the immune modulatory effects of L-AZM,
in vitro polarization assays using J774 murine macrophages were
performed. Prior to the assays, the cells were allowed to grow until
they reached confluency in DMEM with 10% FBS and 1%
penicillin/streptomycin. Once confluent, the cells were scraped,
counted, and then plated at a density of 2.5 × 105 cells per 1 ml of
media in 24-well plates. The plated cells were then treated with
interferon (IFN)-γ (final concentration 20 ng/ml) or a
combination of IL-4 and IL-13 (final concentration 10 ng/ml
each). Selected wells with IFNγ were treated with F-AZM (final
concentration of 30 µM), or an L-AZM formulation (at
approximately 30 µM AZM based on encapsulation efficiency).
Cells were incubated for 6 h at 37°C in 5% CO2 before being
stimulated with lipopolysaccharide (LPS) (final concentration
100 ng/ml) and incubated for 24 h. The cells were then
centrifuged at 1,200 x g and the media supernatants collected
for cytokine analysis. Interleukin (IL)-12 concentrations were
measured using a sandwich ELISA kit according to
manufacturer’s instructions (BioLegend, San Diego, California,
United States).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
(GraphPad Software, La Jolla, CA). Comparison between
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groups was made via one-way ANOVA with Tukey’s test for
multiple comparisons, paired sample T-test with McNemar’s test,
or via two-way ANOVA with Sidak’s multiple comparisons test
where appropriate. The p-value cut-off for statistical analysis was
*p = 0.05, **p = 0.01, ***p = 0.001. Comparison of release rates
were performed by calculating the difference factors (f1) and
similarity factors (f2) for each formulation relative to free AZM
and the other liposomal formulations, based on industry
guidance from the FDA (US Department of Health and
Human Services, 1997). Release rates are considered to be
similar when 0 < f1 < 15 and when 50 < f2 < 100. Given that
both equations indicate similarity in the same formulations only
f2 is presented in the main text with f1 presented in the supporting
information.

RESULTS

Our goal of identifying a lead formulation for continued preclinical
evaluation is based on a library of formulations containing AZM and
preliminary evidence of stability as determined by low polydispersity
index over a period of 10 days after formulation. The library was
generated using an iterative approach to evaluate the effect of distinct
changes to the formulation before completing a more thorough
analysis of a series of 12 formulations prepared at two different lipid
concentrations for a total of 24 formulations (Supplementary Table
S1). From this library, five lead formulation containing AZM, and
their empty counterparts, were prepared for further characterization
(Table 1). All formulations were prepared by thin film hydration
with AZM included in the thin film for incorporation in the bilayer
during hydration. Notably, each formulation increased in size with
the inclusion of 10 mol% AZM as compared to the empty
formulations lacking drug, while the PDI and zeta potentials of
each remained relatively unchanged. Each of the lead formulations
containing AZM result in liposomes with mean diameters of
70–110 nm and low PDI (0.09–0.23). The negative charge of
each formulation (~–25mV) is due to the inclusion of DSPG as
an anionic lipid in the formulations, which can improve AZM
incorporation through ion pairing in the lipid bilayers (Matschiner
et al., 1995; Ren et al., 2018).

Formulation 1 (F1) is based on a previously reported
formulation investigated as an antimicrobial agent (Oh et al.,
1995), and served as the formulation used to generate our
previous in vivo data in a murine model of cardiac ischemia
(Al-Darraji et al., 2020). F1 contains solely saturated lipids which
results in slightly larger diameter with AZM as compared to
formulations containing primarily unsaturated lipids. The size
and PDI of F1 are also not altered with the inclusion of 25%
DOPE as demonstrated with F5. Each of the other formulations
containing unsaturated lipids (F2, F3, and F4) also exhibit low
polydispersity and maintain their zeta potential in the presence or
absence of AZM.

AZM encapsulation efficiency (EE%) was then quantified by
HPLC for each of the formulations prepared with 10 and 30 mol%
AZM relative to phospholipid content (Figure 1). Formulations
were assessed for their incorporation of AZM immediately after
size exclusion chromatography to remove free AZM, using a pre-
elution sample to quantify total potential AZM incorporation.

TABLE 1 | Physico-chemical characteristics of five lead liposome formulations.

Composition Drug Diameter (nm) PDI Zeta potential
(mV)

F1 DSPC:DSPG:Chol (1:1:1) Empty 73 ± 3 0.20 ± 0.01 -27 ± 4
AZM 110 ± 6 0.13 ± 0.02 -23 ± 5

F2 POPC:DSPG:Chol (1:1:1) Empty 72 ± 10 0.27 ± 0.02 -28 ± 4
AZM 86 ± 5 0.23 ± 0.05 -26 ± 5

F3 POPC:DOPE:DSPG:Chol (1:1:1:1) Empty 60 ± 4 0.24 ± 0.01 -27 ± 4
AZM 73 ± 6 0.22 ± 0.01 -24 ± 5

F4 DOPC:DOPE:DSPG:Chol (2:1:2:1) Empty 66 ± 9 0.29 ± 0.06 -27 ± 4
AZM 69 ± 8 0.23 ± 0.01 -25 ± 4

F5 DSPC:DOPE:DSPG:Chol (1:1:1:1) Empty 91 ± 2 0.08 ± 0.02 -24 ± 2
AZM 111 ± 7 0.09 ± 0.01 -27 ± 4

