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Delivery of azithromycin via liposomal formulation (L-AZM) has been shown to improve the therapeutic
index and activity of AZM in a preclinical model of cardiac injury, suggesting strong potential for clinical
translation to treat inflammation after a myocardial infarction. However, conventional thin film hydration
(TFH) utilized to prepare L-AZM limits its clinical development due to scalability and reproducibility con-
cerns. To overcome these manufacturing challenges, we performed a systematic optimization of the
L-AZM formulation utilizing microfluidic nanoprecipitation which has been successfully used for large
scale manufacturing of lipid-based therapeutics in a reproducible manner. We adjusted the microfluidic
operation parameters and evaluated the resultant liposomes for critical quality attributes (CQAs) of size,
polydispersity index (PDI), encapsulation efficiency, and leakage. The optimal flow rate ratio (FRR) and

total flow rate (TFR) for the lead formulation was determined to be 4:1 and 10 mL min~%,

respectively.
Utilizing these manufacturing parameters with formulations of different molar ratios resulted in an opti-
mized formulation consisting of DSPC:DSPG:Chol:AZM (1:1:1:0.5) based on the CQAs with

decreased size and PDI as compared to TFH. Notably, there is no difference in in vitro macrophage polar-
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Introduction

Azithromycin (AZM) is a widely used macrolide antibiotic that
has also been shown to modulate inflammation in both
preclinical™® and clinical settings.>* The benefits of AZM in
the context of inflammation are due to the inhibition of
inflammatory functions thereby promoting a reparative pheno-
type in macrophages instead of the classical pro-inflammatory
polarization.>*'® However, risk of cardiotoxicity stemming
from off-target interactions with ion channels in cardiac
muscle cells after systemic administration of AZM poses a
serious challenge to its application in managing ML""" The
FDA has also issued a warning for AZM and other macrolides
used in patients with inherent cardiac complications due to
the risk of arrhythmia and sudden cardiac death.'® A variety of
macrolide formulations have been reported spanning delivery
modalities including polymers and liposomes.”* Notably,
incorporation of AZM in a liposomal formulation has been
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development as we advance this formulation toward clinical use.

shown to enhance immune cell uptake and mitigate cardio-
toxicity in mice after MI, leading to reduced cardiac injury,
improved cardiac output, and increased survival.' Target
oriented delivery of L-AZM also improved the anti-inflamma-
tory efficacy of AZM after an MI by increasing uptake in cells
where the drug is known to modulate immune function.™
Considering the positive outcomes of L-AZM in a murine
model of M], it is critical to develop a scalable and reproduci-
ble L-AZM manufacturing protocol for clinical translation.

The emergence of microfluidic formulation technology has
caused a paradigm shift in liposome preparation, adding
advantageous features in liposome manufacturing, including
rapid, automated, and continuous production with reproduci-
ble critical quality attributes (CQAs)."**® Microfluidic systems
utilize fluid dynamic principles for manufacturing liposomes
where rapid mixing of an organic solvent with an aqueous
solvent in a channel with micron sized dimension causes
nanoprecipitation of the lipid components and self-assembly
to yield liposomes.""” Thus, continuous flow of the aqueous
and organic solvents with lipids and a therapeutic payload
enables efficient scalability. Precise control over the flow
mixing of the solvents is attainable within the constant geome-
tries of the microfluidic channel, which offers improved repro-
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ducibility."® Additionally, tuning the flow mixing of the sol-
vents allows improvement in CQAs. For example, decreasing
the organic to aqueous solvent ratio leads to smaller liposome
size, while flow rate has more dramatic effects on physico-
chemical properties under high aqueous to organic ratios."®*’
Considering the tunability and beneficial features of micro-
fluidics,"® we systematically optimized a protocol for L-AZM
manufacturing by microfluidic preparation. We adjusted the
operation parameters (flow rate ratio (FRR) and total flow rate
(TFR)) and formulation parameters (lipid composition and
AZM concentration) to identify the optimal formulation and
manufacturing conditions. Subsequently, we compared the
CQAs of the resulting liposomes to find suitable operating con-
ditions ensuring better quality CQAs for L-AZM. Similarly, we
investigated the liposome composition by evaluating the lipo-
some’s CQAs manufactured using a range of lipid compo-
sitions at different molar ratios, along with different AZM con-
centrations. We then compared our optimized L-AZM formu-
lation prepared by microfluidics with the same formulation
prepared by thin film hydration with post-manufacture proces-
sing and compared the resulting CQAs. The results from this
study move us closer to a scalable and reproducible formu-
lation for clinical translation to treat cardiac inflammation.

Experimental
Reagents

All lipids/phospholipids including 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phospho-1"-
rac-glycerol, sodium salt (DSPG) and CHEMS (cholesteryl
hemisuccinate) were purchased from Avanti Polar Lipids
(Alabaster, AL). Cholesterol was re-crystallized in ethanol
before being dissolved in ethanol/chloroform for use in formu-
lations. LC-MS grade acetonitrile and methanol were procured
from VWR (manufactured by ]J.T. Baker, Phillipsburg, NJ).
Azithromycin dihydrate and monobasic potassium dihydrogen
phosphate (KH,PO,) were purchased from TCI (Portland, OR)
and VWR (manufactured by Amresco LLC., Solon, OH),
respectively. Sephadex G-25 (PD-10 column), Snakeskin mem-
brane (MWCO 10 kDa, LD. 16 mm), ultra-filtration unit
(MWCO 30 kDa) were purchased from Cytiva (Marlborough,
MA), Thermo Scientific (Waltham, MA), and Pall corporation
(Timonium, MD), respectively.

