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Striving for sustainable drug discovery, we have presented a proof-of-concept for studying the effects of pharmaceutical agents
transported across the placental barrier on neural cells. The potential effects of pharmaceutical agents on fetus have made con-
cerns about their use and require more studies to address these concerns. A placenta-on-a-chip model was fabricated and tested
for transport of naltrexone (NTX) and its primary metabolite 6B-naltrexol. The NTX/6f-naltrexol transported from the maternal
channel to the fetal channel was then collected from the fetal channel. To evaluate the behavior of neural cells following exposure to
NTX and 6B-naltrexol, perfusate from the fetal channel was directed toward the cultured N27 neural cells. Neural cells exposed to
the transported NTX/6B-naltrexol were then evaluated for gene expression and cell viability. Results showed significantly higher
fold changes in IL-6 and TNF-o. expression when exposed to NTX/63-naltrexol. However, a lower fold change in IL-1B expression
was observed, while it remained the same in sphingosine kinase (sphk)1. Also, cell viability with NTX/63-naltrexol exposure was
determined to be significantly lower (p < 0.001). This study has the potential to reveal the impact of pharmaceutical agents on the

developing neural system of fetuses and their premature brains.
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INTRODUCTION

It should come as no surprise that fetal drug exposure has been related
to a wide range of neurological issues. Despite attempts at prevention
and education, the current rate of illegal drug use among pregnant
women aged 15-44 has remained stable at 5.9%'. Opioids are natural,
synthetic, and semisynthetic mediators that can play an important role
in the relief of chronic and severe pain. Neonatal abstinence syndrome
(NAS), postnatal growth insufficiency, neonatal death, neurobehavioral
disorders, and other related impairments have been reported in fetuses of
women with opioid use disorder (OUD)?. Over 85% of pregnant women
with OUD had unplanned pregnancies, with NAS affecting 3.39 out of
1,000 infants">*,

Naltrexone (NTX), which has very little addictive potential, is a widely
accepted type of medicine used to treat opioid abuse. In order to have an
effect, NTX opioid antagonist blocks -, k-, and §-opioid receptors, which
reduces opioid craving and drug-seeking behavior™®. Systolic dihydrodiol
dehydrogenase breaks down NTX into 6(3-naltrexol through the liver.
6[-Naltrexol is the main active metabolite of NTX, and it makes up to
43% of its pharmacological effects™. The effect of NTX and its metabolite

6[-naltrexol remains understudied and FDA is still undetermined about
NTX effects during gestation and lactation®’. In the previous study, the
transfer of pharmaceutical agents like NTX and 6f3-naltrexol through our
placenta-on-a-chip model'® was studied, and the effects of these agents
on the behavior of endothelial and trophoblast cells were investigated in
terms of gene expression'’,

To this date, we know of no placenta-on-a-chip study investigating
the effect of NTX and 6p-naltrexol on the neural cells. Microfluidic
devices'?* and organ-on-a-chip technologies'®'® have been widely used
in regenerative medicine and tissue engineering'®'” as well as diagnostic
studies'®~?2, In this study, a placenta-on-a-chip model with maternal and
fetal channel was developed to mimic the placental barrier using human
umbilical vein endothelial cells (HUVEC) and trophoblasts (BeWo) cells
(Fig. 1a—c). Due to the fact that the BeWo cell line forms syncytium and
be syncytialized upon treatment with cAMP or forskolin, it is utilized
to examine placental function?***, In vivo, the placental transport of
maternal calcium (Ca®") is mediated by the syncytiotrophoblast layer.
CaT1 and CaT2 expression is related with the Ca** uptake potential
during the differentiation of cultured human trophoblasts obtained
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Figure 1 (a) Exploded view of the fabricated placenta-on-a-chip before microfluidic cell culture. The fabricated chip consists of two microchannel-etched
PDMS layers, which is separated by a thin PETE membrane. (b) Assembled view of the fabricated placenta-on-a-chip model. (¢) Cross-section of a placenta-
on-a-chip device, with the endothelial cells in the fetal interface and the epithelial cells in the maternal interface, which are represented by HUVEC and
BeWo cell layers. (d) Transferred perfusate from the maternal channel to the fetal channel being exposed to N27 cells.