FIGURE 1 | Liposomal encapsulation efficiency of AZM in five lead
formulations as determined by HPLC. Baseline AZM encapsulation in each
formulation is compared to the AZM content after removal of free drug by size
exclusion chromatography. All formulations were prepared at 40 mM at
constant volume with AZM added such that drug accounted for (A) 10 mol%
or (B) 30 mol% relative to phospholipid content. Bars denote the mean ± SD
(n = 3). Statistical analysis performed by ANOVA *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.
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Notably, formulations containing more than 50% saturated lipids
(F1 and F5) exhibit the lowest AZM encapsulation efficiencies
with 30% and 39% respectively. Exchange of DSPC in F1 for
POPC in F2 results in a 2-fold increase in EE% and AZM
incorporation, which is similar to the other formulations with
unsaturated lipids (F2 = 62%, F3 = 67%, F4 = 61%). When 30 mol
% AZM is used in the formulations, the EE% improve by
~10–30% for each formulation (Figure 1B), and the general
trend persists with F2, F3, and F4 achieving higher
encapsulation efficiencies immediately after hydration. Using
both concentrations of AZM, F1 remains the worst
formulation for encapsulation efficiency and the cause for
increased EE% with higher concentrations of AZM remains
unclear.

Release of AZM from the liposomes was then determined
using dialysis and HPLC quantification in both PBS and 50% FBS
at 37°C in pH 7.5 (Figure 2). Importantly, AZMmeasured outside
of the dialysis membrane is the fraction that has leaked from the
liposome and escaped the dialysis tubing. When using FBS as an
incubation media, AZM may also interact with serum proteins
prior to escape from the dialysis membrane thereby complicating
actual leakage quantification from the liposome. Therefore, we
refer to the rate of leakage from the liposome and translocation
across the membrane in the absence or presence of serum
proteins as the release of AZM. Release of AZM from each
formulation was compared to the diffusion of free AZM over
24 h. Nearly all the free AZM is released from the dialysis tubing
within 6 h when dialyzed with PBS, and ~50% is released in the
first hour (Figure 2A). Importantly, the release rate is reduced in

the presence of FBS as AZM can interact with serum proteins
prior to release from the dialysis tubing resulting in 50% release in
2 h and 100% release at 24 h (Figure 2C). The difference in
release of free AZM from the dialysis tubing in the presence of
FBS reaches statistical significance by 1 h (p = 0.0001) as
determined by Šídák’s multiple comparisons 2-way ANOVA,
and the differences persist for up to 6 h.When comparing F-AZM
release to the liposomal formulations in PBS (Figure 2A), F4
exhibits continued release to 100% over 24 h, while F2, F3, and F5
perform similarly with 50% leakage achieved in about 4 h and less
than 80% release at 24 h. F1 exhibits the slowest release rate over
time with only 37% released at 4 h and 46% AZM released at 24 h.
Statistical analysis using 2-way ANOVA indicate that all
formulations are statistically different from F-AZM as early as
1 h after initiation of the experiment and remain so at 24 h, except
F4. Additionally, F2 is not different from F3 and F5 at 24 h, but all
other comparisons are found to be different at that same
timepoint.

Similar trends are observed when formulations are incubated
in FBS resulting in 28% and 44% AZM released at 4 and 24 h for
F1, while F2, F3, and F5 achieve ~45% and ~74% at these times,
respectively. In FBS, only F1 exhibits statistical difference from
free AZM at 1 h (p = 0.0006), while the other formulations reach
statistical differences at 2 h (F2, F3, F5: p < 0.0001; F4: p = 0.0005).
The statistical significance of each formulation compared to
F-AZM at 24 h is denoted in Figure 2C. While F-AZM
exhibits a reduced rate of drug release when incubated with
FBS, none of the formulations exhibit a difference when
incubated in PBS or FBS. Importantly, the formulation with
the lowest rate of release (F1) in both experimental conditions
is composed of saturated lipids, but also has the lowest EE%.
Similarity factors (f2) were also calculated to compare the release
rates of the liposome formulations, which the FDA recommends
as a statistical model for comparing tablet dissolution, but have
also been used for liposomal formulations (Cipolla et al., 2016).
The similarity factors indicate that F2, F3, and F5 are similar in

FIGURE 2 | The cumulative release of AZM from each formulation in
physiologic conditions. Formulations incubated in snakeskin dialysis tubing
against (A) PBS buffer or (C) 50% FBS in PBS buffer at pH 7.5 at 37°C were
quantified for release over 24 h by sampling outside the dialysis tubing to
assess the amount of free drug. Similarity factors (f2) were calculated for each
formulation in (B) PBS or (D) 50% FBS with shaded values f2 > 50 indicating
similarity in release rates. Data represents the average of two experimental
replicates with error bars denoting individual measurements. Statistical
analysis performed by two-way ANOVA with comparisons relative to free AZM
shown for the 24 h timepoint (***p < 0.001, ****p < 0.0001).

FIGURE 3 | IL-12 protein expression by macrophages using L-AZM
formulations. J774 macrophages polarized toward an M1 (IFNγ) or M2 (IL-4/-
13) phenotype before being stimulated with LPS, or unstimulated (M0) for use
as controls and compared to M1 polarized macrophages treated with
10 μM AZM as free drug (F-AZM) or in liposomal formulations (F1-F5) for 24 h
prior to stimulation. Statistical analysis performed by one-way ANOVA with
Tukey’s multiple comparisons. (**p < 0.01, ****p < 0.0001).
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drug release rates in both PBS and FBS (f2 > 50), and statistically
different from free AZM and other formulations (f2 < 50)
(Figures 2B,D), which are in agreement with ANOVA
statistical tests. Additionally, F4 exhibits similarity with free
AZM when incubated in FBS, but not PBS suggesting a
significant impact of serum proteins on the liposomal
formulations, which are not observed in PBS.