Liposome preparation by microfluidic nanoprecipitation

A commercially available Ignite nano-assembler (Precision
NanoSystems Inc., now Cytiva) with NxGen microfluidic
technology was employed to prepare liposomal formulations.
Liposomes were prepared utilizing published protocols with
slight modification.? Briefly, the required amount of anionic
lipid was first dissolved in 500 pL of an equal mixture (v/v) of
DMSO and ethanol at 60 °C in a sonication bath. However, in the
case of DSPG, an equimolar amount of HCI to DSPG was added
using 2.5 M HCI to enhance the solubility. Subsequently, the
required amount of AZM dissolved in 250 pL of DMSO was added
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to the anionic lipid solution and left to interact at 60 °C for one
hour. Then, the required amount of DSPC and cholesterol dis-
solved in 500 pL of ethanol was added to the anionic lipid and
AZM mixture and incubated at 60 °C for 30 min. After the incu-
bation period, liposomes were prepared by mixing the resulting
solution with an aqueous solution (HEPES buffer, pH 7.4) using a
NxGen microfluidic cassette (Precision NanoSystems, Vancouver,
British Columbia). All formulations were prepared at a concen-
tration of 12.8 mM based on combined phospholipid and chole-
sterol content.

Liposome preparation by thin film hydration

Liposomes were prepared by thin film hydration using an
established protocol.’™?" Briefly, stock solution of lipid and
AZM were dissolved in a suitable solvent, whereas DSPC and
Cholesterol were dissolved in chloroform, DSPG was dissolved
in a mixture of solvents in v/v (chloroform:methanol: DI
water = 13:6: 1.6). The lipid mixture was mixed with AZM dis-
solved in ethanol at various molar ratios described in each
figure. A thin film was then prepared by evaporating solvents
under reduced pressure using a rotary evaporator. The result-
ing film was dried overnight under vacuum. Finally, the ade-
quately dried film was re-hydrated with HEPES buffer by soni-
cating for one hour at 60 °C. Formulations were prepared at a
total lipid and cholesterol concentration of 12.8 mM.

Purification of the liposomes to remove unincorporated AZM

Liposomes were purified to remove unencapsulated AZM using
three different methods:

(i) Dialysis - free AZM and organic solvents were removed by
dialyzing liposomes in a chamber prepared from snakeskin
membrane (MWCO 10 kDa) against 100 mL HEPES buffer (pH
7.4) with constant stirring at 100 rpm for one hour. Volume of
liposome in the dialysis bag was varied between 1.0 mL-
3.0 mL based on the increasing mole ratio of total lipid : AZM
from 3:0.25 to 3:2 to avoid oversaturation of AZM and
organic solvents in the outside solvent. The volume of the lipo-
some solution collected from the dialysis chamber was used to
determine the final concentration of the lipid formulation.

(if) Size exclusion column separation - size exclusion purifi-
cation of the liposomes was performed according to the pub-
lished protocol.*! First, 2.5 mL of the liposome solution was
passed through a Sephadex G-25 (PD-10) column (Cytiva,
Marlborough, MA) and eluted with 3.5 mL HEPES buffer (pH
7.4). Liposomes eluted starting as the HEPES buffer was added
to the column. The complete 3.5 mL volume was collected,
and a 1.4-fold dilution factor was used based on manufacturer
instructions and confirmed by the final volume of liposomes.

(iii) Ultrafiltration - liposomes were purified utilizing a pub-
lished protocol with slight modification.** Briefly, 1 mL of
liposome solution was filtered through a commercially avail-
able cut-off filter having the MWCO 30 kDa (Pall corporation,
Timonium, MD). The liposomes were added to the top
chamber of the filter assembly and centrifuged at 810g for
25 min to separate free AZM in the bottom chamber from the
liposomes retained in the top chamber.
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HPLC method for the quantification of liposomal AZM

AZM quantification was performed using a Dionex UPLC
Ultimate 3000 (Sunnyvale, CA) equipped with a quaternary
pump, autosampler, and a DAD detector. AZM separation was
carried out by RP-HPLC using a C18 column (Phenomenex,
100 mm x 4.6 mm, 5 pm, Torrance, CA) with an isocratic
mobile phase consisting of 70% acetonitrile and 30% phos-
phate buffer (pH 7.5). The mobile phase flow rate and detec-
tion wavelength were 1 mL min~" and 220 nm, respectively
with an injection volume of 20 pL. Under the above-mentioned
operating conditions, the AZM peak elution time is ~5 min. To
prepare the sample for HPLC analysis, 50 pL of liposomes were
dissolved in 950 pL methanol. A standard curve was con-
structed using AZM solution in methanol with concentrations
ranging from 10-400 pg mL™".

Encapsulation efficiency of AZM in liposomes

The encapsulation efficiency (EE%) of L-AZM was calculated by
comparing the total amount of AZM before and after purifi-
cation. Quantification of AZM was performed by HPLC and
pre-and post-purification AZM concentrations were calculated
based on a standard curve of AZM. The equation for calculat-
ing AZM is:

AZM conc. after purification
AZM conc. before purification

EE% = x 100%
Size, polydispersity index, and zeta potential measurement of
liposomes

Physical characteristics of the liposomes including size, poly-
dispersity index (PDI), and zeta potential, were measured
using either a Zetasizer Pro or Zetasizer Nano ZS (Malvern
Panalytical, Westborough, MA). For each formulation, two
independent liposome preparations were tested using a
20-fold dilution of liposomes in HEPES buffer (pH 7.4). Size
and PDI were determined using ZEN0400 cuvettes with the fol-
lowing settings: four measurements of 15 five second intervals
detected at a backscatter angle of 173° at 25 °C. The zeta
potential for the liposomes were determined in a DTS1070
folded capillary zeta cell using the following settings: four
measurements of at least 50 measurements modelled with the
Smoluchowski equation at 25 °C using the automatic settings
from the instrument.

Transmission electron microscopy (TEM) of liposomal
formulations

Liposomes were characterized by TEM by applying 2 pL of
L-AZM formulations to carbon-coated 200 mesh copper grid
(Ted Pella, Inc.) and blotted with filter paper. The grid was
then stained with phosphotungstic acid, washed with water,
dried, and stored in a desiccator until imaging. For imaging,
the grid was placed on a single tilt holder and viewed in a
Talos F200X Scanning/Transmission Electron Microscope
(Thermo Fisher Scientific) using a Field Emission Gun operat-
ing at 200 keV. Images were captured digitally using a high
speed Ceta Camera and analyzed using Velox Software. Five
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randomly selected images across the grid were collected and
formulations within each image with clearly defined edges
were measured.