from term placenta, according to studies. This association demonstrates
the function of this family of channels in the syncytiotrophoblast’s basal
Ca®* uptake. There is substantial evidence that fluid shear stress induces
Ca?* entrance into cells and causes the development of microvilli'"*>~2%,

In the previous study, we demonstrated that fluid shear stress in our
microfluidic device is an extracellular signal that induces syncytium de-
velopment in BeWo cells without cAMP or forskolin administration®*, We
showed that in our microfluidic device, the shear stress was determined
to be between 0.02 and 0.2 dyn/cm? in the microfluidic channel in which
the cells were seeded. The BeWo cells in our developed placenta-on-a-chip
model could have been syncytialized because to the continual exposure
to fluid shear stress, since our prior research demonstrated a shear stress
of 0.02-0.2 dyn/cm? on seeded cells'".

NTX transfer through the placenta-on-a-chip model was previously
studied'®"". The validity of these placenta-on-a-chip models is approved
by previous studies'®'!. Here, by transferring outflow from the fetal
channel to cultured N27 embryonic-dopamine cells, we presented a proof-
of-concept for sustainable modeling NTX and 6f-naltrexol transport
to a fetus brain across the placental barrier (Fig. 1a-d). We also used a
quantitative RT-PCR method to analyze gene expression changes that
ensue from post-exposure to NTX and 6B-naltrexol. This work provides
a platform for both the scientific and pharmaceutical communities to
examine and extrapolate information regarding the safety and potential
side effects caused by prescription opioid medication during pregnancy.
More specifically, the knowledge gained should encourage other research-
ers to test and validate the short- and long-term effects NTX imposes on
the mother’s placental barrier and the fetus’s premature brain.

METHODS

Design and fabrication of a placenta-on-a-chip device: The microchannels
were fabricated in poly(dimethylsiloxane) (PDMS) using soft lithography
techniques'. A mixture of PDMS prepolymer and curing agent (Sylgard
184; Dow Corning, MI) in the ratio of 10:1 (w/w) was poured on a SU-8
photoresist mold. A PETE membrane (0.4 pm pore size) was used as
the barrier between the two microchannels (Corning ). Following the
installation of inlet/outlet tubing to each channel, the chip was sterilized
by UV for 20 minutes to ensure fluid access'’.

Cell culture in microfluidic systems: UV-sterilization was followed
by coating the PETE membrane with Entactin-collagen IV laminin
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solution (10 g/mL in sterile serum-free media) through the channels.
The next day, the microfluidic device’s channels were flushed twice with
phosphate-buffered saline (PBS), and the microchip was then ready for
microfluidic cell culture. Trypsin/EDTA (1X) was used to dissociate both
celllines before infusion, and cells were again suspended in growth media,
endothelial growth medium (EGM) and Ham’s F-12K (Kaighn’s) medium,
prior to infusion. At a density of 5 x 10° cells/mL, the HUVECs were
injected into the lower channel and incubated for 1 hour at 37°C with
5% CO, in the air to guarantee cell adhesion. A similar procedure was
followed with a BeWo cell density of 5 x 10° cells/mL in the top channel,
which was then connected to the lower channel through 3 mL Becton,
Dickinson, and Company syringes loaded with EGM and F-12K media.
The syringes were then connected to a syringe pump pumping EGM and
F-12K media at a similar flow rate of 50 pL/h to the fetal and maternal
channels, respectively''.

