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Introduction: Targeted intervention to the uterus has great potential for the treatment of
obstetric complications (eg, preterm birth, dysfunctional labor, and postpartum hemorrhage)
by improving the effectiveness and safety of therapeutic compounds. In particular, targeting
the oxytocin receptor (OTR) is a novel approach for drug delivery to the uterus. The aim of
this study was to report the complete data set for the pharmaceutical synthesis and in vitro
characterization of PEGylated liposomes conjugated with anti-OTR monoclonal antibodies
(OTR-Lipo) or atosiban (ATO-Lipo, OTR antagonist).

Methods: OTR-targeted liposomal platforms composed of 1,2-distearoyl-sn-glycero-
2-phosphocholine and cholesterol were prepared according to the method of dried lipid film
hydration. Ligands were conjugated with the surface of liposomes using optimized methods
to maximize conjugation efficiency. The liposomes were characterized for particle size, ligand
conjugation, drug encapsulation, liposome stability, specificity of binding, cellular internaliza-
tion, mechanistic pathway of cellular uptake, and cellular toxicity.

Results: Both OTR-Lipo and ATO-Lipo showed significant and specific binding to OTRs in
a concentration-dependent manner compared to all control groups. There was no significant
difference in binding values between OTR-Lipo and ATO-Lipo across all concentrations evalu-
ated. In addition, OTR-Lipo (81.61%%7.84%) and ATO-Lipo (85.59%%8.28%) demonstrated
significantly increased cellular internalization in comparison with rabbit IgG immunoliposomes
(9.14%%1.71%) and conventional liposomes (4.09%x0.78%) at 2.02 mM phospholipid con-
centration. Cellular association following liposome incubation at 4.05 mM resulted in similar
findings. Evaluation of the mechanistic pathway of cellular uptake indicated that they undergo
internalization through both clathrin- and caveolin-mediated mechanisms. Furthermore, cellular
toxicity studies have shown no significant effect of both liposomal platforms on cell viability.
Conclusion: This study further supports OTRs as a novel pharmaceutical target for drug delivery.
OTR-targeted liposomal platforms may provide an effective way to deliver existing therapies
directly to myometrial tissue and avoid adverse effects by circumventing non-target tissues.
Keywords: liposomes, nanoparticles, targeted drug delivery, oxytocin receptor, uterus, obstetric

complications

Background

Targeted drug delivery of nanomedicines has shown to be beneficial for increasing the
therapeutic index of compounds by improving drug targeting to specific sites of disease
and/or attenuating localization in healthy non-target tissues. Obstetrics is an area of
clinical medicine that has recently gained attention for drug targeting. Current treatment
for obstetric complications (eg, preterm labor, dysfunctional labor, and postpartum
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hemorrhage) is challenging, as there are limited effective
and safe therapeutic options available.'= Preterm labor (birth
before 37 weeks of gestation) is the most important cause
of perinatal morbidity and mortality,’® whereas postpartum
hemorrhage represents the most important cause of maternal
morbidity and mortality worldwide.>!° In addition, up to one
third of women may require induction of labor, primarily due
to concerns for the health of the mother or fetus.'!!2

The development of novel strategies to deliver thera-
peutic agents specifically to the uterus would address the
clinical challenge of effectively managing these obstetric
complications. Ligand-targeted nanomedicines have shown
enormous potential for site-specific delivery of therapeutic
compounds to designated cell types, which selectively
express or overexpress specific receptors at the site of action.
For obstetric complications, the smooth muscle layer of the
uterus (myometrium) represents an ideal target for pharma-
cological interventions by controlling the contractility state
of the uterus. In this way, therapeutic agents can be directed
to the uterus to inhibit myometrial contractions (tocolysis)
for the management of preterm labor or enhance myometrial
contractions (uterotonic) for the management of dysfunc-
tional labor and postpartum hemorrhage.'

More specifically, the oxytocin receptor (OTR) is
considered one of the most important molecules in the
myometrium and thus a promising target for drug delivery.
OTR agonists and antagonists have been clinically used to
modify the contractility of the uterus; however, the clinical
efficacy of the available agents has been disappointing. For
example, oxytocin was reported to be effective in ~50% of
patients,'? and atosiban (ATO-Lipo, OTR antagonist) showed
lack of efficacy over other conventional treatments and no
evidence of improving neonatal outcomes.'*!> Despite this,
OTR density in the uterus significantly increases with the
progression of pregnancy.'®!” Low OTR expression has
been reported in early gestation, but this rises significantly
over the course of pregnancy to ~12-fold by 37-41 weeks."”
Maximal expression is seen after the onset of labor, which
is assumed to mediate an increase in sensitivity of the myo-
metrium to oxytocin at term.'®!” Importantly, OTR numbers
in the myometrium have also been shown to be upregulated
in preterm labor.!%172° Therefore, designing a drug delivery
system to target this moiety would provide a logical means
to enhance local drug delivery to the uterus.

