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Background: Fetal arrhythmias can lead to fetal congestive heart failure and hydrops
fetalis. Digoxin (the first-line treatment) has low transplacental permeability
and high risk of maternal side effects. Biodegradable digoxin-loaded PEGylated
poly(lactic-co-glycolic acid) nanoparticles may increase digoxin transport across
BeWo b30 cell monolayers (an in vitro model of trophoblast in human placenta) by
reducing the drug’s interaction with P-gp. Results/methodology: The nanoparticles
showed high encapsulation efficiency and sustained release over 48 h. Transport
studies revealed significantly increased permeability across BeWo cell layers of
digoxin-loaded nanoparticles when compared with free digoxin. P-gp inhibition
also increased the permeability of digoxin, but not digoxin-loaded nanoparticles.
Conclusion: This represents a novel treatment strategy for fetal cardiovascular

disease which may improve maternal and fetal outcomes.
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Background

Fetal cardiac arrhythmias, which occur in 1%
of pregnancies, can result in fetal heart fail-
ure (1-3]. Arrhythmias also represent a lead-
ing cause of fetal hydrops (effusions in more
than one fetal compartment), which has an
incidence of one in 2500 pregnancies [1.4].
Hydrops fetalis is associated with up to
72% mortality, and accounts for 3% of all
fetal mortality [45]. Digoxin is the drug of
choice for treating fetal tachyarrhythmias
and fetal congestive heart failure [6]. Mater-
nally administered digoxin, as well as sotalol
and flecainide, have been shown to be effec-
tive in terms of conversion of supraventricular
fetal tachycardias to normal sinus rhythm 1]
Still, fetal death occurs in about 10% of fetal
tachyarrthythmia cases, and even more in
hydropic fetuses. Transplacental digoxin treat-
ment is 71% effective in cases involving non-
hydropic fetuses and 10% effective in hydropic
fetuses (7). Transplacental transfer of digoxin
to the fetus is limited because digoxin is a sub-
strate for the efflux transporter P-gp, which is

highly expressed in human placenta (8], and
is also expressed in BeWo cells [9]. Therefore,
higher and more frequent doses of digoxin are
required during pregnancy to maintain thera-
peutic concentrations [10]. Prenatal digoxin
therapy can lead to undesirable side effects for
the mother, because the majority of the dose
remains in the maternal circulation [11]. These
maternal side effects include palpitations,
second degree atrioventricular block
and hypotension [11]. There is a great need to
improve the delivery of digoxin to the fetus
and simultaneously minimize maternal drug
exposure.

Previous work has demonstrated that poly-
meric nanoparticles with diameters around
100 nm can cross the placental barrier [12].
The hypothesis driving this project is that an
innovative, nanomedicine-based approach
could improve the transplacental delivery of
digoxin to the fetus. Such an approach may
improve fetal digoxin therapy by means of
reduced interactions of nanoencapsulated
digoxin with P-gp, resulting in more efficient
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Hydrops fetalis: Fetal condition in which effusions occur
in multiple fetal compartments.

Second degree atrioventricular block: One of three
degrees of conduction block in the heart, characterized
by periodic dropping of impulses traveling from atria to
ventricles.

Trophoblast: Placental cellular layer across which nutrient,
gas and xenobiotic transport between mother and fetus
occur.

potential: The electric potential at the interface of
the electric double layer surrounding a nanoparticle in
solution; this measurement is used to assess colloidal
stability.

Transepithelial electrical resistance: Measurement of
the electrical resistance per unit area between apical and
basolateral sides of a cellular layer, used to evaluate tight
junction integrity.

transplacental transfer of digoxin to the fetus. This
strategy could have major implications in future ther-
apy for fetal arrthythmias. Targeted delivery of digoxin
to the fetus may lower the risk of maternal compli-
cations during pregnancy as well. Thus, the studies
described herein are intended to fill a critical void in
fetal cardiovascular therapy during pregnancy and
improve cardioversion to normal sinus rhythm. Bio-
compatible and biodegradable polymeric nanoparticles
containing digoxin have been prepared and character-
ized in terms of particle size, encapsulation efficiency
and drug release. These nanoparticles are advantageous
because they are composed of poly(lactic-co-glycolic
acid) (PLGA), a material already present in many for-
mulations approved by the US FDA and the EMA [13].
In addition, PLGA is known for its excellent controlled
release characteristics [14]. The transport of digoxin as
free drug or encapsulated in nanoparticles was com-
pared using the BeWo b30 cell line, an 77 vitro model
of human placental trophoblast cells separating the
maternal and fetal circulations [15]. Finally, the effect of
nanoencapsulation on the interaction of digoxin with
P-gp was investigated by means of transport studies in
the presence of verapamil, a P-gp inhibitor [16).