CellTracker Orange and Green (Life Technologies) were used to stain
BeWo and HUVEC cells, respectively. Both cell lines were cultured for 45
minutes with staining at 37°C with 5% CO, before being dissociated and
stained in a diluted serum-free media. After establishing the growth of
cells in the microchannels, immunohistochemistry was used to investigate
the epithelial and endothelial integrity. After fixing the cultures in the
maternal and fetal in 4% paraformaldehyde for 20 minutes, a blocking
buffer (0.4% bovine serum albumin [BSA], 0.2% Triton X-100, and 5%
normal donkey serum [Jackson ImmunoResearch Labs]) and normal
donkey serum (5%) were incubated in the microchannels at room tem-
perature for 60 minutes. Using anti-vascular endothelial cadherin (anti-
VE-cadherin) and anti-epithelial cadherin (anti-E-cadherin) antibodies
(#4412S and #8889S, Cell Signaling Technologies), the microchannels
were treated at 4°C overnight with the primary antibodies for HUVECs
and BeWo cells, respectively, before the blocking solution was added. PBS
was washed from the microchannels the next day, followed by 90 minutes
of incubation with secondary antibodies and DAPI solution, which
were diluted with blocking serum. Finally, PBS was used to clean both
microchannels, and the membrane was evaluated for immunostaining
under a fluorescence microscope (Zeiss Axio Observer VAN

Stained BeWo cells were used to detect the growth of microvilli in
the channels after 72 hours of proliferating cells within the channels. A
PBS rinse was followed by 15 minutes of fixing the maternal channel
with 4% paraformaldehyde, followed by a PBS rinse and 10 minutes of
permeabilizing the channel cultures with 0.5% Triton X-100 at room
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Figure 2 The formation of microvilli on the apical surface of the tropho-
blast was assessed by testing for the presence of filamentous actin
(F-actin) protein. Scale bar: 50 um.

temperature. CF® 488A-conjugated phalloidin (Biotium) (5 L of a 200
U/mL (in cell culture grade water) stock solution in 200 L of PBS) was
used to stain the cultures after another PBS rinse. A Zeiss Axio Observer
Z1 Microscope was used to image cells incubated for 20 after DAPI
counterstaining''. A layer of microvilli was observed on the fluorescence
microscopy images as shown in Fig. 2.

Since this study was carried out to demonstrate the potential of utiliz-
ing our placenta-on-a-chip system to learn about the transport of NTX
and 6B-naltrexol across the placental barrier, we introduced an initial
concentration of 100 ng/mL NTX and 6f-naltrexol (1:1) to the maternal
channel. As a result, in the fetal channel, we achieved concentrations of
about 2.5 ng/mL and 2.2 ng/mL for NTX and 6B-naltrexol, respectively.

The outflow from the fetal channel was directed toward N27 cells
cultured in 6-well plates, and a live/dead assay was performed on the
cells after 8 hours of continuous exposure to the following conditions:
(a) Cells were maintained in RPMI 1640 medium with no exposure to
outflow from the fetal channel. (b)

Cell culture: N27 embryonic-dopamine cell line was generously
provided by Dr. Anumantha Kanthasamy at Iowa State University
and was cultured in RPMI 1640 medium (Gibco), supplemented with
10% FBS, 2 mM L-glutamine (Gibco), and 100 U/mL penicillin and
streptomycin (Gibco). Cell lines were incubated at 37°C with 5% CO,
in air until they were 80%-90% confluent. After at least three passages,
N27 cells were dissociated with trypsin/EDTA (1X) (Cascade Biologics)
and plated into individual wells of a 6-well plate at a density of 25 x
10° cells/well'".

Midbrain-derived embryonic N27 cell exposure to NTX and
6p-naltrexol: After 5 days of culture, the N27 cells in the 6-well plates
were prepared for exposure to NTX and 6f-naltrexol. Following the
NTX/6B-naltrexol-mixed F-12K perfusion, outflow of the fetal channel
was directed to N27 cell-cultured individual wells of a 6-well plate. The
treatment was performed for 8 hours after 1 hour of equilibrium phase,
as described above. Three different experiment groups including two
control conditions were used for data analysis under the following condi-
tions: N27 cells cultured in RPMI 1640 medium and had no exposure
to NTX and 6f-naltrexol, N27 cells (in RPMI 1640 medium) exposed to
the outflow from the fetal channel without NTX and 6p-naltrexol in the
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system, and N27 cells (in RPMI 1640 medium) treated with NTX and
6B-naltrexol through the outflow of the microfluidic channel for 8 hours.