We have recently developed a targeted drug delivery
system for the uterus by conjugating anti-OTR poly-
clonal antibodies to a liposomal platform.?'*> Liposomes
have the advantage of having flexible physicochemical

and biophysical properties, which allow easy modifica-
tions to address different delivery considerations.?>** The
functionality of the drug delivery system was evaluated on
murine and human myometrial tissues, as well as in vivo
in a murine model of preterm labor.?! However, the poly-
clonal nature of the antibody posed a significant limitation
to specificity of binding to OTRs.?? In order to improve the
clinical translation of this technology, it is important to deter-
mine the effectiveness of other potential anti-OTR ligands for
the targeted delivery system — in particular, anti-OTR mono-
clonal antibodies and atosiban (OTR antagonist). Therefore,
the aim of this study was to report the complete data set for the
pharmaceutical synthesis and characterization of PEGylated
immunoliposomes conjugated with anti-OTR monoclonal
antibodies (OTR-Lipo) and atosiban-conjugated PEGylated
liposomes (ATO-Lipo), and compare their specific cellular
interaction with OTR-expressing myometrial cells in vitro.

Materials and methods

Liposome-related materials
1,2-Distearoyl-sn-glycero-2-phosphocholine (DSPC),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide (polyethylene glycol)-2000] (DSPE-PEG(2000)
maleimide), and 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[carboxy (polyethylene glycol)-2000] (DSPE-
PEG(2000) carboxylic acid) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). N-Succinimidyl-3-(2-
pyridyldithio) propionate (SPDP), cholesterol, atosiban, and
tris(2-carboxyethyl) phosphine hydrochloride (TCEP) were
from Sigma-Aldrich Co. (St Louis, MO, USA). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), CBQCA protein
assay kit and N-hydroxysuccinimide (NHS) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Rabbit
IgG antibody and anti-OTR monoclonal antibody (ab181077)
were obtained from Abcam (Cambridge, UK). PD-10 column
was from VWR International (Radnor, PA, USA). All other
chemicals and solvents were of at least analytical grade.

Cell-related materials

FBS, trypsin-EDTA (1:250), trypan blue solution 0.4%,
dansylcadaverine (D4008), chlorpromazine hydrochloride
(C8138), genistein (G6649), filipin (F9765), methyl-B-
cyclodextrin (C4555), nocodazole (M1404), cytochalasin D
(C8273), MTT-based assay kit (CGD1), and all buffer reagents
were from Sigma-Aldrich Co. L-Glutamine, DMEM, Gibco®
Antibiotic-Antimycotic (penicillin, streptomycin, ampho-
tericin), sodium pyruvate, Alexa Fluor™ 488 conjugated
cholera toxin subunit B (C34775), and Alexa Fluor 488
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conjugated transferrin (T13342) were obtained from Thermo
Fisher Scientific. Fluoresbrite® YG carboxylate microspheres
(size 1 wm) was from Polysciences Inc. (Warrington, PA,
USA). hTERT-immortalized myometrial (hnTERT-myo)
cells were obtained from Prof Roger Smith (University of
Newcastle, Australia). All other reagents were of analytical
grade. The POLARstar Optima™ fluorescent plate reader
and its corresponding software were obtained from BMG
Labtech (Ortenberg, Germany). The Institutional Bio-
safety Committee at the University of Newcastle approved
all experiments and the use of the cell line.

Preparation of immunoliposomes

Immunoliposomes composed of DSPC and cholesterol
(molar ratio 2:1) containing DSPE-PEG(2000) maleimide
at 1.5 mol% of DSPC as a coupling lipid were prepared
according to the method of dried lipid film hydration in PBS
(pH 7.4) as previously described.?” Dil (fluorescent lipophilic
dye) was added at 0.2 mol% of DSPC, and drugs were incor-
porated based on their hydrophilicity. The resulting multi-
lamellar dispersions were reduced in size and lamellarity by
ultrasonication at 60% amplitude for 5 minutes at 65°C. The
activated liposome suspension was immediately mixed with
thiolated antibody at room temperature. Thiolated antibodies
were prepared by conjugating anti-OTR monoclonal antibod-
ies (25 pg) or non-specific rabbit IgG (25 ng) with SPDP
(6.25 mg/mL; SPDP/mADb molar ratio =10:1). PD-10 column
equilibrated with distilled water was used to remove excess
SPDP and fractions containing pyridyldithiopropionated-Ab
(PDP-AD) conjugates (assessed by absorbance at 280 nm)
were lyophilized and stored at 4°C under nitrogen gas.
PDP-Ab was reduced with 5 mM TCEP for 5 minutes to pro-
duce thiolated-Ab (Ab-SH), and absorbance was checked at
280 nm (protein concentration) and 343 nm (SPDP modifica-
tion) to ensure stability of the compound. Thiolated antibody
was mixed immediately with liposomes for 1 hour at room
temperature with stirring in the dark. TLX ultracentrifuga-
tion (Optima™) was used to remove unconjugated Ab and
non-encapsulated drug (100,000x g; 45 minutes). Liposomes
were resuspended in PBS (pH 7.4) and stored at 4°C under
nitrogen gas and in the dark, and were used within 2 weeks.

Preparation of atosiban-conjugated
liposomes

Liposomes were composed of DSPC, cholesterol, and DSPE-
PEG(2000) carboxylic acid at a molar ratio of 2:1:0.06
according to the method of dried lipid film hydration in MES
bufter (pH 4.7). The fluorescent lipophilic dye Dil was added

at 0.2 mol% of DSPC. Drugs were incorporated based on
their hydrophilicity. The resulting multilamellar dispersions
were reduced in size and lamellarity by ultrasonication at
60% amplitude for 5 minutes at 65°C. NHS and EDC (molar
ratio 2:1) were then added to the liposome suspension and
incubated for 15 minutes. Prior to the addition of atosiban,
the pH of the liposome suspension was raised to 7.2-7.5
for optimal reaction with amine-containing molecules.
The liposome suspension was incubated overnight at room
temperature with stirring in the dark. Excess reagents were
removed by TLX ultracentrifugation (Optima) (100,000 g;
45 minutes). Liposomes were resuspended in PBS (pH 7.4)
and stored at 4°C under nitrogen gas and in the dark and were
used within 2 weeks.