Based on the differences observed with EE% and drug release
rates for each of the formulations, the in vitro activity of each
formulation was assessed using a standard IL-12 expression assay.
IL-12 is a cytokine commonly expressed by pro-inflammatory
macrophages in response to stimulation and polarization toward
anM1-like phenotype. AZMhas previously been shown to reduce
the expression of IL-12 in M1 polarized macrophages in vitro
(Haydar et al., 2019). When AZM is incorporated in liposomes,
all formulations exhibit a significant reduction in IL-12
production as compared to M1 controls using one-way
ANOVA with Tukey’s multiple comparisons (Figure 3).
Additionally, F1 significantly reduces IL-12 levels (p < 0.0001)
as compared to M2 controls. Only F1 and F2 reduce IL-12
concentrations below those achieved with the same dose of
AZM incubated as the free drug (F-AZM; p < 0.0001) and F1
and F2 outperform the IL-12 reduction achieved with F3, F4
and F5.

DISCUSSION

In this study, the design parameters utilized to optimize the lipid
composition were based on the differences in lipid saturation,
charge, and molar ratios to improve AZM incorporation in the
lipid bilayer. Our previous studies utilized a single formulation
previously described in the literature, which was developed for its
antimicrobial activity (Oh et al., 1995) and repurposed by us for
immune cell uptake and polarization to treat the inflamed cardiac
tissue after a myocardial infarction (Al-Darraji et al., 2020). Those
studies revealed that treating mice with liposomal AZM
significantly improved cardiac outcomes and resulted in a 50%
reduction in mortality in a murine model of cardiac ischemia (Al-
Darraji et al., 2020). The positive outcomes motivated us to
identify new formulations with optimized stability for
preclinical development. To achieve this, we first examined the
stability of a library of formulations and identified five lead
candidate formulations that contain AZM which met our
criteria based on size and PDI. Our initial formulation
remained one of the top candidates for further evaluation in
this study (F1) and outperformed the other formulations based
on in vitro release and macrophage polarization activity, even
though EE% ranked last. Collectively, these data indicate a trade-
off between encapsulation efficiency and stability when
incorporating AZM in the bilayer and positions F1 as the lead
candidate formulation for continued preclinical development.

The encapsulation efficiency and stability of lipophilic drugs in
a liposomal bilayer are dependent on the intrinsic physico-
chemical properties of the drug, including structural motifs
and the molecule’s partition coefficient (LogP). Liposome
studies indicate that hydrophilic molecules with a LogP < 1.7

are ideal for aqueous entrapment within the liposome, while
molecules with a LogP > 5.0 are ideal for incorporation in the
lipid bilayer (Gregoriadis and Perrie, 2010). Molecules with an
intermediate LogP are more likely to partition between the bilayer
and the aqueous media. Importantly, AZM exhibits minimal
saturation solubility in water (0.07 mg/ml at 25°C) (Arora
et al., 2010) and a theoretical LogP of 2.7 (Molinspiration
Chemoinformatics, https://www.molinspiration.com),
presenting the likelihood of AZM to leak from the bilayer into
the aqueous media. The rate at which AZM leaks from the bilayer
is then regulated by the stability of the interactions between the
drug and the lipid bilayer. Liposomal composition can be
modified in an effort to optimize the EE% and rate of release
from the formulation. The formulation consisting solely of
saturated phospholipids (F1) exhibits a modest encapsulation
efficiency (~30%), which increases with the inclusion of
unsaturated phospholipids within the other liposomes (F2 to
F5). Sakai et al., 2008 also found that unsaturated phospholipids
can encapsulate more drugs than the saturated counterparts
potentially because unsaturated phospholipids remain in a
liquid transition phase at room temperature and can create
larger vacuoles necessary for drug encapsulation. However, the
balance observed between encapsulation efficiency and stability
limits the utility of unsaturated lipids for incorporation of AZM
in the lipid bilayer. Furthermore, our conclusions are limited by
the evaluation of only five formulations and the fact that a minor
lipid constituent can have a significant effect on encapsulation
efficiency. Nevertheless, a more thorough evaluation of liposomal
composition spanning the range of saturated and unsaturated
conditions is necessary.

In addition to the saturation of the lipid tails, the anionic
phosphate in DSPG serves two critical roles for the stability of the
formulations. Firstly, DSPG and other anionic lipids are capable
of ion pairing with the cationic charge of AZM to increase the
stability of the drug within the formulation. This strategy has
been studied previously with AZM using DSPG (Stuhne-Sekalec
et al., 1991), cholesteryl hemisuccinate (Ren et al., 2018), and
octadecanesulfonate. (Matschiner et al., 1995). Secondly, anionic
formulations exhibit greater stability in solution by reducing the
likelihood of aggregation as compared to neutrally charged
formulations (Zhigaltsev et al., 2002). Anionic liposomal
formulations are also more likely to be endocytosed as
compared to cationic and neutral lipids (Bajoria et al., 1997),
without inducing toxicity observed with cationic lipids. These
parameters make DSPG a reasonable candidate for inclusion in a
liposome containing AZM. Based on the literature precedent for
ion pairing with AZM all formulations had either 25 or 33%
DSPG within the formulation and the differences in release rate
between formulations suggests that formulation characteristics
other than charge are more likely explanations for the differences.
While the formulations described here did not specifically focus
on differences in charge to promote ion pairing, future studies
investigating alternative anionic lipids and different ratios are
warranted to further enhance the EE% of AZM in the liposomes.