Quantitative RT-PCR: After exposure to NTX and 6B-naltrexol, N27
cells from 6-well plates were quantified using the RT-PCR method. After
treatment, control and experimental samples were trypsinized, pelleted,
and frozen at —80°C, then integrated into single-control and single-
experimental sets before homogenization in TRIzol reagent (Invitrogen,
Thermo Fisher) (trypsinized-HUVECs and -BeWo cells were perfused
through channels and collected from outlets separately). Following
homogenization, RNA isolation and reverse transcription were performed
using the Absolutely RNA Miniprep kit (Stratagene) and cDNA synthesis
system (Applied Biosystems), respectively. A Qiagen RT? SYBR Green
master mix with validated QPCR human primers (for HUVECs and
BeWo) or mouse primers (for N27 cells) from Qiagen (Frederick) was
used to determine relative magnitudes of gene expression levels using
RT-PCR. Human 18S rRNA or mouse 18S rRNA, the housekeeping genes,
were used to normalize each sample, and melting curves and dissociation
curves were constructed to verify the gathering of nonspecific amplicons-
free peaks, as described in the manufacturer’s recommended guidelines.
The AC, method developed to utilize threshold cycle (C,) values from
housekeeping gene and respective gene was used to calculate and report
the results as a fold change in gene expression®**".

RESULTS

Characterization of the placenta-on-a-chip: A co-cultured microfluidic
device was used in this study. As previously reported, HUVECs and
BeWo were chosen to exhibit the cells at the fetal and maternal
interfaces, respectively. To mimic the human placenta’s endothelium
and trophoblastic epithelium, HUVECs and BeWo cells were grown
appropriately and seeded in their respective microfluidic channel.
Once these cells demonstrated behavioral bonding and the formation
of microvilli like placental structure, the maternal channel of the mi-
crofluidic device was exposed to NTX and 6B-naltrexol. The perfusate
from the maternal channel to the fetal channel with mean fetal NTX
and 6B-naltrexol concentrations of 2.50 + 0.26 and 2.22 + 0.25 ng/mL,
was then collected'".

N27 embryonic-dopamine cell line exposed to NTX and 6-naltrexol:
In this study, we proposed a possible concept for simulating effects on
fetus brain cells from maternally administered NTX and 6f-naltrexol
to the placenta-on-a-chip model. Since a previous study on pregnant
mice reported that 6p-naltrexol enters the fetal brain at greater levels
after promptly crossing the placental barrier, N27 cells were chosen as
the neural cells®.

A placenta-on-a-chip model was fabricated and co-cultured with
endothelial and trophoblast cells. The maternal channel was exposed to
NTX and its metabolite 6p-naltrexol. The transfer of these agents was
previously investigated and the perfusate from the maternal channel
to the fetal channel, which contained NTX/6B-naltrexol-mixed F-12K
medium was collected then.

Initially, N27 cells, plated and cultured for 5 days, were exposed
to NTX and 6B-naltrexol by simply directing the outflow of the fetal
channel of the placenta-on-a-chip model, and two control condition
measurements were also used to compare the results obtained from N27
cells exposed to NTX and 6B-naltrexol. Following an 8-hour transfer
of perfusate to N27 cells cultured in 6-well plates, cells were stained
with a live/dead cell assay. As indicated in Fig. 3a, b, fluorescent images
displayed only minor cell death under both control conditions, while live/
dead cell assays identified a large amount of cell death on the cell layer
(Fig. 3¢) exposed to the fetal channel from co-culture devices perfusing
NTX and 6f-naltrexol.

To quantify cell viability, fluorescent images were analyzed by count-
ing live and dead cells. Cell viability (Fig. 4a) exhibited no significant
difference (p > 0.05) for both control studies, verifying minimal effects
against cell apoptosis after N27 cells are exposed to EGM. In addition,
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Naltrexone & 6B-naltrexol