Liposome characterization

Size distribution of the liposomes was determined by dynamic
laser light scattering (Zetasizer Nano ZS™; ATA Scientific,
Taren Point, Australia). Phospholipid concentration was
determined indirectly by measuring Dil concentration within
liposomes. CBQCA protein assay was used to quantify the
amount of antibody associated with the liposomes, using
bovine serum albumin for the preparation of the standard
curve. Atosiban concentration was evaluated using HPLC.

HPLC analysis

Drug concentration was determined by HPLC using an
Agilent Technologies 1200 series HPLC system (Agilent
Technologies, Santa Clara, CA, USA), consisting of an
autoinjector, column oven, binary pump and UV-Vis detector.
Data were integrated using Agilent Chemstation software.
Separation was performed using a Thermo Scientific BDS
Hypersil C18 column (150x4.6 mm, 5 um). Drugs were
dissolved in distilled water (hydrophilic drugs) or ethanol
(hydrophobic drugs), with subsequent dilutions made in
mobile phase for the calibration curves.

HPLC mobile phase and settings for nifedipine
Mobile phase consisted of 60% acetonitrile and 40% 10 mM
KH,PO, buffer (pH 2.5), which was pumped through the
column at I mL/min. The column was maintained at 25°C
and the wavelength of detection was 208 nm.

HPLC mobile phase and settings for salbutamol
hemisulfate

Mobile phase consisted of 30% methanol and 70% 0.05 M
KH,PO, buffer (pH 3.5), which was pumped through the

International Journal of Nanomedicine 2019:14

submit your manuscript

2193

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Hua and Vaughan

Dove

column at 1 mL/min. The column was maintained at 25°C
and the wavelength of detection was 230 nm.

HPLC mobile phase and settings for atosiban

Mobile phase consisted of 30% acetonitrile and 70% 10 mM
KH,PO, (pH 2.5), which was pumped through the column
at 1 mL/min. The column was maintained at 25°C and the
wavelength of detection was 220 nm.

Atomic force microscopy (AFM)

AFM was performed on a Cypher Scanning Probe Micro-
scope (Asylum Research; Oxford Instruments, Abingdon,
UK). Commercial pyramidal silicon tips (TAPAI300-G;
BudgetSensors, Sofia, Bulgaria) with a radius <10 nm, a
resonance frequency of ~300 kHz and a nominal force con-
stant of 40 (20—75) N/m were used. All measurements were
performed in tapping mode to avoid damage of the sample
surface. The scan speed was proportional to the scan size
and the scan rate was between 1.95 and 2.44 Hz. The results
were visualized in amplitude mode. Liposomes were directly
transferred onto a silicon chip by dipping it into the lipo-
some suspension. The silicon chip was then dried at room
temperature before analysis.

Liposome stability assay

The dialysis technique was used to evaluate the in vitro
stability of the liposomal formulations in PBS pH 7.4%
and 50% FBS at 37°C over a 48 hours duration, as previ-
ously described.”? A modified assay was used to evaluate
the true release of each drug from the liposomes without
surpassing saturation point, which addressed the potential
solubility issues across the dialysis membrane. Drug retention
percentage was determined by: Drug retention (%) = 100% —
[(D/D,) x 100%], where D and D, indicate the amount of
drug released from the liposomes at certain intervals and the
total amount of drug in the liposome suspension, respectively.
Liposome samples were collected at the end of the study and
lysed with ethanol for analysis of drug content by HPLC.

Specificity of binding to OTRs on

myometrial cells

Specificity of binding was evaluated on hTERT-myo cells
as previously described.?? In brief, cells were seeded at
4x10* cells per well in 96-well tissue culture plates in
complete medium (DMEM containing 1% L-glutamine, 1%
sodium pyruvate, 1% Gibco Antibiotic-Antimycotic, 10%
FBS) at 37°C in 5% CO,. At confluence, the plates were
exchanged with serum and supplement-free DMEM to avoid

binding of serum proteins to the liposome surfaces which
might induce agglomeration. For competitive inhibition
studies, cells were preincubated with a saturating concen-
tration of anti-OTR monoclonal antibodies for 30 minutes.
Liposomes were added to the cells for 1 hour at 4°C to deter-
mine exclusively cell binding.?% A fluorescent dye (Dil) was
incorporated into the phospholipid bilayer as a marker for
the liposomes. At the end of incubation, ice-cold PBS was
used to wash the cells three times to remove unbound lipo-
somes and fluorimetric detection (POLARstar Optima) was
used to assess binding at excitation/emission wavelengths
corresponding to Dil (549/565 nm). Background reading
was assessed with cells incubated in medium alone.