Regardless of the design parameters leading to the release of
AZM from the formulations, the release rate is a critical
parameter in the selection of the optimal formulation. Low
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encapsulation efficiency can be overcome by increasing the
number of liposomes in a given dose, and success should be
achieved in delivery to the target as long as stability is adequate.
Ideally, the formulation would be able to retain the majority of its
drug for the duration of its circulation time, but comparing
release rates with circulation half-life provides guidance for
selection of optimal formulations. PEGylated liposomal
formulations are oftentimes exploited for their ability to
extend the circulation half-life of a drug by avoiding immune
recognition and limiting clearance, which enhances the
therapeutic exposure and uptake of the drug within the target
tissue. However, when harnessing the phagocytic capacity of
monocytes migrating toward the inflamed cardiac tissue, rapid
uptake by immune cells is important. Therefore, non-PEGylated
liposomes can be strategically employed to improve immune cell
uptake and trafficking to the cardiac tissue shortly after
administration. Notably, non-PEGylated liposomes injected
intravenously exhibit a 4 h half-life in naïve mice (Kierstead
et al., 2015), indicating a relatively short window for drug
release from the liposome once in circulation. While all of the
formulations exhibit drug release over the 24 h experimental
period, F1 outperforms the other formulations with only 28%
release at 4 h in FBS, and 43% released at 24 h as measured by the
non-sequestered AZM. This rate of release is significantly lower
than the other formulations and suggests that less than half of the
drug would be released over 6 half-lives of the formulation in vivo.
Importantly, the 4 h half-life of non-PEGylated liposomes was
determined in naïve mice and the circulation half-life of non-
PEGylated liposomes in mice after induction of cardiac ischemia
may be significantly lower since more immune cells are mobilized
to respond to the tissue trauma. We have previously shown that
<1% of cardiomyocytes in the heart accumulate fluorescently
labeled liposomes, and mice do not exhibit signs of cardiac
toxicity observed with the same dose of free AZM. (Al-Darraji
et al., 2020). However, a complete biodistribution analysis to
assess the concentration of drug accumulated in different tissues
and among specific cells within the cardiac tissue has not yet been
completed. These data, coupled with a pharmacokinetic analysis
after inducing a myocardial infarction in mice will provide
additional clarity regarding the ideal leakage parameters for
L-AZM.

One additional component included in some of the
formulations is the fusogenic lipid, DOPE, which promotes
an inverted hexagonal lipid structure, while the other lipids in
the formulations stabilize the bilayer. Therefore, DOPE should
enhance the cytosolic delivery of AZM by promoting fusion
between the liposome and endosomal membrane after
endocytosis. DOPE has been studied extensively as a helper
lipid for gene and drug delivery to enhance cytosolic release
(Zhigaltsev et al., 2002; Du et al., 2014). The influence of DOPE
on AZM EE% and release rate appear to be minimal when
comparing formulations with DOPE (F3, F4, and F5) to those
without (F1, F2). While the cytosolic AZM concentration was
not directly measured, reduced IL-12 expression was used as
an indirect assessment of formulation activity. Notably, all
formulations exhibit reduced IL-12 expression as compared to
the M1 control, with formulations lacking DOPE (F1 and F2)

outperforming the formulations that contain DOPE. IL-12 is a
standard cytokine expressed by pro-inflammatory
macrophages and serves as a marker for polarization to a
pro-inflammatory phenotype. Upon LPS stimulation, IL-12
expression is regulated by NFκB-mediated transcription and
directly correlated with p65 translocation from the cytosol into
the nucleus, which is inhibited by AZM through an unresolved
mechanism (Haydar et al., 2019). While these results may
indicate that enhanced cytosolic delivery may not be a
predominant factor in the immunomodulatory activity of
liposomal AZM delivery, a more robust cellular analysis is
needed to explore this potential conclusion.

While the results show promise for future development, there
are several limitations associated with the current study including
the method for determination of drug release from the
formulation, the strategy for removal of free AZM from the
liposomes, and the use of IL-12 as a marker for macrophage
polarization. First, our goal of determining drug leakage from the
formulations were conducted using dialysis tubing in the absence
or presence of FBS. In the absence of FBS, release of free AZM
from the dialysis compartment provides a baseline rate which
accounts for AZM to diffuse across the membrane. When AZM is
included in the formulation the rate of release from the dialysis
tubing is then based on both the leakage from the liposome and
the release from the dialysis tubing. This is further complicated
when serum proteins are present, which notably alter the rate of
release for the free drug due to the sequestration effect. Therefore,
the serum proteins can disrupt the formulations enhancing
leakage, but also retaining the AZM within the dialysis tubing
leading to a false release rate. However, in this study a
comparative assessment was appropriate, and the effect of
sequestration are mostly equal across formulations enabling
statistical comparisons between formulations. Second, the
strategy for removal of free drug prior to dialysis has been
performed using several different strategies including size
exclusion chromatography, spin filtration, and pressurized
filtration chambers. In this study size exclusion
chromatography was implemented and the effects of this
method on the liposomal formulations cannot be discounted
including dilution effects and interactions with the resin.
Nonetheless, all formulations were treated equally and the
comparisons between formulations remain valid. Third is our
use of IL-12 ELISA as a marker of macrophage polarization,
which is a standard analyte produced by macrophages indicative
of a pro-inflammatory phenotype. IL-12 concentrations have
been shown to correlated directly with the extent of
polarization across the spectrum of macrophage phenotypes.
However, analysis of additional markers of macrophage
polarization to fully characterize the macrophage phenotype
after treatment with L-AZM is warranted. While outside of
the scope of this study, future goals of this work will assess
true liposome leakage, compare different purification strategies to
remove free AZM, and explore additional markers of macrophage
polarization.