AZM leakage from liposomes by dialysis

For leakage studies, a portion of purified liposome was added
to a dialysis chamber made of snakeskin dialysis membrane
(MWCO 10 kDa) and dialyzed against 50 mL HEPES buffer
(pH 7.4), maintaining a constant outer temperature of 37 °C
and continuous stirring at 60 rpm, based on conditions pre-
viously reported for AZM formulations.”® Volume of liposome
in the dialysis bag was varied between 0.25 mL-2.0 mL based
on the increasing mole ratio of total lipid : AZM from 3: 0.25 to
3:2 to avoid oversaturation of AZM in the outside solvent. At
each sampling point, 1 mL sample was collected from outside
the dialysis chamber and replaced with fresh buffer to main-
tain constant conditions. The collected samples were analyzed
for the content of AZM released through the dialysis mem-
brane by HPLC. Sampling was done at 1, 3, 5, 7 and 26 hours
of dialysis. Quantification of the AZM content was calculated
using a calibration curve constructed within the AZM concen-
tration ranging from 2-70 pg mL ™.

Residual solvent measurement after liposome purification

Gas chromatography with a flame ionization detector (GC-FID)
was used to compare the residual ethanol content after purify-
ing L-AZM using three different methods: dialysis, size exclu-
sion column separation, and ultrafiltration. Separation was
carried out on an Agilent GC equipped with an Agilent 122-
1334 column (30 m x 250 pm X 1.4 pm) in an isothermal
process. The sample was held at 60 °C for one minute before
the temperature was increased to 110 °C and held for eight
minutes. A calibration curve was constructed using ethanol
concentrations ranging from 0.6 to 10 pl ml™" in DI water.

The residual DMSO content after L-AZM purification by all
three methods was measured using a Dionex HPLC Ultimate
3000 (Sunnyvale, CA) equipped with a quaternary pump, auto-
sampler, and a DAD detector. AZM separation was performed
by RP-HPLC using a C4 column (Agilent, 150 mm x 4.6 mm,
5 um) with an isocratic mobile phase consisting of DI water.
The mobile phase flow rate was 0.5 mL min~", and the detec-
tion wavelength was 254 nm, with an injection volume of
20 pL. A calibration curve was constructed using DMSO con-
centrations ranging from 1.0 to 200 nL mL™" in DI water.

In vitro activity and cell viability

J774A.1 murine macrophages (ATCC) were cultured to con-
fluency in DMEM with 10% FBS and 1% penicillin/streptomy-
cin at 37 °C in 5% CO,. Once confluent, the cells were scraped,
counted, and plated at a density of 2.5 x 10 cells per 100 uL of
media in 96-well plates. The plated cells were treated with
interferon (IFN)-y (final concentration 100 ng mL™"). Selected
wells were treated with F-AZM, empty liposomes, or L-AZM pre-
pared by microfluidics or thin film hydration (AZM concen-
tration 0-135 puM). Cells were incubated overnight at 37 °C in
5% CO, before stimulation with lipopolysaccharide (LPS) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incubated for 24 h. The cells were then centrifuged at 1200g
for 5 min. Half of the media supernatant was collected for
cytokine analyses, while the cells and remaining media was
analyzed for cell viability. IL-12 concentrations were measured
using 10 pL media from each well and quantified by sandwich
ELISA according to manufacturer’s instructions (BioLegend).
Cell viability assessed by MTS assay (Promega) by adding 20 pL
MTS reagent to each well. The assay plate was incubated for
4 h at 37 °C and absorbance measured at 490 nm (BioTek
Synergy H1).

Statistical analysis

GraphPad Prism (GraphPad Software, La Jolla, CA) was utilized
for plotting the figures and performing statistical analyses. To
compare liposome sizes and EE% of the L-AZM formulations,
one-way ANOVA with Tukey’s test for multiple comparisons
were used. Statistical analysis for leakage was performed by
one-way ANOVA compared to F-AZM with Dunnett’s multiple
comparisons test. For comparing, liposome sizes and EE% of
the optimized L-AZM formulation manufactured by microflui-
dics and thin film hydration with purification by dialysis,
column separation and ultrafiltration, two-way ANOVA with
Sidak’s multiple comparisons was used. Statistical compari-
sons over time for stability studies used two-way ANOVA with
Geisser-Greenhouse multiple comparisons. The p-value cut-
offs for statistical significance are *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001. All average values are presented as
mean * standard deviation (SD). In addition, AZM leakage
rates of different L-AZM formulations were also compared by
calculating similarity factors (f2) and difference factors (f1)
using industry guidance from the FDA.>* Leakage rates were
considered similar when 50 <f2 <100 or 0 < f1 < 15.

Results

Microfluidic optimization of manufacturing parameters for
L-AZM

The microfluidic operation parameters total flow rate (TFR)
and flow rate ratio (FRR) dictate the physicochemical pro-
perties of liposomes;'®*>?¢ therefore, we first opted to opti-
mize these two parameters. To do so, we used our parent for-
mulation composed of an equal molar mixture of DSPC,
DSPG, and cholesterol (1:1: 1) based on evidence of immuno-
modulation using in vivo'' and in vitro models.”’ To examine
the effect of TFR, L-AZM formulations were prepared using
different TFR between 5-20 mL min~" while maintaining a
constant FRR at 4:1 (aqueous to organic). The sizes of the
resultant liposomes exhibited minimal variation of
160-180 nm, with all PDI values <0.1 (Fig. 1A). Although there
were no significant differences observed between size and PDI
when using different TFRs, encapsulation efficiency (EE%)
decreased from 81 + 5% at 5 mL min " and 76 + 0.2% at
10 mL min~" to 62 + 2% for 20 mL min~" (Fig. 1B).