Cellular uptake of OTR-targeted liposomes
Cellular association of OTR-targeted liposomes was
assessed on hTERT-myo cells as previously described.?
In brief, cells were seeded in 96-well tissue culture plates
(4x10* cells per well) and grown until confluent under the
conditions described above. At confluence, the plates were
exchanged with serum and supplement-free DMEM prior
to the addition of fluorescent-labeled liposomes for 1 hour
at 37°C. It should be noted that both receptor binding and
internalization takes place at this temperature.?? At the end
of incubation, ice-cold PBS was used to wash the cells three
times before fluorimetric detection to assess extracellularly
bound liposomes. Acid wash (0.1 M HCI for 10 minutes)*
was used to release surface-bound fluorescence before lysis
of the cells with the addition of 1% Triton X-100 in PBS
for 10 minutes at 37°C. Results from the acid wash were
expressed as extracellularly bound fluorescence, whereas
fluorescence in the lysis fractions was expressed as internal-
ized fluorescence. Background reading was evaluated with
solubilized cells without prior incubation with liposomes.

Endocytotic mechanisms of OTR-targeted

liposomes

Mechanisms of cellular uptake were determined in the
presence of specific inhibitory agents for different types
of endocytosis, as previously described.?? In brief, h\TERT-
myo cells were preincubated with specific inhibitory agents
for 30 minutes at 37°C and were then incubated with lipo-
somes for 1 hour at 37°C. Chlorpromazine hydrochloride
and monodansylcadaverine were used as inhibitiors of
clathrin-mediated endocytosis, whereas genistein and fili-
pin were used to inhibit caveolin-mediated endocytosis.
Methyl-B-cyclodextrin is able to inhibit both clathrin- and
caveolin-mediated endocytosis by depleting cholesterol.
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Nocodazole was used to inhibit macropinocytosis, and
cytochalasin D was used to inhibit both phagocytosis and
macropinocytosis. Positive controls were used together
with specific inhibitors to investigate clathrin-mediated
endocytosis (Alexa Fluor 488 conjugated transferrin at
120 pg/mL), caveolin-mediated endocytosis (Alexa Fluor
488 conjugated cholera toxin subunit B at 0.6 pug/mL),
and phagocytosis and macropinocytosis (Fluoresbrite YG
carboxylate microspheres of 1 um diameter at 100 pg/mL).
At the end of incubation, cells were washed three times
with ice-cold PBS before fluorimetric detection as
described above.

Cellular toxicity

Cell viability following exposure of hTERT-myo cells to
liposomes and specific endocytotic inhibitors at various
concentrations for 24 and 1.5 hour, respectively, was mea-
sured using an MTT-based assay, as previously described.?
Triton X-100 (1% in PBS) was used as a positive control.
At the end of incubation, the medium was removed and
MTT solution (5 mg/mL MTT in supplemented DMEM)
was added to the cultures (final concentration of 0.5 mg/mL)
and incubated for 4 hours at 37°C. The medium was then
discarded and formazan crystals were solubilized using
150 puL dimethylsulfoxide for 15 minutes under light pro-
tection and at room temperature. Absorbance was measured
at 550 nm in a microplate spectrophotometer (POLARstar
Optima), which is directly proportional to cellular metabo-
lism. Background reading was assessed with untreated cells.

Statistical analysis

All data are expressed as mean + standard error of the mean
(SEM) or SD. GraphPad Prism 7.01 software was used
for statistical analysis. One-way ANOVA with Tukey’s
multiple comparison test was used to evaluate differ-
ences between formulation groups or between time points

(one independent variable). Comparisons between the dif-
ferent formulation groups over various concentrations were
made using two-way ANOVA with Tukey’s multiple com-
parison test (two independent variables). Differences were
considered significant when P<<0.05.

Results
Dispersion properties of the liposome

formulations

OTR-Lipo and ATO-Lipo had a mean particle size of
201£2.9 and 2014+3.8 nm with a polydispersity index of
0.240£0.072 and 0.220%0.056, respectively. The size and
polydispersity index of the control and drug-encapsulated
liposome formulations were similar (Table 1). The choice
of particle size was based on the results from our previous
studies.?’?> The low polydispersity indexes indicate that
the mean particle size is a reasonable indicator of the
size of the majority of the particles in the dispersions. All
liposome formulations had an approximate neutral net
charge, as they were composed of neutral phospholipids.
Both nifedipine-loaded liposomes and salbutamol-loaded
liposomes had drug encapsulation efficiencies of >98%,
which equated to ~4 mg of drug per milliliter of liposome
suspension (Table 1). Mean atosiban coupling ratio for the
ATO-Lipo was 5.970£0.232 pg of peptide per umol of
phospholipid, which equated to ~2,017178.39 molecules per
liposome. Mean antibody coupling ratio for the OTR-Lipo
was 1.22740.023 ug of antibody per wmol of phospholipid.
With a starting antibody concentration of 25 pug and a
phospholipid concentration of 2.026x107° mol, this equated
to a conjugation efficiency of >99% (Table 1). Experi-
ments were conducted to monitor size and size distribution
of the liposome formulations under storage conditions of
4°C in PBS pH 7.4 over 12 weeks to ensure stability over
time. The size and polydispersity index of the liposome
formulations were stable over this period (Figure 1).