Materials & methods

Preparation of nanoparticles

Nanoparticles were prepared by a modified solvent dis-
placement method, as described elsewhere [17]. Briefly,
solutions of PEGylated PLGA polymer (Resomer®
RGPd50105 and RGPd5055, Boehringer Ingelheim,
Ingelheim am Rhein, Germany) were prepared at con-
centrations of 3 mg/ml in tetrahydrofuran (THF, Acros
Organics, Geel, Belgium), along with digoxin (MP
Biomedicals, LLC, CA, USA) at 5 and 10% theoretical

drug loading, and allowed to mix overnight to ensure
that both the drug and the polymer were completely
dissolved in the solvent. The use of PEGylated polymers
is expected to reduce the clearance of nanoparticles by
the reticuloendothelial system in future iz vivo experi-
ments. The solutions (1 ml) were nanoprecipitated in
5 ml purified water by injection through a 22-gauge
needle (0.7 x 40 mm, PrecisionGlide Needle®, BD, NJ,
USA) with a variable-speed peristaltic pump (Trace-
able® Calibration Control Company, TX, USA) at a
rate of 6 ml/min. During the injection, the suspen-
sion was stirred at 500 rpm on a magnetic stir place.
Following precipitation, suspensions were allowed to
stir at 850 rpm until tetrahydrofuran had completely
evaporated (at least 8 h). Volumes were then completed
to 5 ml using purified water [18].

HPLC

Digoxin concentrations were determined using HPLC,
similar to the method of Hu ez 4/. [19]. Flow was estab-
lished using a binary pump (1500-series HPLC pump,
Waters, MA, USA) at 1 ml/min in isocratic condi-
tions of 30:70 (v/v) acetonitrile to purified water, with
a C18 Symmetry® column (5 um, 4.6 x 150 mm,
Waters), at room temperature. Detection was at a
wavelength of 230 nm using a Waters 2998 photodi-
ode array detector, and the method was validated (see
Supplementary Table 1).

Nanoparticle characterization

Suspensions of the nanoparticles were characterized
using a high performance particle sizer (HPPS, Mal-
vern Instruments, Malvern, UK) to determine particle
size and polydispersity index. -potential was deter-
mined using a Zetasizer 2000 (Malvern Instruments).

Thermal properties of nanoparticles were deter-
mined with a Q200 differential scanning calorimeter
(TA Instruments, DE, USA). Nanoparticle suspen-
sions were lyophilized using a FreeZone 2.5L benchtop
freeze dry system (Labconco, MO, USA). Following
lyophilization, nanoparticle samples were centrifuged
for collection, samples (1-8 mg) were placed in
sealed aluminum hermetic sample pans, and scanned
from 0 to 300°C at a rate of 10°C/min.

Encapsulation  efficiency was determined by
HPLC. Nonencapsulated digoxin was separated
from the nanoparticles by placing 500 pl of the sus-
pensions into Amicon® Ultra-0.5 centrifugal filters
(100,000 MWCO, Tullagreen, Ireland) spun at 10,000
x ¢ for 15 min using an Eppendorf® 5430 centrifuge
(Hamburg, Germany). Nanoparticles in the aqueous
nanosuspension do not pass through the filters. The
filtrate, containing the unencapsulated drug in the
nanosuspension, was analyzed by HPLC, and encap-
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sulation efficiency was calculated as described previ-
ously [20], with correction for any nonspecific binding
of digoxin to the filter membranes. Details regarding
the equations relating drug loading and encapsulation
efficiency have been published previously [21].

Drug release

Release of digoxin from the nanoparticles was stud-
ied under sink conditions in phosphate buffered saline
(PBS) at 37°C as described previously [2122]. In vitro
drug release profiles in PBS have been previously
shown to correlate well with the kinetics of 7z vivo
therapeutic effects [18]. Briefly, 1.5 ml of aqueous nano-
suspension (nanoparticles prepared at 10% drug load-
ing) was added to 13.5 ml of 1.11X PBS (so that the
final mixture was 1X PBS) at time zero. The mixture
was rotated at 75 rpm (Junior Orbit Shaker, Lab-Line,
IL, USA) in a mini-incubator (Boekel, PA, USA). Sam-
ples were taken at the specified time points and placed
in centrifugal filters, which were spun at 4000 x g rpm
for 10 min at 25°C in an Eppendorf® 5810R centri-
fuge. The filtrates of samples taken in triplicate were
analyzed by HPLC to quantify the amount of drug
released from the nanoparticles over time.