The effect of FRR was also assessed using aqueous : organic
ratios of 2:1, 3:1, 4:1, and 5:1 while keeping the TFR con-
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Fig. 1 Effect of the microfluidic total flow rate (TFR) and flow rate ratio
on the physicochemical properties of L-AZM. (A and B) Liposomes were
prepared using (A and B) variable TFR while flow rate ratio (FRR) was
constant at 4 : 1 (aqueous : organic), or (C and D) variable FRR while total
flow rate (TFR) was constant at 10 mL min™™ Lipid composition was
DSPC:DSPG:Chol:AZM (1:1:1:0.5) at 12.8 mM with HEPES buffer
(pH 7.4) used as the aqueous phase. The resulting liposomes were
purified via dialysis against HEPES buffer pH 7.4. (A and C) Size and PDI,
and (B and D) encapsulation efficiencies of the resulting formulations
are shown. Experiments were performed in triplicate on two different
days for a total of six replicates. Results are presented as mean + SD.
Statistical analysis for encapsulation efficiencies performed by one-way
ANOVA with Tukey's multiple comparisons. Significant differences are
expressed as *p < 0.05.

stant at 10 mL min~*

. Under these conditions, increasing FRR
resulted in decreasing liposome diameters from 240 nm to
150 nm, with a consistent PDI range (<0.2) across all FRR
(Fig. 1C). EE% was found to be within a close range of 69-76%
without any significant difference among the FRRs used
(Fig. 1D). Therefore, the optimal conditions used for further
experiments are a TFR of 10 mL min~" and FRR of 4: 1, based
on the optimal rate at which formulations could be reproduci-
bly manufactured at ideal size, PDI, and encapsulation

efficiency.

Optimization of lipid composition for L-AZM

Using the optimized TFR and FRR, we further extended the
optimization process for lipid composition, another critical
parameter that controls the physicochemical properties of the
liposome. As mentioned, we initially used our parent formu-
lation composed of DSPC: DSPG: Chol: AZM (1:1:1:0.5) for
the microfluidic optimization. DSPG is an anionic lipid with a
negatively charged phosphate group, potentially ion pairing
with the bi-cationic AZM,*” while DSPC and cholesterol (Chol)
are helper lipids that facilitate the stability of liposomes.”® In
an attempt to further simplify the formulation, we investigated
the utility of cholesteryl hemisuccinate as a replacement for

RSC Pharm., 2026, 3,198-208 | 201
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both DSPG and Chol by including an anionic derivative of
cholesterol. Cholesteryl hemisuccinate (CHEMS) is a widely
used anionic lipid capable of increasing bilayer fluidity similar
to cholesterol.>” In exploring the superior lipid composition
for L-AZM, five different formulations were prepared using
DSPG and CHEMS alone or in combinations (MF1-MF5)
(Fig. 2A). Initial content of AZM (2.1 mM) and total lipid
(12.8 mM) are identical for all five formulations. AZM is bi-cat-
ionic (charge, +2), and both DSPG and CHEMS have a single
anionic group (charge, —1); thus, based on the molar ratio, the
negative to positive charge ratio is 1:1 for MF1, MF2, and
MF3. In contrast, the charge ratio is 2:1 for MF4 and 0:1 for
control (MF5). All formulations were prepared using the opti-
mized microfluidic operation parameters, TFR 10 mL min~"
and FRR4:1.

The size and PDI of the resulting liposomes are displayed
in Fig. 2B. Liposomes containing anionic lipids (MF1, MF2,
MF3, MF4) are larger in size than the control, MF5, having no
anionic lipids. While the size of MF5 is the lowest, 96 + 4 nm,

A Formulation component (charge)
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Fig. 2 Optimization of the lipid composition for L-AZM. (A) Five L-AZM
formulations (MF1-MF5) were designed with varying molar ratios of
anionic lipids (DSPG and CHEMS) and helper lipids (DSPC and Chol).
Formulations were prepared using the optimized microfluidic operation
parameters (TFR: 10 mL min~%; FRR: 4:1) in HEPES buffer (pH 7.4) as
aqueous phase. The resulting formulations were purified via dialysis
against HEPES buffer pH 7.4. (B) Size and PDI; (C) encapsulation efficien-
cies; (D) drug leakage profiles; and (E) calculated similarity factors (f2)
shown with values greater than 50 shaded to indicate similarity in
release rates of the resulting liposomes. Experiments were performed in
triplicate on two different days for a total of six replicates. Results are
shown as mean + SD. Statistical analysis for encapsulation efficiencies
performed by one-way ANOVA with Tukey's multiple comparisons test.
Statistical analysis for leakage performed by one-way ANOVA compared
to F-AZM with Dunnett’'s multiple comparisons test. Significant differ-
ences are expressed as ***p < 0.001 and ****p < 0.0001.
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the largest size of 380 + 19 nm was observed for MF4, which
contained the highest amount of anionic lipid among all five
formulations. The remaining three formulations (MF1, MF2,
MF3), exhibit liposome diameters within a close range of
180-230 nm. Notably, formulations containing DSPG and
CHEMS together exhibit the highest PDI (MF2, 0.5; MF4, 0.6).
The total Chol content of MF2 is 17 mol% compared to the
other formulations containing 33 mol% Chol or CHEMS,
potentially leading to the increased PDI, however similar
results are observed with MF4 suggesting an inherent issue
with ion pairing using CHEMS. Formulations containing only
DSPG (MF1) or CHEMS (MF3) result in PDI < 0.2. HPLC
quantification of AZM before and after dialysis reveals no sig-
nificant difference in EE% for each formulation. The EE% of
MF1 (76 + 0.2%), MF2 (74 + 0.6%), MF4 (82 + 1%) are only
slightly elevated above the neutral formulation MF5 (67 + 4%)
and the CHEMS-only formulation, MF3 (67 + 11%) (Fig. 2C).