Table | Physicochemical characteristics of liposome formulations (mean £ SD, n=3)

Size (nm) Polydispersity Antibody or ATO content Drug encapsulation
index (ug/umol phospholipid) (mg/mL)
OTR-Lipo 201+2.9 0.240+0.072 1.227+0.023 -
Nifedipine-loaded OTR-Lipo 203+4.8 0.237+0.074 1.210+0.053 3.995+0.019
Salbutamol-loaded OTR-Lipo 203+6.3 0.253+0.064 1.218+0.036 3.940+0.067
ATO-Lipo 201+3.8 0.220+0.056 5.970+0.232 -
Nifedipine-loaded ATO-Lipo 203+4.7 0.273+0.025 5.899+0.177 4.001£0.012
Salbutamol-loaded ATO-Lipo 201+4.2 0.213+0.051 5.942+0.186 3.931+0.089
Rabbit IgG immunoliposomes 201+7.0 0.260+0.052 1.190+0.106 -
Conventional liposomes 201+7.7 0.260+0.044 - -

Abbreviations: OTR-Lipo, PEGylated immunoliposomes conjugated with anti-oxytocin receptor monoclonal antibodies; ATO-Lipo, atosiban-conjugated PEGylated liposomes.
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Figure | Particle size and polydispersity index of OTR-Lipo (A, B) and ATO-Lipo (C, D) over a period of 12 weeks.
Note: The results are represented as mean * SD of three independent experiments (P>0.05, ANOVA).
Abbreviations: OTR-Lipo, PEGylated immunoliposomes conjugated with anti-oxytocin receptor monoclonal antibodies; ATO-Lipo, atosiban-conjugated PEGylated liposomes.

Stability of drug-encapsulated OTR-targeted

liposomes

Nifedipine (hydrophobic drug) and salbutamol hemisulfate
(hydrophilic drug) were used to evaluate the in vitro stability
of OTR-Lipo and ATO-Lipo. Nifedipine is a hydrophobic
compound; therefore, its solubility in PBS pH 7.4 was ini-
tially assessed to ensure that the parameters of the dialysis
assay did not surpass the saturation point for the drug. This
determined that 70 pg of nifedipine in 10 mL PBS solution
within the dialysis tubing was able to dialyze into 30 mL of
the PBS release volume. This was not required for salbutamol
as it is readily soluble in an aqueous phase, thereby allowing
1 mg of the drug to be placed in 10 mL PBS solution within
the dialysis tubing. Minimal drug release was detected
for both salbutamol-loaded OTR-targeted liposomes and
nifedipine-loaded OTR-targeted liposomes in PBS at 37°C
across the 48 hours duration of the experiment (Figure 2).
In serum, there was a significant difference in stability at
24 and 48 hours compared to baseline values for both the

liposome formulations (Figure 2). This equated to a decrease
0f 19.7% for nifedipine-loaded OTR-Lipo (P<<0.01), 23.9%
for salbutamol-loaded OTR-Lipo (P<0.01), 26.2% for
nifedipine-loaded ATO-Lipo (P<<0.0001), and 19.2% for
salbutamol-loaded ATO-Lipo (P<<0.01) at 48 hours. Drug
release was not limited by the diffusion of free drug through
the dialysis membrane, as shown by complete recovery
of the drug solutions in the dialysis medium within 6 hours.
Therefore, both of the drugs evaluated were able to pass
through the cellulose membrane freely.

Liposomal imaging with AFM

AFM was used to visualize all liposomal formulations when
dried to confirm particle size and morphology. For size deter-
mination, all visible particles within a representative scan
area were individually evaluated. OTR-Lipo, ATO-Lipo,
rabbit IgG immunoliposomes, and conventional liposomes
showed approximate vesicle sizes of 200 nm (Figure 3),
which corresponds with the results from dynamic laser
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Figure 2 Stability of nifedipine-loaded OTR-Lipo (A), nifedipine-loaded ATO-Lipo (B), salbutamol-loaded OTR-Lipo (C), and salbutamol-loaded ATO-Lipo (D) in PBS

pH 7.4 and 50% FBS at 37°C.

Notes: The data represent the mean * SD of three independent experiments. One-way ANOVA with Tukey’s multiple comparison test was used to assess drug retention
at various time points compared to their respective baseline values (*P<<0.05, **P<<0.01, ***P<<0.001, ****P<0.0001).
Abbreviations: OTR-Lipo, PEGylated immunoliposomes conjugated with anti-oxytocin receptor monoclonal antibodies; ATO-Lipo, atosiban-conjugated PEGylated liposomes.

light scattering. The surface of conventional liposomes was
typically smooth (Figure 3D), whereas small surface struc-
tures can be detected at the membrane border for OTR-Lipo
(Figure 3A) and rabbit IgG immunoliposomes (Figure 3C)
and only slightly for ATO-Lipo (Figure 3B). Surface cover-
age in the height mode was difficult to evaluate due to the
collapsed vesicular structure when dried.

Specificity of binding

OTR-Lipo and ATO-Lipo bound significantly to hTERT-
myo cells in a concentration-dependent manner in compari-
son with all control groups (P<<0.0001) (Figure 4). There
was no significant difference in binding values between
OTR-Lipo and ATO-Lipo across all concentrations evalu-
ated (P>0.05). Negative control binding experiments using
non-specific rabbit-IgG immunoliposomes and conventional
liposomes were assessed to demonstrate the specificity of the
binding toward OTR expressing cells. The results showed

very low cell binding values across all concentrations evalu-
ated and were not significantly different (P>0.05). In another
set of experiments, hTERT-myo cells were pretreated with
excess monoclonal antibody directed against OTRs to further
demonstrate the specific nature of the OTR-Lipo and ATO-
Lipo interaction. Figure 4 shows significant inhibition of
binding of both OTR-Lipo and ATO-Lipo to hTERT-myo
cells pretreated with excess anti-OTR monoclonal anti-
body (1 mg/mL) by up to 95.0% (P<<0.0001) and 92.1%
(P<<0.0001), respectively.