Our findings demonstrate a clear difference between the
liposome parameters and the biophysical characteristics of
each formulation containing AZM. While F1 exhibits only
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modest encapsulation efficiency, the formulation is bolstered by
an optimal size, PDI, charge, release rate, and macrophage
polarization activity, which positions this formulation as a lead
candidate for continued preclinical development including
determination of the pharmacokinetics and biodistribution,
which are guided by the liposome stability and leakage studies
(Vanić et al., 2019). Additionally, while F1 appears to enhance the
immunomodulatory properties of AZM through reduction of IL-
12, the exact mechanism by which AZM imparts this
functionality is unsolved. Using a two-pronged approach of
continued preclinical development of the formulation and
elucidation of the mechanism of action of AZM will position
L-AZM for significant clinical impact to reduce the burden of
disease in patients suffering from an MI.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

AM, FA, JC, and JP performed research and analyzed data. AM
and JC wrote the first draft of the manuscript; DF and VV
contributed to the conceptualization, experimental design,

formal analysis, resources, supervision, and funding
acquisition. All authors read and approved the manuscript.

FUNDING

This work was supported by a University of Kentucky
Commercialization grant from the NIH (U01HL152392). VV is
supported by grants from the National Institutes of Health
(R01HL152081, R01NS116068) and an NIH grant from the
University of Kentucky Center of Biomedical Research Excellence
(COBRE) in Pharmaceutical Research and Innovation (CPRI,
NIHP20GM130456). DF and VV also have funding from the
University of Kentucky College of Pharmacy to support this work.

ACKNOWLEDGMENTS

The authors would like to thank Drs. Michelle Pitts and David
Nardo for their trainee mentorship associated with this project.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fddev.2022.908709/
full#supplementary-material

REFERENCES

Abtahi-Naeini, B., Hadian, S., Sokhanvari, F., Hariri, A., Varshosaz, J., Shahmoradi, Z.,
et al. (2021). Effect of Adjunctive Topical Liposomal Azithromycin on Systemic
Azithromycin on OldWorld Cutaneous Leishmaniasis: A Pilot Clinical Study. Iran.
J. Pharm. Res. 20 (2), 383–389. doi:10.22037/ijpr.2020.113710.14445

Al-Darraji, A., Donahue, R. R., Tripathi, H., Peng, H., Levitan, B. M., Chelvarajan,
L., et al. (2020). Liposomal Delivery of Azithromycin Enhances its
Immunotherapeutic Efficacy and Reduces Toxicity in Myocardial Infarction.
Sci. Rep. 10 (1), 16596. doi:10.1038/s41598-020-73593-0

Al-Darraji, A., Haydar, D., Chelvarajan, L., Tripathi, H., Levitan, B., Gao, E., et al.
(2018). Azithromycin Therapy Reduces Cardiac Inflammation and Mitigates
Adverse Cardiac Remodeling after Myocardial Infarction: Potential
Therapeutic Targets in Ischemic Heart Disease. PLoS ONE 13 (7),
e0200474–25. doi:10.1371/journal.pone.0200474

Amantea, D., Certo, M., Petrelli, F., Tassorelli, C., Micieli, G., Corasaniti, M. T.,
et al. (2016). Azithromycin Protects Mice against Ischemic Stroke Injury by
Promoting Macrophage Transition towards M2 Phenotype. Exp. Neurol. 275,
116–125. doi:10.1016/j.expneurol.2015.10.012

Arora, S. C., Sharma, P. K., Irchhaiya, R., Khatkar, A., Singh, N., and Gagoria, J.
(2010). Development, Characterization and Solubility Study of Solid
Dispersions of Azithromycin Dihydrate by Solvent Evaporation Method.
J. Adv. Pharm. Technol. Res. 1 (2), 221–228. doi:10.4103/0110-5558.72427

Bajoria, R., Sooranna, S. R., and Contractor, S. F. (1997). Endocytotic Uptake of
Small Unilamellar Liposomes by Human Trophoblast Cells in Culture. Hum.
Reprod. 12 (6), 1343–1348. doi:10.1093/humrep/12.6.1343

Bogdanov, A., Janovák, L., Vraneš, J., Meštrović, T., Ljubin-Sternak, S., Cseh, Z., et al.
(2021). Liposomal Encapsulation Increases the Efficacy of Azithromycin against
chlamydia Trachomatis. Pharmaceutics 14 (1). doi:10.3390/pharmaceutics14010036

Bulkley, B. H., and Roberts, W. C. (1974). Steroid Therapy during Acute
Myocardial Infarction. Am. J. Med. 56 (2), 244–250. doi:10.1016/0002-
9343(74)90603-2

Cipolla, D., Wu, H., Eastman, S., Redelmeier, T., Gonda, I., and Chan, H.-K. (2016).
Tuning Ciprofloxacin Release Profiles fromLiposomally EncapsulatedNanocrystalline
Drug. Pharm. Res. 33 (11), 2748–2762. doi:10.1007/s11095-016-2002-5

Clement, A., Tamalet, A., Leroux, E., Ravilly, S., Fauroux, B., and Jais, J. P. (2006).
Long Term Effects of Azithromycin in Patients with Cystic Fibrosis: A Double
Blind, Placebo Controlled Trial. Thorax 61 (10), 895–902. doi:10.1136/thx.
2005.057950

Cory, T. J., Birket, S. E.,Murphy, B. S.,Mattingly, C., Breslow-Deckman, J.M., and Feola,
D. J. (2013). Azithromycin Increases In Vitro Fibronectin Production through
Interactions between Macrophages and Fibroblasts Stimulated with Pseudomonas
aeruginosa. J. Antimicrob. Chemother. 68 (4), 840–851. doi:10.1093/jac/dks476

Dasa, S. S. K., Suzuki, R., Gutknecht, M., Brinton, L. T., Tian, Y., Michaelsson, E.,
et al. (2015). Development of Target-specific Liposomes for Delivering Small
Molecule Drugs after Reperfused Myocardial Infarction. J. Control. Release 220
(Pt A), 556–567. doi:10.1016/j.jconrel.2015.06.017