In addition to size, PDI, and EE%, we studied the AZM
release profile of all five liposomes over 24 h using dialysis.
Multi-time point quantification of AZM leakage from the dialy-
sis chamber generated the drug release profile shown in
Fig. 2D. Despite almost similar EE%, MF3, which contains
only CHEMS as the anionic lipid component exhibited release
rates similar to free AZM or control non-anionic liposomes
(MF5). The other three formulations which contain DSPG as a
portion of their makeup (MF1, MF2, and MF4), showed rela-
tively slower release. To further compare leakage rates of each
formulation we calculated the difference factor (f1) and simi-
larity factors (f2) for each formulation. The similarity and
difference factors are the FDA recommended statistical models
to estimate similarity in tablet dissolution rates*>* and have
also been adapted for liposomal formulations.*® Given the par-
allel values obtained for f1 and f2 for each comparison, only f2
values are shown (Fig. 2E). An f2 value between 50-100 sig-
nifies similarity in drug release rates.* In alignment with the
one-way ANOVA analysis of leakage rates, the control formu-
lation lacking anionic lipid (MF5) is similar to both the
CHEMS containing formulation (MF3: f2 = 55) and free AZM
(F-AZM: f2 = 50) (Fig. 2E). Formulations MF1, MF2, and MF4
are all significantly different from free AZM based on ANOVA
and f2 analysis indicates MF1 and MF2 are similar in leakage
(f2 = 75). However, the high PDI values of MF2 and MF4 pre-
clude further development of these formulations and positions
MF1 as a lead candidate for further investigation.

Optimizing azithromycin concentration in L-AZM

After optimizing for lipid composition with constant drug
loading, the AZM content was then optimized by adjusting
AZM concentration relative to constant lipid composition
(Fig. 3). Five formulations were prepared using increasing con-
centrations of AZM within the optimized formulation
DSPC : DSPG: Chol (1:1:1) (Fig. 3A). This lipid composition
matches our parent formulation (PF),""*' which we previously
used for in vivo and in vitro studies, they are denoted as PF1-
PF5. The mole ratio of DSPG:AZM varied from 1:0.25 to
1:2.0 corresponding to AZM concentrations of 1.07-8.5 mM.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00275j

Open Access Article. Published on 12 November 2025. Downloaded on 2/8/2026 9:02:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

A Formulation component (charge) Charge
DSPC(0) DSPG(-1) CHOL(0) AzM(+2) Ratio (-/+)

PF1 1 1 1 0.25 1:0.5
PF2 1 1 1 0.50 1:1.0 [
PF3 1 1 1 0.75 1:1.5 [l
PF4 1 1 1 1.00 120 |l
PF5 1 1 1 2.00 1:4.0 [l

@
(@]

3 7 o

< —
—_ e >
E § E -204
o é 8
.g .E < -404

5 °
S o o
(=) [ © -604 J.

— Q

U N

=} -80-—r T T T T

~ PF1 PF2 PF3 PF4 PF5
D - E
- 100 oy
3 B - F-AZM
g 80 § - PF5
7] <
§- 60 [ - PF4 *
e s - PF3 %%
; 40 g e PF2 #kxx
2 20 2 PFq #xxx
°\° G v T T 1

0 10 20 30
PF1 PF2 PF3 PF4 PF5 Time (hours)
F F-AZM PF1 PF2 PF3 PF4
PF1 20
PF2 24 56

PF3 29 44 61
PF4 35 35 45 58
PF5 49 26 32 37 48

Fig. 3 Optimization of AZM concentration in L-AZM. (A) Five L-AZM
formulations (PF1-PF5) were designed with varying molar ratios of AZM
relative to anionic lipid. Formulations were prepared using the optimized
microfluidic operation parameters (TFR: 10 mL min™% FRR: 4:1) in
HEPES buffer (pH 7.4) as aqueous phase. The resulting formulations
were purified via dialysis against HEPES buffer pH 7.4. (B) Size and PDI;
(C) zeta potential; (D) encapsulation efficiencies; (E) drug leakage
profiles; and (F) calculated similarity factors (f2) shown with values
greater than 50 shaded to indicate similarity in release rates of the
resulting liposomes. Experiments were performed in triplicate on two
different days for a total of six replicates. Results are shown as mean +
SD. Statistical analysis for sizes and encapsulation efficiencies performed
by one-way ANOVA with Tukey’s multiple comparisons test. Statistical
analysis for leakage performed by one-way ANOVA compared to F-AZM
with Dunnett's multiple comparisons test. Significant differences are
expressed as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

All liposomes were prepared using optimized microfluidic
operation parameters and evaluated for their physicochemical
characteristics.

The size and PDI of the liposomes follow an increasing
trend with the increased mole ratio of AZM (Fig. 3B). PF1 exhi-
bits the lowest mole ratio of DSPG:AZM (1:0.25) and forms
the smallest liposomes (117 + 3 nm), and liposomes steadily
increased to nearly three times larger with the highest concen-
tration of AZM (PF5, 317 + 5 nm). Although PDI follows an
increasing trend with additional AZM in liposomes, PDI did
not surpass 0.2 for any formulation. In addition to size and
PDI, the surface charge of each formulation indicated minimal
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variation between formulation with no clear trend in surface
charge observed (zeta potential: —50 to —55 mV; Fig. 3C).
Counter to trends observed with size and PDI, EE% of the lipo-
somes generally exhibit a decreasing trend with the increased
mole ratio of AZM (Fig. 3D). The exception to this trend is that
PF1 and PF2 have charge ratios of 1:0.5 and 1: 1, respectively
and exhibit similar EE% of 73 + 4% and 76 + 0.2, respectively.
From the optimal formulations (PF1 and PF2) EE% decreases
to 66 + 2% (PF3), 51 + 4% (PF4) and 46 + 2% (PF5) as AZM
content increases.