Degree of cellular uptake

OTR-Lipo (81.61%+7.84%) and ATO-Lipo (85.59%18.28%)
demonstrated significantly increased cellular internalization
compared with rabbit IgG immunoliposomes (9.14%x1.71%)
and conventional liposomes (4.09%=0.78%) at 2.02 mM
phospholipid concentration after 1 hour of incubation at 37°C
(Figure 5A, P<<0.0001). Similar results were shown following
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Figure 3 Representative AFM images of OTR-Lipo (A), ATO-Lipo (B), rabbit IgG immunoliposomes (C), and conventional liposomes (D).

Note: Scale bars correspond to 50 nm.

Abbreviations: AFM, atomic force microscopy; OTR-Lipo, PEGylated immunoliposomes conjugated with anti-oxytocin receptor monoclonal antibodies; ATO-Lipo,
atosiban-conjugated PEGylated liposomes.
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liposome incubation at 4.05 mM (Figure 5B), with cell-bound
liposomes of 15.95%+2.45% and 9.21%+0.74% and cellular
internalization of 84.05%%12.30% and 85.60%=x11.00% for
OTR-Lipo and ATO-Lipo, respectively. Low levels of cell
binding were shown for non-specific rabbit-IgG immunoli-
posomes and conventional liposomes at both concentrations,
which were not significantly different from cell-bound OTR-
Lipo and ATO-Lipo (P>0.05). No significant difference was
also detected between cellular binding and uptake for rabbit-
IgG immunoliposomes and conventional liposomes (P>0.05).

Mechanisms of cellular uptake

All three pharmacological inhibitors of clathrin-mediated
endocytosis (chlorpromazine, monodansylcadaverine, and
methyl-B-cyclodextrin) were able to significantly block
the internalization of OTR-Lipo and ATO-Lipo (Figure 6,
P<0.0001). As further support of the specificity for inhibi-
tion of clathrin-mediated endocytosis, the results also showed
significant inhibition of uptake for fluorescent-labeled trans-
ferrin with all three compounds (positive control, P<<0.0001).
However, methyl-B-cyclodextrin is also known to block
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caveolin-mediated endocytosis, which is supported by sig-
nificant inhibition of uptake of the positive control — cholera
toxin subunit B (Figure 6C, P<<0.0001). Hence, further inves-
tigations were conducted with more specific pharmacological
inhibitors of caveolin-mediated endocytosis (genistein and
filipin). Figure 7A shows significant inhibition of cellular
uptake for OTR-Lipo (P<<0.01), ATO-Lipo (P<<0.0001), and
fluorescent-labeled cholera toxin subunit B (positive control,
P<0.001) with genistein. Filipin did not affect the uptake
of both OTR-targeted liposomes or cholera toxin subunit B
on hTERT-myo cells (Figure 7B, P>0.05). Furthermore,
no significant inhibition of cellular uptake was observed for
OTR-Lipo and ATO-Lipo with cytochalasin D (Figure 7C,
P>0.05), a pharmacological inhibitor of both phagocyto-
sis and macropinocytosis. Cytochalasin D was, however,
able to inhibit the uptake of fluorescent microspheres of
1 um diameter (positive control, P<<0.0001). Nocodazole

(pharmacological inhibitor of macropinocytosis) was unable
to block the cellular uptake of both OTR-targeted liposomes
and positive control (fluorescent microspheres) across all
concentrations evaluated (Figure 7D, P>0.05).

Cellular toxicity

Cell viability studies were conducted following incubation
with liposomes and the endocytotic inhibitors to rule out
cellular toxicity as a potential reason for decreased lipo-
some internalization during these experiments (Figure 8).
The results showed no significant effect of OTR-Lipo and
ATO-Lipo on the viability of hTERT-myo cells following
24 hours of incubation at both the concentrations evaluated
(2.02 and 4.05 mM) (P>0.05). Furthermore, incubation with
the endocytic inhibitors at the concentrations used in the
in vitro experiments for 1.5 hour (cellular incubation time)
did not impair cell viability (P>0.05). Significant cell death
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Figure 8 Cell viability following exposure to OTR-targeted liposomes and specific endocytotic inhibitors at various concentrations for 24 and 1.5 hour, respectively.
Notes: Triton X-100 (1% in PBS) was used as a positive control. Two-way ANOVA with Tukey’s multiple comparison test was used to assess cell viability at various

concentrations compared to healthy control cells (***P<<0.0001).

Abbreviations: OTR-Lipo, PEGylated immunoliposomes conjugated with anti-oxytocin receptor monoclonal antibodies; ATO-Lipo, atosiban-conjugated PEGylated liposomes.

was demonstrated for h\TERT-myo cells treated with Triton
X-100 (positive control) (P<<0.0001).