Cell culture

BeWo cells retain trophoblastic transport character-
istics and phenotype. It has been previously shown
that the BeWo cells utilized in this study (b30 clone)
express functional levels of P-gp, including reports of
uptake and transport studies of P-gp substrates [9.23,24].
BeWo b30 cells (obtained from Lisbeth Knudsen,
University of Copenhagen, Denmark) were cultured
in DMEM/F-12 media (Dulbecco’s Modified Eagle’s
Medium/Ham’s F-12 50/50 mixture, Mediatech, VA,
USA) containing 10% fetal bovine serum (Atlanta Bio-
logicals, GA, USA), antibiotic/antimycotic (containing
10,000 units/ml penicillin, 10,000 pg/ml stcreptomycin
and 25 pg/ml amphotericin B, Gibco®, Life Technolo-
gies, CA, USA), 100X MEM nonessential amino acid
solution (Sigma, St. Louis, MO, USA) and 200 mM
L-glutamine (Cellgro, NY, USA). Cells were revived
from an aliquot stored in liquid nitrogen (passage
number 29) and grown in a 95% humidified incubator
with 5% CO, at 37°C. At confluence (80-90%), cells
were seeded at a density of 224,000 cells/ml in poly-
carbonate Transwell® inserts (pore size 3 pm, growth
area 1.12 cm?, apical volume 0.5 ml, basolateral volume
1.5 ml) coated with human placental collagen (Type IV,
Sigma) in preparation for transport studies as described
previously [25]. Cell culture media was changed daily.
No endotoxin contamination was expected as all stud-
ies were conducted under sterile conditions and the cell
culture medium components were already tested for

endotoxin contamination. A continuous trophoblast
layer is important in the protective function of the pla-
centa [26], and therefore, transepithelial electrical
resistance (TEER) measurements were used to mea-
sure the integrity of cell monolayers [20. TEER val-
ues were measured using an EndOhm® voltohmme-
ter (World Precision Instruments, FL, USA), at 25°C
starting on day 4 post seeding to ensure monolayer for-
mation. TEER values between 30 and 60  cm? (cor-
rected for resistance of blank Transwell inserts) were
considered acceptable for performing transport studies
(which were performed on day 6 post seeding). Each
set of cells grown on the Transwell inserts had similar
TEER values. Acceptable TEER values for BeWo cell
monolayers have been reported previously for the b30
clone [2728]. These ranges of TEER values are the same
which resulted in strong comparisons of transplacental
permeability measured by both BeWo cell transport
studies and ex vivo placental perfusions [1529]. Ali ez al.
utilized BeWo b30 cells with similar TEER values and
demonstrated an inverse relationship between TEER
values and the permeability of the paracellular marker
Lucifer yellow, which provides confidence of mono-
layer formation appropriate for transport studies when
TEER values are in this range [20].

Cell viability

The viability of BeWo cells after exposure to blank (not
loaded with drug) PEGylated PLGA nanoparticles for
4, 24 and 48 h was investigated in order to determine
whether the nanoparticles might affect trophoblast
monolayer integrity (previous digoxin permeability
studies across BeWo cell monolayers did not demon-
strate any concern for the toxicity of digoxin itself to
BeWo cells [22]). This was assessed by a well-established
colorimetric cell proliferation, cell viability and cyto-
toxicity assay based on a water-soluble tetrazolium
salt  (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate, WST-1) (Roche
Diagnostics, IN, USA). Cells were seeded in 96-well
plates at a density of 4 x 10° cells/well (well surface
area = 0.32 cm?) and allowed to grow for 48 h. Blank
nanoparticle treatments were then added to appro-
priate wells and allowed to incubate for either 4, 24
or 48 h before aspiration of the treatment solutions
and immediate addition of 10 pl of WST-1 reagent
premixed with 100 pl of fresh cell culture medium
(a total of 110 pl was added to each well). Cells were
then allowed to incubate for an additional 2 h at
37°C, and absorbance of the WST-1 metabolite was
measured using a VMax microplate reader (Molecular
Devices, CA, USA) at A = 450 nm and corrected for
background at A = 650 nm. Cells were treated with
blank cell culture medium as a positive control and
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Glass transition temperature: The temperature at which
an amorphous polymer shifts from a glassy, rigid state to a
flexible, rubber-like state.