Du, Z., Munye, M. M., Tagalakis, A. D., Manunta, M. D. I., and Hart, S. L. (2014).
The Role of the Helper Lipid on the DNA Transfection Efficiency of
Lipopolyplex Formulations. Sci. Rep. 4, 7107. doi:10.1038/srep07107

Equi, A., Balfour-Lynn, I., Bush, A., andRosenthal,M. (2002). LongTermAzithromycin
inChildrenwith Cystic Fibrosis: a Randomised, Placebo-Controlled Crossover Trial.
Lancet 360 (9338), 978–984. doi:10.1016/s0140-6736(02)11081-6

Force Members, Task, Steg, P. G., James, S. K., Atar, D., Badano, L. P., Blömstrom-
Lundqvist, C., et al. (2012). ESC Guidelines for the Management of Acute
Myocardial Infarction in Patients Presenting with ST-Segment Elevation. Eur.
Heart J. 33 (20), 2569–2619. doi:10.1093/eurheartj/ehs215

Giudicessi, J. R., and Ackerman, M. J. (2013). Azithromycin and Risk of Sudden
Cardiac Death: Guilty as Charged or Falsely Accused? Ccjm 80 (9), 539–544.
doi:10.3949/ccjm.80a.13077

Granger, C. B., Goldberg, R. J., Dabbous, O., Pieper, K. S., Eagle, K. A., Cannon, C. P., et al.
(2003). Predictors of Hospital Mortality in the Global Registry of Acute Coronary
Events. Arch. Intern Med. 163 (19), 2345–2353. doi:10.1001/archinte.163.19.2345

Gregoriadis, G., and Perrie, Y. (2010). “Liposomes,” in Encylcopedia of Life Sciences
(Chichester: John Wiley & Sons). doi:10.1002/9780470015902.a0002656.pub2

Frontiers in Drug Delivery | www.frontiersin.org July 2022 | Volume 2 | Article 9087098

Masud et al. Optimizing Liposomal Azithromycin

https://www.frontiersin.org/articles/10.3389/fddev.2022.908709/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fddev.2022.908709/full#supplementary-material
https://doi.org/10.22037/ijpr.2020.113710.14445
https://doi.org/10.1038/s41598-020-73593-0
https://doi.org/10.1371/journal.pone.0200474
https://doi.org/10.1016/j.expneurol.2015.10.012
https://doi.org/10.4103/0110-5558.72427
https://doi.org/10.1093/humrep/12.6.1343
https://doi.org/10.3390/pharmaceutics14010036
https://doi.org/10.1016/0002-9343(74)90603-2
https://doi.org/10.1016/0002-9343(74)90603-2
https://doi.org/10.1007/s11095-016-2002-5
https://doi.org/10.1136/thx.2005.057950
https://doi.org/10.1136/thx.2005.057950
https://doi.org/10.1093/jac/dks476
https://doi.org/10.1016/j.jconrel.2015.06.017
https://doi.org/10.1038/srep07107
https://doi.org/10.1016/s0140-6736(02)11081-6
https://doi.org/10.1093/eurheartj/ehs215
https://doi.org/10.3949/ccjm.80a.13077
https://doi.org/10.1001/archinte.163.19.2345
https://doi.org/10.1002/9780470015902.a0002656.pub2
https://www.frontiersin.org/journals/drug-delivery
www.frontiersin.org
https://www.frontiersin.org/journals/drug-delivery#articles


Haydar, D., Cory, T. J., Birket, S. E., Murphy, B. S., Pennypacker, K. R., Sinai, A. P.,
et al. (2019). Azithromycin Polarizes Macrophages to an M2 Phenotype via
Inhibition of the STAT1 and NF-Κb Signaling Pathways. J. Immunol. 203,
1021–1030. doi:10.4049/jimmunol.1801228

Hodge, S., Hodge, G., Jersmann, H., Matthews, G., Ahern, J., Holmes, M., et al. (2008).
Azithromycin Improves Macrophage Phagocytic Function and Expression of
Mannose Receptor in Chronic Obstructive Pulmonary Disease. Am. J. Respir.
Crit. Care Med. 178 (2), 139–148. doi:10.1164/rccm.200711-1666oc

Jafari, M. R., Jones, A. B., Hikal, A. H., Williamson, J. S., andWyandt, C. M. (1998).
Characterization of Drug Release from Liposomal Formulations in Ocular
Fluid. Drug Deliv. 5 (4), 227–238. doi:10.3109/10717549809065752

Kierstead, P. H., Okochi, H., Venditto, V. J., Chuong, T. C., Kivimae, S., Fréchet,
J. M. J., et al. (2015). The Effect of Polymer Backbone Chemistry on the
Induction of the Accelerated Blood Clearance in Polymer Modified Liposomes.
J. Control. Release 213, 1–9. doi:10.1016/j.jconrel.2015.06.023

Levchenko, T. S., Hartner, W. C., and Torchilin, V. P. (2012). Liposomes in
Diagnosis and Treatment of Cardiovascular Disorders. Methodist DeBakey
Cardiovasc 8 (1), 36–41. doi:10.14797/mdcj-8-1-36

Matschiner, S., Neubert, R., and Wohlrab, W. (1995). Optimization of Topical
Erythromycin Formulations by Ion Pairing. Skin. Pharmacol. Physiol. 8 (6),
319–325. doi:10.1159/000211363

Meyer, M., Huaux, F., Gavilanes, X., van den Brûle, S., Lebecque, P., Lo Re, S., et al.
(2009). Azithromycin Reduces Exaggerated Cytokine Production by M1
Alveolar Macrophages in Cystic Fibrosis. Am. J. Respir. Cell. Mol. Biol. 41
(5), 590–602. doi:10.1165/rcmb.2008-0155oc