Discussion

We have engineered liposomal platforms that are able to spe-
cifically target OTRs expressed on myometrial cells. OTRs
are cell surface receptors containing seven transmembrane
domains and belong to the class I family of G protein-coupled
receptors.’! They are regulated by changes in receptor expres-
sion and desensitization, as well as local changes in oxytocin
concentration.!3!33 The expression of OTRs in the uterus
is significantly upregulated during gestation and undergoes
rapid downregulation after parturition.'"'®!” Importantly, OTR
levels were shown to be maximal and significantly higher
after the onset of labor, either preterm or term, than before
the onset of labor.!” This tissue-specific regulation of OTR
expression is ideal for specific and local accumulation of OTR-
targeted nanoparticles to the uterus in obstetric complications
such as preterm labor, dysfunctional labor and postpartum
hemorrhage?! — in which the management of these conditions
is challenging due to limited effective and safe treatment
options. In the uterus, the expression of OTRs is not con-
fined to the myometrium. Chorio-decidual tissue expression of
OTRs also increases during parturition* and spatial differences
exist between OTR expression within uterine tissues, which
is suggested to aid fetal decent and passage during labor.!!

When anti-OTR monoclonal antibodies or rabbit IgG
molecules were conjugated to the liposomes, small surface
structures were visible along the membrane border. Based
on molecular weights of the targeting ligands, we would not
expect to see the conjugation of atosiban with the surface of
liposomes as clearly as compared with monoclonal antibodies
or IgG molecules. Studies in the literature have attempted to
visualize the conjugation of targeting ligands to the surface of
liposomes using AFM with varying results.*>* For example,
Bendas et al demonstrated that when antibodies are attached
to liposomes via a PEG 2000 anchor, it can cause high pro-
tein mobility that affects the ability to image the proteins,*
whereas Anabousi et al reported the detection of small globu-
lar structures at the surface of such liposomes.* Similar to
Bendas et al,* we found it difficult to clearly image the anti-
OTR antibodies attached to the liposomes via a PEG 2000
anchor. Data obtained from AFM can also deviate slightly
from the results of dynamic laser light scattering because
of an interaction of the soft and flexible liposomes with the
surface of the silicon chip substrate, which we also observed.
This is particularly relevant when the liposomes are dried
onto the silicon chip prior to analysis, thereby resulting in
liposomes flattening and/or spreading on the silicon support.

Conjugation of OTR targeting ligands to the surface of
liposomes increased cellular interaction with myometrial
uterine cells. hTERT-immortalized myometrial cells were
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used to evaluate specificity of OTR targeting, as they exhibit
the phenotype and properties of highly differentiated smooth
muscle cells, without the high variability of responses seen
with primary myometrial cells.>”** Human myometrial cells
express OTRs*#! and have been reported to acquire addi-
tional OTRs in culture,** with upregulation likely due to
the presence of fetal bovine serum in the culture medium.* It
should be noted that serum and supplement free media were
used in the in vitro cellular association studies to determine
binding and cellular uptake of the OTR-targeted liposomal
platforms in a reductionist in vitro system, which would
mimic the in vivo situation of when the liposomes reached the
myometrium of the uterus. We have demonstrated highly spe-
cific binding of OTR-Lipo and ATO-Lipo to OTR-expressing
hTERT-myo cells using concentration-dependent binding
studies, competitive inhibition experiments, and negative
control binding studies. No significant difference was
detected in binding efficiency between liposomes conjugated
with anti-OTR monoclonal antibodies and atosiban. Simi-
larly, Refuerzo et al showed improved attachment, retention,
and targeting efficiency with atosiban-conjugated liposomes
compared with non-targeted liposomes on smooth muscle
cells isolated from pregnant humans and mice.* The use of
monoclonal antibodies is preferential to polyclonal antibod-
ies for translational purposes to improve the specificity of
binding. This is due to monoclonal antibodies being able to
specifically detect a particular epitope on the antigen, which
means they are less likely to cross-react with other proteins.

Cellular association experiments showed significant
cellular uptake for both OTR-Lipo and ATO-Lipo follow-
ing binding, which is necessary for subsequent intracellular
processing and release of encapsulated therapeutic agents
in myometrial cells. Interestingly, anti-OTR monoclonal
antibodies and atosiban in the free drug form typically act
by blocking natural ligands from binding to myometrial
OTRs on the membrane surface.'*!> However, conjugation of
these ligands to the surface of liposomes enhances its uptake
into myometrial cells. The cellular interaction of liposomes
is highly dependent on several liposomal characteristics
including particle size, charge, composition, sterical stabili-
zation, and specific properties of the conjugated ligands.?*?’
OTR-targeted liposomes themselves are unlikely to impact
on OTR desensitization rates, as the concentration of ligand
conjugated to the surface of the liposomes is low. Usually
much higher doses and continuous dosing of oxytocin are
required to cause downregulation of OTRs.*"#

Evaluation of the mechanistic pathway of cellular uptake
of the different OTR-targeted liposomal platforms indicates

that they both undergo internalization through clathrin- and
caveolin-mediated mechanisms. OTRs have previously been
shown to congregate with B-arrestin following activation into
defined punctuated regions of the plasma membrane, which
suggest that they are targeted into clathrin-coated pits for
internalization.’*® OTRs are also highly expressed in the
cholesterol-rich, caveolin-containing membrane domains
of the plasma membrane.’'*> Furthermore, results from cel-
lular toxicity experiments showed no significant effects of
both OTR-targeted liposomal platforms and the endocytotic
inhibitors on cell viability at 24 and 1.5 hour (cellular incu-
bation time), respectively. It should be noted that utilization
of pharmacological inhibitors is a common approach for
studying endocytotic pathways. Generally, a number of
pharmacological inhibitors should be evaluated as they can
lack specificity for defined pathways and have been shown
to be cell type dependent.” Therefore, a balance is needed
between the concentration of inhibitor high enough to inhibit
endocytosis but not to induce cytotoxicity.>