0.1% (v/v) Triton X-100 (Integra Chemical, WA, USA)

as the negative control.

Transport studies

Transport studies were conducted using BeWo b30
cells following the protocol of Cartwright ¢t al. with
slight modifications [12]. After ensuring the formation
of monolayers in each Transwell, 0.5 ml of cell cul-
ture media containing each digoxin formulation to be
compared was placed in the apical side of the respec-
tive Transwell inserts. The inserts were maintained at
37°C in cell culture conditions (95% relative humidity,
5% CO,) and stirred at 50 rpm with an orbital shaker.
Samples (200 pl) were collected at the specified time
points from the basolateral chamber and analyzed
by HPLC. Cell culture media (200 pl) was replaced
immediately following each sample from the basolat-
eral chamber to maintain volume. Mass transfer and
the apparent permeability (P) of digoxin were calcu-
lated and corrected for mass removed during sampling
as described previously [12].

Statistical analysis

Averages and standard deviations were calculated for
each experimental group. Data were analyzed by one-
way ANOVA and p-values <0.05 were considered
significant.

Results

HPLC

An HPLC method was developed and validated for
the detection of digoxin at a wavelength of 230 nm
(see Supplementary Table 1). The method was checked
for accuracy and precision, and the limit of detection
was determined to be 24 ng/ml. Short term stabil-
ity of samples was also assessed. The method was

validated using both 50:50 F12:DMEM cell cul-
ture media (applicable to the transport studies) and
purified water (applicable to the determination of
encapsulation efficiency).

Nanoparticle characterization

Digoxin-loaded polymeric nanoparticles were pre-
pared by a modified solvent displacement method.
Two different polymers and various percentages of
theoretical drug loading were screened (see Table 1
& Supplementary Table 2). Table 1 shows that >90%
encapsulation efficiency was observed for both poly-
mers at drug loading values of 5 and 10%. Increased
PEG content of the polymer resulted in less negative
C-potential values, and the polydispersity index values
were all less than or equal to 0.25, indicating monodis-
perse nanosuspensions. Differential scanning calorim-
etry studies confirmed encapsulation of the drug within
the nanoparticles. The decrease in glass transition
temperature with increased drug loading shown
in Table 2 suggests a solid dispersion of digoxin in the
polymer matrix [30]. Because the glass transition tem-
perature of the polymeric nanoparticles is below 37°C,
the polymers would be in an elastomeric, rubbery state
at physiological temperature, rather than in a rigid,
glassy state. The kinetics of drug release from these
nanoparticles at 37°C is described below.

Release study

The release study for digoxin-loaded nanoparticles
was conducted in PBS at 37°C under sink condi-
tions, using centrifugal filters to separate nanopar-
ticles from released digoxin. Figure 1 demonstrates
sustained release over the 48-h study period, with no
initial burst release. The classical Higuchi model for
drug release correlates the percentage of drug released
to the square root of time, as follows: M /M _ = K(t)",
where M is the mass of drug released at time #, M is
the total cumulative mass of drug released at infinite
time, and the constant K is dependent on experimen-
tal variables [31]. The data from the release study were

Table 1. Physicochemical characterization and encapsulation efficiency of polyethylene

glycol-poly(lactic-co-glycolic acid) nanoparticles loaded with digoxin (n = 3).

Formulation: polymer Z-average particle

PLGA: Poly(lactic-co-glycolic acid).

Polydispersity

(drug loading) size (nm) index efficiency (%)
RGPd50105 (5%)* 64 +0.4 0.19 £ 0.00 -14 £ 14 >97.4
RGPd50105 (10%) 84+04 0.25 £ 0.02 9+ 11 98.4+0.2
RGPd5055 (5%)* 123+ 0.7 0.22 £ 0.01 -48 + 2 >97.4
RGPd5055 (10%) 124 £ 1 0.22 £ 0.01 -47 =3 949+ 0.7

"Polymer is 10% polyethylene glycol and 90% poly(lactic-co-glycolic acid) by weight.
*Polymer is 5% polyethylene glycol and 95% poly(lactic-co-glycolic acid) by weight.