Figure 3 The outflow from the fetal channel was directed toward N27 cells cultured in 6-well plates, and a live/dead assay was
performed on the cells after 8 hours of continuous exposure to the following conditions: (a) Cells were maintained in RPMI 1640
medium with no exposure to outflow from the fetal channel. (b) Cells (in RPMI 1640 medium) were exposed to the fetal-channel
outflow from the co-culture devices that perfused NTX- and 6B-naltrexol-free medium through the maternal channel. (¢) Cells
(in RPMI 1640 medium) were exposed to NTX and 6B-naltrexol through the fetal-channel outflow from co-culture devices. Live
and dead cells are indicated in green and red, respectively. Scale bars, 50 um.
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Figure 4 (a) Cell viability of N27 was examined in RPMI-1640, EGM, and with naltrexone and 6B-naltrexol. The data were calculated from 3 to 4
images. (b) Gene expression analysis on N27 cells subjected to conditions (RMPI-1640), (EGM), and (Naltrexone and 6B-naltrexol). The mouse
18S rRNA, the housekeeping gene, was referenced to report gene expression levels as a fold change. n = 3 independent experiments. Data are
represented as the mean (£ SEM). Scale bars, 50 um. One-way ANOVA, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

an experimental study with N27 cells exposed to NTX and 6f-naltrexol
showed a significant decrease in cell viability compared to cell viability
found in both control studies (p < 0.001). We next evaluated N27 cells
for genetic changes following post-exposure to NTX and 6B-naltrexol. As
indicated in Fig. 4b, N27 cells were observed for IL-6, IL-1B, sphingosine
kinase (sphk)1, and TNFa gene expressions.

DISCUSSION
It has been reported that IL-6 and IL-1p expression levels have produced
increases in plasma levels of fetal brains’!, and acute inflammatory insult
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to a developing brain from IL-6 gene expression®”, and the possibility
of TNF-a reducing embryonic development of the brain have also been
reported™. sphkl enzyme is associated with increasing survival and
proliferation of cells**, and sphk1 exhibits standard physiological functions
in developing brain cells*”. During this phase of the study, perfusate with
the mean fetal concentrations of NTX and 6f-naltrexol over the 8-hour
interval was recorded as 2.50 + 0.26 and 2.22 + 0.25 ng/mL, respec’[ively1 )
and was directed to investigate embryonic brain cells exposed to NTX and
6f-naltrexol. Following cell viability evaluation, cells were observed for
IL-6, IL-1B, sphk1, and TNFa gene expressions. As it is shown in Fig. 4b,
N27 cells exposed to NTX and 6B-naltrexol exhibited significantly higher
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fold change levels in IL-6 compared to those under both control conditions,
while the control conditions exhibited a significant difference (p < 0.05)
in fold change levels for IL-6 gene expression. It has been reported that
NTX significantly elevates the levels of IL-6 and IL-12 in mouse cells™.
Fold change levels revealed lower expression levels of IL-1pB in N27 cells
exposed to EGM and NTX/6B-naltrexol compared to levels in N27 cells
maintained in RPMI-1640, but no significant differences were observed.
Interestingly, sphk1 gene expressed fold change levels measured in N27
cells in RPMI-1640 and N27 cells exposed to NTX and 6B-naltrexol
remained virtually constant, while the levels for cells exposed to EGM
showed a significantly higher fold change values compared to cells in

RMPI-1640 and exposed to NTX and 6f-naltrexol (for both, p < 0.0001). 10
This could be attributed to rapid cell growth in N27 cells when exposed
to EGM, because extra growth factors in EGM could be promoting cell i
growth. Conversely, TNF-a gene exhibited significantly lower fold change
values in N27 cells in RMPI-1640 were observed than in N27 cells exposed
to NTX and its primary metabolite and EGM. 12

With enhanced detection through liquid chromatography/mass 13,
spectrometry (LC-MS), this proof-of-concept can be used to analyze the
transport of ~2-10 ng/mL (clinically relevant plasma concentration for 14
NTX) of NTX and 6f-naltrexol and its effects on a fetus and its premature 5
brain. Further studies are warranted to validate these results achieved )
from gene expression analysis of N27 cells following post-exposure to  1e,
NTX and 6f3-naltrexol.

The placenta-on-a-chip microsystems have the potential to provide .
crucial insights into understanding how pharmaceutical agents such as
NTX/6pB-naltrexol impact the developing neural system and premature 18.
brains of fetuses.
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