OTR-Lipo and ATO-Lipo were shown to be highly stable
upon dilution in both an aqueous phase (PBS pH 7.4) and
serum (50% FBS). Drug retention was only significantly
lower than baseline values when the liposomes were dispersed
in serum at 24 and 48 hours. This is likely due to the bioac-
tive substance in FBS, including plasma proteins which can
lead to opsonization, destabilization, and lipid exchange.?
The amount of encapsulated drug released was between
19.2% and 26.2% at 48 hours. This is unlikely to affect the
performance of the OTR-targeted liposomes, as human serum
generally contains 7% proteins (50% FBS was used in the
experiment), and the expected application for the technology
would require good stability in the circulation particularly fol-
lowing the first few hours after initial administration. There-
fore, the targeted nanoparticles are suitable for administration
to sites of high dilution, which occurs following intravenous
administration. Stability against leakage has been achieved by
using phospholipids (eg, DSPC) that remain in the solid phase
at physiological temperatures and incorporating cholesterol
in the lipid bilayer to minimize lipid exchange.> PEGylation
also improves the circulation half-life of the formulation by
evading recognition by the immune system.?*3¢ Salbutamol
and nifedipine were chosen for the stability study due to
their difference in hydrophobicity, which allows evaluation
of the delivery system to potentially encapsulate a variety
of therapeutic agents. Hydrophobic molecules are inserted
into the bilayer membrane, and hydrophilic molecules can be
entrapped in the aqueous center.?® In addition, salbutamol and
nifedipine are currently used to treat preterm labor and have
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been associated with significant maternal and fetal adverse
effects, due to the high doses needed to achieve therapeutic
effects in the uterus.>*

The functionality of the OTR-targeted liposomal plat-
forms has previously been evaluated on murine and human
myometrial tissues as well as in vivo in a murine model of
preterm labor.>'#® We have shown that liposomes conjugated
with anti-OTR polyclonal antibodies (200 nm) and loaded
with salbutamol, nifedipine, or rolipram (tocolytic agents)
inhibited myometrial contractions ex vivo, while those loaded
with dofetilide (uterotonic agent) increased contraction dura-
tion.?! Empty OTR-targeted liposomes and non-targeted
control liposomes loaded with these agents had no effect.”!
Similar findings have also been demonstrated for ATO-Lipo
(124 nm).* Furthermore, liposomes loaded with indomethacin
(tocolytic agent) and conjugated with anti-OTR polyclonal
antibodies?' or atosiban*® significantly reduced the rates of
preterm birth in mice compared with non-targeted liposomes
and showed no detectable accumulation in the maternal
brain or fetus.?!*¢ Parturition is considered an inflammatory
process,?>” which indicates that the enhanced permeability
and retention (EPR) effect may also play a role in liposome
accumulation into the uterus. To what extent EPR occurs in
parturition as well as in obstetric complications will need to be
evaluated in future studies. It should be noted, however, that
OTR-targeted liposomes are unlikely to be effective in patients
previously exposed to continuous high doses of oxytocin, as
this typically leads to desensitization of OTRs for hours or
even days,** thereby reducing the targeting effectiveness of
the drug delivery system. This phenomenon is accompanied by
a downregulation of OTRs at the protein and mRNA level.*#

Conclusion

This study further supports OTRs as a novel pharmaceutical
target for drug delivery. OTR-targeted liposomes may pro-
vide an effective way to deliver existing therapies directly
to myometrial tissue for the treatment of obstetric complica-
tions and avoid adverse effects by circumventing non-target
tissues. Achieving targeted delivery of therapeutic agents
to the myometrium would potentially increase therapeutic
efficacy, decrease the therapeutically effective dose, and/or
reduce the risk of systemic side effects. This study shows that
when all physicochemical parameters of the liposomes are
the same, both OTR-Lipo and ATO-Lipo have similar sta-
bility, specificity in OTR binding, degree of cellular uptake,
mechanism of endocytotic uptake, and effect on cell viability.
Translational development will depend on comprehensive
preclinical and clinical studies, as well as other factors spe-
cific to the commercialization of nanomedicines.*®

In addition to the uterus, OTRs have been reported to be
expressed in a multitude of tissues, including breast, pituitary,
kidney, ovary, thymus, heart, vascular endothelium, osteo-
clasts, myoblasts, pancreatic islet cells, and adipocytes.'!!
However, their clinical relevance in humans has not been
fully established. Further studies will be required to quantify
the biodistribution of OTR-targeted liposomes in these tissues
in relevant animal models of these obstetric complications.
OTRs are also structurally similar to the vasopressin receptor
subtypes.'!2*% It will be important to determine the degree
of cross-reactivity of the different OTR-targeted liposomal
platforms with vasopressin receptors and the potential clinical
implications of this interaction with regard to biodistribution
of the delivery system. It should be noted that vasopressin
receptors (V,, receptors) are also expressed in the uterus
and are functionally coupled to myometrial contraction.5*¢!
Interestingly, OTRs have also been detected in several
human cancer tissues and cell lines,* including human breast
cancer,*>% uterine leiomyoma,** adenocarcinoma of the
endometrium,* neuroblastoma, and glioma.®® Therefore,
OTR-targeted drug delivery systems may also be adapted to
assist in the treatment of other disease pathologies character-
ized by an upregulation of OTR expression.
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