Murphy, B. S., Sundareshan, V., Cory, T. J., Hayes, D., Anstead, M. I., and Feola, D.
J. (2008). Azithromycin Alters Macrophage Phenotype. J. Antimicrob.
Chemother. 61 (3), 554–560. doi:10.1093/jac/dkn007

Nardo, D., Akers, C. M., Cheung, N. E., Isom, C. M., Spaude, J. T., Pack, D.W., et al.
(2021). Cyanuric Chloride as the Basis for Compositionally Diverse Lipids. RSC
Adv. 11 (40), 24752–24761. doi:10.1039/d1ra02425f

Nichols, D. P., Odem-Davis, K., Cogen, J. D., Goss, C. H., Ren, C. L., Skalland, M.,
et al. (2020). Pulmonary Outcomes Associated with Long-Term Azithromycin
Therapy in Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 201 (4), 430–437.
doi:10.1164/rccm.201906-1206oc

Oh, Y. K., Nix, D. E., and Straubinger, R. M. (1995). Formulation and Efficacy of
Liposome-Encapsulated Antibiotics for Therapy of Intracellular
Mycobacterium avium Infection. Antimicrob. Agents Chemother. 39 (9),
2104–2111. doi:10.1128/aac.39.9.2104

Pereira, S., Egbu, R., Jannati, G., and Al-Jamal, W. T. (2016). Docetaxel-loaded
Liposomes: The Effect of Lipid Composition and Purification on Drug
Encapsulation and In Vitro Toxicity. Int. J. Pharm. 514 (1), 150–159. doi:10.
1016/j.ijpharm.2016.06.057

Qin, Y., Chen, H., Zhang, Q., Wang, X., Yuan, W., Kuai, R., et al. (2011). Liposome
Formulated with TAT-Modified Cholesterol for Improving Brain Delivery and
Therapeutic Efficacy on Brain Glioma in Animals. Int. J. Pharm. 420 (2),
304–312. doi:10.1016/j.ijpharm.2011.09.008

Ratjen, F., Saiman, L., Mayer-Hamblett, N., Lands, L. C., Kloster, M., Thompson,
V., et al. (2012). Effect of Azithromycin on Systemic Markers of Inflammation
in Patients with Cystic Fibrosis Uninfected with Pseudomonas aeruginosa.
Chest 142 (5), 1259–1266. doi:10.1378/chest.12-0628

Ren, T., Lin, X., Zhang, Q., You, D., Liu, X., Tao, X., et al. (2018). Encapsulation of
Azithromycin Ion Pair in Liposome for Enhancing Ocular Delivery and
Therapeutic Efficacy on Dry Eye. Mol. Pharm. 15 (11), 4862–4871. doi:10.
1021/acs.molpharmaceut.8b00516

Rukavina, Z., Šegvić Klarić, M., Filipović-Grčić, J., Lovrić, J., and Vanić, Ž. (2018).
Azithromycin-loaded Liposomes for Enhanced Topical Treatment of
Methicillin-Resistant Staphyloccocus Aureus (MRSA) Infections. Int.
J. Pharm. 553 (1-2), 109–119. doi:10.1016/j.ijpharm.2018.10.024

Saiman, L., Anstead,M., Mayer-Hamblett, N., Lands, L. C., Kloster,M., Hocevar-Trnka,
J., et al. (2010). Effect of Azithromycin on Pulmonary Function in Patients with
Cystic Fibrosis Uninfected with Pseudomonas aeruginosaA Randomized Controlled
Trial. JAMA 303 (17), 1707–1715. doi:10.1001/jama.2010.563

Sakai, H., Gotoh, T., Imura, T., Sakai, K., Otake, K., and Abe, M. (2008).
Preparation and Properties of Liposomes Composed of Various
Phospholipids with Different Hydrophobic Chains Using a Supercritical
Reverse Phase Evaporation Method. J. Oleo Sci. 57 (11), 613–621. doi:10.
5650/jos.57.613

Schjerning Olsen, A.-M., Fosbøl, E. L., Lindhardsen, J., Folke, F., Charlot, M.,
Selmer, C., et al. (2011). Duration of Treatment with Nonsteroidal Anti-
inflammatory Drugs and Impact on Risk of Death and Recurrent
Myocardial Infarction in Patients with Prior Myocardial Infarction.
Circulation 123 (20), 2226–2235. doi:10.1161/circulationaha.110.004671

Stuhne-Sekalec, L., Stanacev, N. Z., and Djokic, S. (1991). Liposomes as Carriers of
Macrolides: Preferential Association of Erythromycin A and Azithromycin with
Liposomes of Phosphatidylglycerol Containing Unsaturated Fatty Acid(s).
J. Microencapsul. 8 (2), 171–183. doi:10.3109/02652049109071486

Swirski, F. K., and Nahrendorf, M. (2018). Cardioimmunology: the Immune
System in Cardiac Homeostasis and Disease. Nat. Rev. Immunol. 18 (12),
733–744. doi:10.1038/s41577-018-0065-8

Tardif, J.-C., Kouz, S., Waters, D. D., Bertrand, O. F., Diaz, R., Maggioni, A. P., et al.
(2019). Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction.
N. Engl. J. Med. 381 (26), 2497–2505. doi:10.1056/nejmoa1912388

Tong, D. C., Quinn, S., Nasis, A., Hiew, C., Roberts-Thomson, P., Adams, H., et al.
(2020). Colchicine in Patients with Acute Coronary Syndrome. Circulation 142
(20), 1890–1900. doi:10.1161/circulationaha.120.050771