Leakage studies also demonstrate that AZM is released at a
faster rate with increasing concentration in the formulation
(Fig. 3E). The release rate of the formulations followed an
increasing trend from PF1 to PF5, although the release rates of
formulations with the lowest concentrations of AZM (PF1, PF2)
are similar. While PF1 exhibits only 29 + 2% AZM release in
the first hour, 66 + 3% is released from PF5 within the same
time frame. Nearly all AZM is released from PF5 within
3 hours with a release profile statistically faster than all other
formulations. Similarity factor (f2) calculations (Fig. 3F) also
reflect differences observed by one-way ANOVA in which
increasing concentration of AZM reduced the significant differ-
ences when compared to free AZM. Given the stepwise nature
of AZM concentration and corresponding leakage rate for each
formulation, PF1 is similar to PF2 (f2 = 56), PF2 is similar to
PF3 (f2 = 61), and PF3 is similar to PF4 (f2 = 58). Additionally,
free AZM is least similar to PF1 (f2 = 20) and PF2 (f2 = 24)
corresponding with the lowest AZM leakage (Fig. 3F).

Comparison of liposomes prepared by microfluidics and thin
film hydration

Finally, liposomes prepared by microfluidics and conventional
thin film hydration methods were compared. In doing so, lipo-
somes made using the optimized formulation (PF2) employing
the above-mentioned methods were compared based on
physicochemical properties. To undergo a robust comparison,
we performed post-manufacturing processing of the liposomes
to remove unincorporated AZM using three different methods:
dialysis, size exclusion column separation, and ultrafiltration.
Notably, regardless of post-purification processing technique
utilized, L-AZM prepared by microfluidics exhibited improved
size and PDI relative to those made by thin film hydration
(Fig. 4A). The diameter of the microfluidic based L-AZM is
~160 nm for all three post-manufacturing methods compared
to 220-290 nm for liposomes prepared by thin film hydration.
Similarly, PDI was consistently 0.1 for microfluidic prep-
arations and increased to 0.2-0.4 for all thin film hydration
preparations. The combination of thin film hydration followed
by dialysis yielded the largest liposomes (289 nm) and the
highest PDI (0.4). On the other hand, EE% of L-AZM prepared
by microfluidics and thin film hydration are comparable irre-
spective of the post-manufacturing methods utilized (Fig. 4B).
However, differences in EE% were observed depending on the
method utilized to purify them with dialysis and ultrafiltration
resulting in similar EE% of 81-85%, which dropped to 67%
for size exclusion column separation.
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Fig. 4 Comparison of microfluidic and thin film hydration with post
manufacture processing. Liposomes were prepared by microfluidics or
thin film hydration using the optimized composition
(DSPC : DSPG:Chol:AZM = 1:1:1:0.5). Formulations prepared by
microfluidics use the optimized microfluidic operation parameters (TFR:
10 mL min~%; FRR: 4:1) in HEPES buffer (pH 7.4) as aqueous phase. The
resulting formulations were processed via three different methods
(dialysis (DL), column separation (CS), and ultrafiltration (UF)) and
characterized for their (A) size and PDI; and (B) encapsulation efficien-
cies. Microfluidics are represented in solid blue bars and thin film
hydration represented in white bars with blue border. (C) Residual
solvent was analyzed by gas chromatography and HPLC to quantify
ethanol and DMSO, respectively. Dashed line represents the maximal
allowable concentration limit (0.5%). ND = not detected. Experiments
were performed in triplicate on two different days for a total of four to
six replicates. Results are shown as mean + SD. Statistical analysis for
liposome sizes and encapsulation efficiencies performed by two-way
ANOVA with Sidak’s multiple comparisons. Significant differences are
expressed as **p < 0.01, ***p < 0.001, ****p < 0.0001.

Given our use of organic solvents and the necessity to
reduce their concentration when used in biological systems,
we compared the efficiency of three purification methods in
removing ethanol and DMSO after microfluidic preparation.
The FDA maximum allowed residual solvent level is 0.5%
(5000 ppm). Therefore, we employed GC-FID and HPLC to
measure the residual ethanol and DMSO, respectively, after
L-AZM purification. Although the theoretical initial residual
solvent content is approximately 20% (8% DMSO and 12%
ethanol), we found that the size exclusion method was most
effective in removing these solvents. The size exclusion PD-10
column removed the residual solvents to undetectable levels,
whereas the ultrafiltration method retained about 11%, and
dialysis retained 2.7% organic solvent concentrations (Fig. 4C).

Assessment of liposomal formulations by transmission
electron microscopy

The optimized formulations were then prepared by thin film
hydration and microfluidics and visualized by transmission
electron microscopy (TEM) (Fig. 5). Liposomes were best visu-
alized using phosphotungstic acid as a negative stain. Using
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Fig. 5 Transmission electron microscopy and storage stability of L-AZM
formulations. Liposomes were prepared by microfluidics or thin film
hydration using the optimized composition (DSPC : DSPG: Chol : AZM =
1:1:1:0.5), microfluidic parameters (TFR: 10 mL min™%; FRR: 4:1) in
HEPES buffer (pH 7.4) as aqueous phase and processed via dialysis. (A)
Representative TEM image of formulations prepared by microfluidics; (B)
representative TEM image of formulations prepared by thin film
hydration; (C) quantification of formulations prepared by both methods.
Microfluidic formulations were then analyzed over time when stored at
4 °C and 25 °C with (D) size, (E) PDI, and (F) AZM stability shown. Results
shown as mean + SD, number of independent batches (n = 3). Statistical
analysis for liposome sizes and encapsulation efficiencies in (C) per-
formed by t-test. Statistical analysis in (F) performed by two-way ANOVA
with Geisser—Greenhouse correction and Tukey's multiple comparisons
for time-based effects within groups, and Sidak’s multiple comparisons
for group differences. Significant differences are expressed as *p < 0.05,
***p < 0.001, ****p < 0.0001 for intergroup comparisons, while fp <
0.05, and tttp < 0.001 are used for intragroup comparisons relative to
time 0.

TEM, liposomes prepared by microfluidics have average dia-
meter of 176 + 51 nm, while liposomes prepared by thin film
hydration have a size of 263 + 49 nm. These data are in align-
ment with the data generated in solution phase by dynamic
light scattering (Fig. 4A).