C-potential (mV) Encapsulation
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Table 2. Glass transition temperatures (T ) of blank nanoparticles (no drug loading) and digoxin-

loaded polyethylene glycol-poly(lactic-co-glycolic acid) (RGPd50105) nanoparticles, as determined

by differential scanning calorimetry.

Sample

Blank nanoparticles

Digoxin-loaded nanoparticles (5% drug loading)
Digoxin-loaded nanoparticles (10% drug loading)

T, (°C)
33.3
32.3
28.6

fit to the Higuchi model for drug release. The inset
to Figure 1 shows that for this nanoparticle formula-
tion, K = 0.074 (R? = 0.998). The value of the inter-
cept of the fitted line (4.2%) is similar to the amount
of unencapsulated drug determined experimentally
(100% - the encapsulation efficiency), providing
further evidence of inconsequential burst release.

Cell viability

The viability of BeWo cells after exposure to blank
nanoparticles was measured using the well-estab-
lished WST-1 colorimetric assay. 0.1% (v/v) Triton
X-100 was used as a negative control, and cell culture
medium was used as a positive control (i.e., 100% cell
viability). Figure 2 shows that no significant cytotox-
icity was observed after 4, 24 or 48 h of cell exposure
to the nanoparticles for any of the concentrations of
blank nanoparticles tested. This indicates that any
permeability differences in transport studies are not
attributed to any cytotoxic effects of nanoparticles on
the cells.

30

20

Drug release from nanoparticles (%)

Transport studies

Transport studies were conducted by dosing treat-
ments to the apical (maternal) side of the BeWo cells
on Transwell inserts and measuring the basolateral
(fetal side) concentrations of digoxin by HPLC at pre-
specified time points. Treatments were administered at
a concentration of 7.2 pg/ml digoxin for all transport
studies. Apparent P_at 2 h (a time point at which the
mass flux was linear) was calculated from the concen-
tration of drug in the basolateral chamber [12]. Figure 3
shows that encapsulation of digoxin in nanoparticles
resulted in an increase in the apparent permeability of
the drug in the apical (maternal) to basolateral (fetal)
direction by 2.5-fold (p < 0.05). The transport studies
were repeated in the presence of 100 uM verapamil,
a P-gp inhibitor [16]. The concentration of verapamil
selected for this study matches the concentration used
by Polachek ez al. as an inhibitor of P-gp in BeWo
cells [32]. A significant difference was also seen between
permeability values of free digoxin and free digoxin in
the presence of inhibitor.

¢
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»
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Figure 1. In vitro drug release of digoxin from polyethylene glycol-poly(lactic-co-glycolic acid) nanoparticles
(RGPd50105, 10% drug loading) over 48 h under sink conditions at 37°C in phosphate-buffered saline. The inset
shows the fit of the data to the Higuchi equation (as described in the ‘Release study’ subsection). Error bars

represent the standard deviation (n = 3).
PLGA: Poly(lactic-co-glycolic acid).
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Fetal cardiac arrthythmia is not easily managed, and
treatment often causes severe and unintentional mater-
nal effects. Although digoxin can be used to treat fetal
arrhythmias, the placenta as an anatomical barrier
between the mother and the fetus limits the maternal-
to-fetal transfer of this particular drug, such that a
substantial fraction of the dose remains in the mater-
nal circulation. Efflux mechanisms in the placenta
(such as P-gp) restrict the passage of digoxin to the
fetal circulation. This study was conducted to show
that polymeric nanoparticles may present an alterna-
tive treatment strategy to deliver digoxin and improve
therapy in fetal cardiac arrhythmia. It is widely known
that PLGA and PEG are biocompatible polymers and
have been previously approved by the FDA for delivery
applications [1333]. PEGylation improves nanoparticle
pharmacokinetics by reducing opsonization [34]. Our
experiments have also confirmed that at concentrations
up to 200 pg/ml, PEGylated PLGA nanoparticles are
not cytotoxic to trophoblast cells, and are therefore an
ideal drug delivery platform.

It has previously been shown that polymeric particles
approximately 100 nm in diameter can cross the pla-
centa [12,35]. In this work, digoxin-loaded nanoparticles
were synthesized by a modified solvent displacement
method, which resulted in high encapsulation effi-

ciency, narrow polydispersity and appropriate particle
size to promote transplacental drug delivery.