Torchilin, V. P., Narula, J., Halpern, E., and Khaw, B. A. (1996). Poly(ethylene
Glycol)-Coated Anti-cardiac Myosin Immunoliposomes: Factors Influencing
Targeted Accumulation in the Infarcted Myocardium. Biochimica Biophysica
Acta (BBA) - Biomembr. 1279 (1), 75–83. doi:10.1016/0005-2736(95)00248-0

US Department of Health and Human Services (1997). Guidance for Industry:
Dissolution Testing of Immediate Release Solid Dosage Forms. Rockville, MD:
Food and Drug Administration Center for Drug Evaluation and Research (CDER.

van der Laan, A. M., Nahrendorf, M., and Piek, J. J. (2012). Healing and Adverse
Remodelling after Acute Myocardial Infarction: Role of the Cellular Immune
Response. Heart 98 (18), 1384–1390. doi:10.1136/heartjnl-2012-301623

Vanić, Ž., Rukavina, Z., Manner, S., Fallarero, A., Uzelac, L., Kralj, M., et al. (2019).
Azithromycin-liposomes as aNovelApproach for LocalizedTherapy ofCervicovaginal
Bacterial Infections. Int. J. Nanomedicine 14, 5957–5976. doi:10.2147/IJN.S211691

Venditto, V. J., Haydar, D., Abdel-Latif, A., Gensel, J. C., Anstead, M. I., Pitts, M.
G., et al. (2021). Immunomodulatory Effects of Azithromycin Revisited:
Potential Applications to COVID-19. Front. Immunol. 12, 574425. doi:10.
3389/fimmu.2021.574425

Vrančić, M., Banjanac, M., Nujić, K., Bosnar, M., Murati, T., Munić, V., et al.
(2012). Azithromycin Distinctively Modulates Classical Activation of Human
Monocytes In Vitro. Br. J. Pharmacol. 165 (5), 1348–1360. doi:10.1111/j.1476-
5381.2011.01576.x

Yan, X., Anzai, A., Katsumata, Y., Matsuhashi, T., Ito, K., Endo, J., et al. (2013).
Temporal Dynamics of Cardiac Immune Cell Accumulation Following Acute
Myocardial Infarction. J. Mol. Cell. Cardiol. 62, 24–35. doi:10.1016/j.yjmcc.
2013.04.023

Zhigaltsev, I. V., Maurer, N., Wong, K. F., and Cullis, P. R. (2002). Triggered
Release of Doxorubicin Following Mixing of Cationic and Anionic Liposomes.
Biochimica Biophysica Acta (BBA) - Biomembr. 1565 (1), 129–135. doi:10.1016/
s0005-2736(02)00543-6

Conflict of Interest: VV and DF have a patent pending related to the therapeutic
utility of L-AZM.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Masud, Alsharif, Creameans, Perdeh, Feola and Venditto. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Drug Delivery | www.frontiersin.org July 2022 | Volume 2 | Article 9087099

Masud et al. Optimizing Liposomal Azithromycin

https://doi.org/10.4049/jimmunol.1801228
https://doi.org/10.1164/rccm.200711-1666oc
https://doi.org/10.3109/10717549809065752
https://doi.org/10.1016/j.jconrel.2015.06.023
https://doi.org/10.14797/mdcj-8-1-36
https://doi.org/10.1159/000211363
https://doi.org/10.1165/rcmb.2008-0155oc
https://doi.org/10.1093/jac/dkn007
https://doi.org/10.1039/d1ra02425f
https://doi.org/10.1164/rccm.201906-1206oc
https://doi.org/10.1128/aac.39.9.2104
https://doi.org/10.1016/j.ijpharm.2016.06.057
https://doi.org/10.1016/j.ijpharm.2016.06.057
https://doi.org/10.1016/j.ijpharm.2011.09.008
https://doi.org/10.1378/chest.12-0628
https://doi.org/10.1021/acs.molpharmaceut.8b00516
https://doi.org/10.1021/acs.molpharmaceut.8b00516
https://doi.org/10.1016/j.ijpharm.2018.10.024
https://doi.org/10.1001/jama.2010.563
https://doi.org/10.5650/jos.57.613
https://doi.org/10.5650/jos.57.613
https://doi.org/10.1161/circulationaha.110.004671
https://doi.org/10.3109/02652049109071486
https://doi.org/10.1038/s41577-018-0065-8
https://doi.org/10.1056/nejmoa1912388
https://doi.org/10.1161/circulationaha.120.050771
https://doi.org/10.1016/0005-2736(95)00248-0
https://doi.org/10.1136/heartjnl-2012-301623
https://doi.org/10.2147/IJN.S211691
https://doi.org/10.3389/fimmu.2021.574425
https://doi.org/10.3389/fimmu.2021.574425
https://doi.org/10.1111/j.1476-5381.2011.01576.x
https://doi.org/10.1111/j.1476-5381.2011.01576.x
https://doi.org/10.1016/j.yjmcc.2013.04.023
https://doi.org/10.1016/j.yjmcc.2013.04.023
https://doi.org/10.1016/s0005-2736(02)00543-6
https://doi.org/10.1016/s0005-2736(02)00543-6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/drug-delivery
www.frontiersin.org
https://www.frontiersin.org/journals/drug-delivery#articles

	Optimization and Characterization of a Liposomal Azithromycin Formulation for Alternative Macrophage Activation
	Introduction
	Materials and Methods
	Reagents
	Liposomal Formulations
	Formulation Size and Zeta Potential Measurement
	HPLC Method to Quantify Free Azithromycin
	Determination of Encapsulation Efficiency
	Serum Stability of Liposomes and in vitro Azithromycin Release
	Macrophage Polarization
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