Assessment of liposome stability over time

Microfluidic formulations were then analyzed over time for
size PDI and drug stability when stored at 4 °C and 25 °C for
28 days (Fig. 5D-F). While there are no changes in size or PDI
when formulations are stored at either temperature, AZM
stability decreases as determined by HPLC. In this case, free
drug is not removed from formulations and the observed
decrease in AZM is likely due to degradation.** When stored at
4 °C, there is a statistically significant decrease to 52 + 1%
AZM content at 28 days as compared to 62 + 7% decrease in
just 3 days when stored at 25 °C. Notably, there is a non-sig-
nificant decrease in AZM content when stored at 4 °C from 86
+ 6% at 1 day to 77 + 2% at day 21. A statistical difference
between storage conditions is first observed at 7 days of
storage when formulations stored at 4 °C exhibit 82 + 5% as
compared to 38 + 4% when stored at 25 °C. These data suggest
that while the formulations remain stable, the loss of AZM is
likely due to degradation as described in the literature," and

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00275j

Open Access Article. Published on 12 November 2025. Downloaded on 2/8/2026 9:02:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

in alignment with the FDA-approved prescribing information
for clinical AZM preparations.*?

In vitro assessment of L-AZM formulations

The optimization approach for L-AZM is driven by the poten-
tial for clinical use. We have previously demonstrated the
ability of L-AZM to modulate immune responses after a myo-
cardial infarction in mice through cardiac and systemic
reduction in pro-inflammatory markers, reduced cardiac fibro-
sis and improved survival."* L-AZM achieves its immunomodu-
latory effect through inhibition of NFkB signaling.® Therefore,
we quantified cell viability and pro-inflammatory IL-12 pro-
duction in J774A.1 murine macrophages treated with F-AZM,
empty liposomes, and L-AZM prepared by thin film hydration
and microfluidics. F-AZM exhibits reduced cell viability at con-
centrations greater than 40 pM, while L-AZM prepared by
either thin film hydration or microfluidics exhibits reduced
cell viability at AZM concentrations greater than 90 uM
(Fig. 6A). Notably, F-AZM exhibits 9.1 + 5.9% cell viability at
90 pM as compared to 80.5 + 10.4% for MF (p = <0.0001), 82.2
+ 3.6% for TF (p = <0.0001), and 85.8 + 1.3% for empty lipo-
somes (p = <0.0001). Importantly, there is no observable tox-
icity with empty liposomes at all concentrations tested.

The efficacy of each formulation to reduce IL-12 production
relative to control LPS stimulated J774A.1 murine macrophages
was then assessed. LPS stimulated J774A.1 macrophages produce
2.2 + 0.1 ng mL™" IL-12 in the media, which is fractionally
increased with empty liposomes (Fig. 6B). Comparison of IL-12
reduction at the highest non-cytotoxic AZM concentration results
in 55.9 + 6.8% reduction for F-AZM at (40 pM AZM), 99.2 + 4.6%
reduction for MF (90 pM AZM), and 95.8 + 8.9% reduction for TF
(90 uM AZM). Notably, there is no significant difference between
MF and TF prepared L-AZM formulations. These data indicate a
significant reduction in cytotoxicity and improved in vitro efficacy
when incorporated in a liposomal bilayer.
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Fig. 6 In vitro assessment of azithromycin in murine macrophages.
Optimized formulations were used to treat pro-inflammatory

J774A.1 murine macrophages as compared to F-AZM and empty lipo-
somes and normalized to untreated pro-inflammatory control cells
receiving only IFN-y and LPS (denoted by dashed line). (A) Cell viability
as determined by MTS assay at increasing concentrations of AZM. (B)
Relative IL-12 concentration in media. Results shown as mean + SD,
number of independent batches (n = 3). Statistical analysis performed by
two-way ANOVA with Geisser—Greenhouse correction and Sidak’s mul-
tiple comparisons for group differences. Significant differences are
expressed as ****p < 0.0001 to indicate concentration dependent com-
parisons between MF and F-AZM.
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Discussion

Microfluidic preparation of L-AZM provides a route to clinical
utility by improving scalable and reproducible manufacturing.
Through optimization of the microfluidic parameters (FRR =
4:1; TFR = 10 mL min™") using a charge-paired formulation
between AZM and DSPG results in a formulation containing
DSPC:DSPG: Chol: AZM (1:1:1:0.5) with optimal CQAs
including liposome diameter <200 nm and PDI <0.2. The for-
mulations also exhibit stability over time, but AZM degradation
limits shelf-life, which is also observed with clinical prep-
arations of AZM.*"*> The optimized protocol described here
supports continued preclinical development with the goal of
clinical translation.

Stable liposomal formulations are dependent on many
factors including lipid composition, manufacturing protocols,
and drug properties. L-AZM has been reported before for its
anti-microbial activity based on a thin film hydration manufac-
turing protocol,*>***37% which is not ideal for large-scale
manufacturing due to significant labor and reproducibility
challenges."® Nevertheless, we previously employed a thin film
hydration strategy to investigate the immunomodulatory
activity of L-AZM in the context of myocardial infarction.'
Generating L-AZM by microfluidics builds upon prior data
with thin film hydration as well as evidence of optimal micro-
fluidic parameters for other active ingredients. In general,
changes in TFR have minimal effect on the particle size and
PDIL,'*"%?® while changes in FRR lead to more dramatic effects
on physicochemical parameters.'®'®?* Notably, in our system
FRR and TFR demonstrate modest effects on the lead candi-
date formulation with a trend toward smaller size with increas-
ing FRR. More importantly, a low FRR results in increased
variability between preparations suggesting that a higher ratio
(4:1 or 5:1) is ideal for L-AZM. When considering TFR, size
and PDI of the formulations are similar, but EE% of L-AZM is
reduced significantly when using the highest TFR (20 mL
min~"). Although microfluidic parameters are not universally
applicable, our optimized parameters (TFR: 10 mL min™%
FRR: 4:1) are similar to optimized parameters for other lipo-
somal formulations.?”