One advantage of nanoparticles for drug delivery is
controlled release of the drug from the nanocarrier [36].
Sustained release of the drug over time can reduce the
required dosing frequency, which improves patient
convenience. We observed a sustained release of the
digoxin from the polymeric nanoparticles
The lack of substantial burst release is also advanta-
geous, as the drug release kinetics may be used to predict
the pharmacokinetics of the drug when delivered as a
nanoformulation.

Nanoparticles may also address the challenge of
reduced transplacental transfer of digoxin due to
P-gp-mediated efflux of the drug within trophoblast
cells, which represent the rate-limiting layer of the
maternal—fetal interface. BeWo cells express func-
tional P-gp, and therefore serve as an appropriate
in vitro placental trophoblast model [9]. It must be
noted that the present study does not differentiate
between the MDR1 (ABCBI) and MDR3 (ABCB4)
isoforms of P-gp. Digoxin is a substrate for both
efflux transporters, and verapamil inhibits both
transporters (37]. Although the MDR3 P-gp homolog
may be more abundant in BeWo cells than MDRI,
its predominant expression on the basolateral side
of human placental trophoblast cells suggests that

O4h
@0 24h
W 48h
140
120
I fig L lrg 11e fag my b |
100
9
2 80+
5
]
> 60+
©
(&)
40
20
0 ﬁli I I I I I I I I I
Triton X-100 Medium 5 10 25 50 75 100 150 200
Hg/ml PEG-PLGA nanoparticles
Triton X-100

was used as a negative control, and blank cell culture medium without nanoparticles was used as the positive
control (set to 100% cell viability). The error bars represent the standard deviation (n = 6).

PLGA: Poly(lactic-co-glycolic acid).
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2.5E-05+
2.0E-05+

1.5E-05- [
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5.0E-06-

0.0E+00 T
Free digoxin

Digoxin-loaded
nanoparticles

Free digoxin +
verapamil

Digoxin-loaded
nanopatrticles +
verapamil

Figure 3. Apparent permeability (P,) for the transport of free digoxin (white bar) and digoxin-loaded
polyethylene glycol-poly(lactic-co-glycolic acid) nanoparticles (RGPd50105, 10% drug loading, black bar)

across BeWo cell monolayers in the apical (maternal) to basolateral (fetal) direction at the 2-h time point. The
transport studies were carried out at 37°C under cell culture conditions with stirring. P, was also determined for
both formulations in the presence of 100 uM verapamil, a P-gp inhibitor. Asterisks indicate significant differences
from the permeability of free digoxin (p < 0.05). There were no significant differences between the P_values of
the digoxin-loaded nanoparticles, free digoxin in the presence of verapamil (dark gray bar) or digoxin-loaded
nanoparticles in the presence of verapamil (light gray bar). Error bars indicate standard deviation (n = 3).

PLGA: Poly(lactic-co-glycolic acid).

it may efflux substrates in the opposite direction,
in other words, toward the fetal side [37]. Therefore,
MDRI1 may maintain appreciable responsibility in
limiting the transplacental transfer of digoxin. Until
additional mechanistic studies are undertaken to
delineate the roles of MDRI1 and MDR3 in BeWo
cells, we will use the term P-gp broadly in the discus-
sion that follows to include potential contributions of
both MDR1 and MDRA3.

Figure 3 shows that the encapsulation of digoxin
in PEG-PLGA nanoparticles resulted in a 2.5-fold
increase in the apparent P_of digoxin across BeWo
cells in the maternal-to-fetal direction. We hypoth-
esized that the nanoparticles may result in increased
transfer of digoxin across trophoblast cells by reduc-
ing the interaction of the drug from the efflux trans-
porter P-gp. Each nanoparticle carries multiple drug
molecules into and across the trophoblast cell barrier
(the translocation of fluorescent PLGA nanoparticles
across BeWo cell monolayers has been demonstrated
previously [20]). Drug molecules encapsulated within
the nanoparticles could be shielded from interaction
with P-gp as they are delivered across the trophoblast
cells. In line with this hypothesis, we observed sig-

nificantly increased permeability of digoxin upon
nanoencapsulation that was similar to the magni-
tude of increased permeability of free digoxin in the
presence of an efflux transporter inhibitor.