AZM incorporation in the liposomes is also reliant on the
physicochemical characteristics of the components including
the partition coefficient (logP) of the drug, the lipid charge,
and membrane fluidity.”® Thus, optimizing phospholipid ratio
is vital to ensure suitable CQAs of the liposomal formulations.
Lipophilic molecules having a high partition coefficient (log P
> 5.0) are stably incorporated in the bilayer while highly hydro-
philic molecules (log P < 1.7) incorporate stably in the aqueous
core.*® AZM possesses a midrange log P of 2.7 causing it to par-
tition between bilayer and the aqueous phases making it a
challenging molecule to encapsulate. Because of this, small
changes in lipid content led to significant variability in the
release profile. Therefore, by utilizing electrostatic ion pairing
between anionic lipids and AZM provides an effective strategy
to enhance the formulation stability of L-AZM.?**” Our current
studies demonstrate that incorporation of anionic lipids

RSC Pharm., 2026, 3,198-208 | 205


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00275j

Open Access Article. Published on 12 November 2025. Downloaded on 2/8/2026 9:02:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(DSPG, CHEMS) in the formulation have little effect on encap-
sulation efficiency, but enhance the retention of AZM in the
formulation. Notably, DSPG appears to be a more efficient ion
pair with AZM as compared to CHEMS as evidenced by
superior CQAs of L-AZM formulations containing DSPG.

An overall assessment of the CQAs indicates that
DSPC : DSPG: Chol (1:1:1) is the best composition for L-AZM.
This formulation is based in-part on prior evidence of this for-
mulation for use as an antimicrobial agent, and for immune
modulation based on a library of formulations.>'** In contrast
to our microfluidics results that demonstrate CHEMS to be
less efficient at ion pairing with AZM, previous work by Ren
et al. and Geng et al. indicate more stable ion pairing of
CHEMS with macrolides.”**" However, they used a multistep
process to make the liposomes in which AZM and CHEMS are
first incubated at freezing temperature overnight, followed by
solvent evaporation resulting in a CHEMS-AZM powder which
is then mixed with other lipids in an organic solvent to gene-
rate a thin film for rehydration.***' The incubation of AZM
with CHEMS at low temperatures might be the key driving
force for their successful ion pairing. Therefore, the relatively
short incubation between CHEMS and AZM described in this
study might not be sufficient for optimized ion pairing.
However, including such a step in the manufacturing process
further complicates the scalability of the formulation and was
not investigated further.

Maximizing the EE% of nanoparticles is beneficial for
many reasons including overall dose and minimization of drug
waste which can ultimately reduce manufacturing costs.*> The
lead L-AZM candidate exhibits 76% drug loading efficiency, while
producing relatively slower drug release over a period of 24 hours
as compared to other L-AZM formulations studied here. Although
a pharmacokinetic study of L-AZM has not been completed, it is
known that circulation half-life in naive, wild-type mice using
non-PEGylated liposomes is ~4 h, as compared to ~11 h for
PEGylated formulations.** Importantly, L-AZM is designed as a
non-PEGylated formulation to promote uptake by immune cells
trafficking to sites of inflammation."* Therefore, we hypothesize
that a circulation halflife of ~1-2 hours in mice suffering a
cardiac injury should provide a pharmacokinetic profile that
minimizes off-target cell uptake in cardiomyocytes. Our studies
that demonstrate cardioprotection in mice suffering from myocar-
dial infarction supports this."* With an optimized formulation
and manufacturing protocol, complete pharmacokinetic and bio-
distribution studies will be conducted in both murine and large
animal models.

Finally, comparing the microfluidic formulation with thin film
hydration methods along with post-manufacture processing pro-
vides a clear indication of the ideal manufacturing approach for
clinical translation. Liposome purification is also an important
step of the manufacturing process and established methods are
known to alter the liposome properties.?>*” Thus, a robust evalu-
ation is required using a multi-method comparison. Notably, an
overall improvement in the size and PDI of L-AZM is observed
when microfluidic preparation is used as compared to thin film
hydration, regardless of the purification method employed, which
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is indicative of the superiority of the microfluidic system over con-
ventional liposome preparation methods. While a comparable
EE% is observed between formulation techniques, size exclusion
column purification results in a significant decrease in EE% as
compared to dialysis and ultracentrifugation, which is consistent
with previous reports.”>?” These data correspond with removal of
residual solvents below the permissible daily exposure (PDE) level
in formulations. According to the International Conference on
Harmonization (ICH Q3C-R9: Impurities: Guideline for Residual
Solvents), both ethanol and DMSO are class 3 solvents, which
have low toxic potential with a maximum allowable concentration
limit of 0.5% (5000 ppm), which is efficiently achieved with size
exclusion column separation, but not with ultrafiltration or dialy-
sis. Nonetheless, there are no differences when comparing the
in vitro macrophage polarization activity or the reduced cyto-
toxicity between microfluidic and thin film hydration prep-
arations, which are both significant improvements over F-AZM,
and supports continued preclinical development of L-AZM to
treat acute inflammatory conditions.

Conclusions

Liposomes are an ideal strategy to improve the therapeutic index
of AZM for use as an immunomodulatory agent in the context of
cardiac inflammation given the risk of cardiac toxicity in subjects
experiencing a heart attack. Herein, we describe the systematic
optimization of L-AZM manufacturing using microfluidic nano-
precipitation to identify the optimal TFR and FRR of the micro-
fluidic system as well as the optimal lipid components and AZM
concentration in the formulation. By optimizing the microfluidic
operation parameters and liposomal composition, an optimized
L-AZM formulation is achieved with optimal CQAs for clinical
translation. Continued efforts focused on sterile manufacturing,
long-term stability, and in vivo studies focused on pharmacoki-
netic profiles and efficacy in a large animal model will position
L-AZM for clinical translation to treat subjects suffering from
cardiac inflammation.
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