Efflux transporters in the placental trophoblast
reduce the accumulation of digoxin into the cells,
thereby limiting the permeability of the drug across
the cells and toward the fetal circulation. Although
Figure 3 also demonstrates that the permeability
of digoxin across trophoblast cells increases in the
presence of verapamil, an efflux transporter inhibi-
tor, this is unlikely to represent an acceptable clini-
cal approach. The coadministration of P-gp inhibi-
tors in order to increase the delivery of a drug that
is a substrate of P-gp may lead to serious side effects
associated with off-target tissue accumulation, such
as neurotoxicity due to inhibition of P-gp in the
brain [38].

It should also be noted that the fraction of drug mol-
ecules already released from the nanoparticles may still
be susceptible to P-gp-mediated efflux. For example,
Figure 1 shows that after 2 h — the time point at which
P_was determined in the transport studies — approxi-
mately 16% of the drug had been released. This is
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represented experimentally as the small (but not sta-
tistically significant) difference in the apparent perme-
ability of digoxin when encapsulated in nanoparticles
administered in the presence of verapamil (the light
gray bar in Figure 3) minus the permeability of the
nanoencapsulated drug in the absence of verapamil
(the black bar in Figure 3). It should also be noted that
differences in permeability may also be due to differ-
ences in transport mechanisms for nanoparticles, such
as endocytosis [39]. Future work will examine these
mechanisms in greater detail.

Conclusion

In conclusion, this study provides a novel approach
to the treatment of fetal cardiac arrthythmia. This is a
life-threatening condition for the fetus, and although
treatment with digoxin represents standard treatment
and is often successful, it can cause severe side effects
in the mother [11]. We have demonstrated that poly-
meric (PEGylated PLGA) nanoparticles can be suc-
cessfully loaded with digoxin with high encapsula-
tion efficiency using a modified solvent displacement
method. These nanoparticles exhibit sustained drug
release kinetics, and nanoencapsulation can protect
digoxin from P-gp-mediated efflux in the placental
trophoblast layer, thereby increasing the maternal-to-
fetal transfer of the drug, which is desired to optimize
fetal drug therapy. Increased delivery of digoxin to
the fetus will result in lower levels of the drug in the
maternal circulation, which should result in reduced
risks for the aforementioned maternal side effects.
The next step in the development of this strategy is
to functionalize nanoparticles with ligands that can
further induce targeted uptake of the nanoparticles
in the placenta. The use of polymeric nanoparticles
encapsulating digoxin to treat fetal cardiac arrhyth-

mia may significantly improve outcomes for both the
mother and her fetus.

Future perspective

This study represents the first steps toward special-
ized nanomedicine for fetal cardiac arrhythmias.
Current treatments for fetal arrhythmias have the
potential for serious adverse effects for the mother.
Strategies that circumvent placental efflux mecha-
nisms to increase the delivery of digoxin to the fetus
may reduce the dangers presently associated with the
treatment of fetal tachyarrhythmia. Future steps for
the development of this novel approach include the
incorporation of placenta-specific targeting moieties
on the particle surface, as well as i vivo experiments
to verify the safety and efficacy of these nanoparticles
for treating fetal tachyarrhythmia. In the age of smart
drug formulation design, problems such as toxic side
effect profiles of systemically delivered drugs can be
overcome.
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doi/full/10.4155/tde.15.79

Disclaimer

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIAID,
NICHD, OD or the NIH.

Acknowledgements

A portion of this work was presented at the 40th Annual
Meeting & Exposition of the Controlled Release Society (CRS)
and subsequently highlighted in the 31st volume of the CRS
Newsletter.

Executive summary

Background

treatment of fetal tachyarrhythmias.
Results & discussion

mediated efflux.
Conclusion

tachyarrhythmia.

» Digoxin-loaded polymeric nanoparticles may represent a safer and more effective therapy strategy for the

* High encapsulation efficiency (up to 98.4%) was observed for digoxin loading in PEG-PLGA nanoparticles.

* Small size (84 £+ 0.4 nm), narrow size distribution and sufficiently negative {-potential were observed, which
represent ideal properties for this particular drug delivery application.

e Sustained drug release was observed; the release kinetics fit the Higuchi model, i.e., a linear correlation
between the square root of time and the percent of drug released.

* Significantly higher drug permeability across trophoblast cells was observed when digoxin was encapsulated
in the nanoparticles compared with free digoxin. The nanoparticles effectively shield digoxin from P-gp-

» Digoxin-loaded polymeric nanoparticles are able to deliver digoxin across placental trophoblast cells and
avoid placental P-gp-mediated efflux. These properties are amenable to future therapeutic strategies for fetal
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