
This article was downloaded by: [Copenhagen University Library], [Professor Lisbeth E. Knudsen]
On: 08 May 2015, At: 01:17
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Nanotoxicology
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/inan20

Kinetics of silica nanoparticles in the human placenta
Marie Sønnegaard Poulsena, Tina Mosea, Lisa Leth Marounb, Line Mathiesena, Lisbeth Ehlert
Knudsena & Erik Ryttingc

a Institute of Public Health, Faculty of Health Sciences, University of Copenhagen,
Copenhagen, Denmark,
b Department of Pathology, Copenhagen University Hospital (Rigshospitalet), Copenhagen,
Denmark, and
c Department of Obstetrics and Gynecology, University of Texas Medical Branch, Galveston,
TX, USA
Published online: 06 May 2015.

To cite this article: Marie Sønnegaard Poulsen, Tina Mose, Lisa Leth Maroun, Line Mathiesen, Lisbeth Ehlert Knudsen & Erik
Rytting (2015) Kinetics of silica nanoparticles in the human placenta, Nanotoxicology, 9:sup1, 79-86

To link to this article:  http://dx.doi.org/10.3109/17435390.2013.812259

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained
in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions

http://www.tandfonline.com/loi/inan20
http://dx.doi.org/10.3109/17435390.2013.812259
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


http://informahealthcare.com/nan
ISSN: 1743-5390 (print), 1743-5404 (electronic)

Nanotoxicology, 2015; 9(S1): 79–86
! 2015 Informa UK Ltd. DOI: 10.3109/17435390.2013.812259

ORIGINAL RESEARCH

Kinetics of silica nanoparticles in the human placenta
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Abstract

The potential medical applications of nanoparticles (NPs) warrant their investigation in terms of
biodistribution and safety during pregnancy. The transport of silica NPs across the placenta was
investigated using two models of maternal–foetal transfer in human placenta, namely, the
BeWo b30 choriocarcinoma cell line and the ex vivo perfused human placenta. Nanotoxicity in
BeWo cells was examined by the MTT assay which demonstrated decreased cell viability at
concentrations 4100 mg/mL. In the placental perfusion experiments, antipyrine crossed the
placenta rapidly, with a foetal:maternal ratio of 0.97 ± 0.10 after 2 h. In contrast, the percentage
of silica NPs reaching the foetal perfusate after 6 h was limited to 4.2 ± 4.9% and 4.6 ± 2.4% for
25 and 50 nm NPs, respectively. The transport of silica NPs across the BeWo cells was also
limited, with an apparent permeability of only 1.54 � 10�6 ± 1.56 � 10�6 cm/s. Using confocal
microscopy, there was visual confirmation of particle accumulation in both BeWo cells and in
perfused placental tissue. Despite the low transfer of silica NPs to the foetal compartment,
questions regarding biocompatibility could limit the application of unmodified silica NPs in
biomedical imaging or therapy.
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Introduction

Nanomedicine is an emerging and rapidly growing area of
nanotechnology. Diverse sets of nanoparticles (NPs) are under
investigation for both diagnostic and therapeutic medical appli-
cations, such as medical imaging, cancer therapy and drug
delivery (Sandhiya et al. 2009). Nanomedicine includes diagnos-
tic applications of NPs such as MRI contrast enhancement,
biosensors and in vivo imaging, as well as advantages for drug
delivery agents due to increased bioavailability and potentially
targeted drug delivery (Sandhiya et al. 2009; Gonçalves et al.
2012).

Despite these and other exciting advances in nanomedicine, it
is known that certain nanomaterials can cause toxicological
responses and adverse health effects (Johnston et al. 2012).
Therefore, it is important to investigate the unknown impacts such
as toxicological effects and biodistribution of NPs having medical
applications. To this end, the FP7 NanoTEST project was
designed to assess these risks, with particular attention focused
on understanding the potential interactions of NPs with cells,
tissues and organs in exposed humans (Dusinska et al. 2009a, b).
The assessment of potential biodistributive and toxicological
profiles of nanomaterials can serve to promote the safe and
responsible use of NPs in future biomedical applications.

When considering the potential impact of NP exposure, an
organ of particular interest is the placenta. The developing foetus
is especially vulnerable to toxic effects of medicine, and adverse
events during foetal development may lead to significant long-
term effects (Saunders 2009; Buerki-Thurnherr et al. 2012). Such
adverse events may include placental inflammation associated
with spontaneous abortion, foetal infections, placental oxidative
stress, preeclampsia and foetal growth retardation. Even though
most pregnant women avoid medical treatment if possible, some
diseases require treatment even during pregnancy. Therefore, it is
of great importance to test the placental transport properties of
medically applied NPs in order to avoid unnecessary foetal
exposure. Furthermore, if safety is established, it might also be
possible to use NPs for in utero treatment of the foetus (Rytting &
Ahmed 2013).

Silica NPs have gained increasing attention as potential drug
carriers or imaging agents. Properties such as tuneable size and
shape, high surface area and large pore volume make mesoporous
silica NPs particularly advantageous for controlled drug release
(Slowing et al. 2008; Mamaeva et al. 2012) In addition to drug
delivery applications (Galagudza et al. 2012), silica NPs are also
under investigation for bone tissue engineering (Ganesh et al.
2012) and as bioprobes for biomedical imaging applications
(Chen et al. 2012).

To date, limited data are available in the literature concerning
the fate of silica NPs in pregnancy. Upon injection of 70, 300 and
1000 nm silica NPs into pregnant mice, Yamashita et al. (2011)
observed that only the 70 nm particles were distributed in the
placenta. At a dose of 0.8 mg per mouse, the 70 nm silica NPs
resulted in significantly lower maternal body weight, uterine
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weight and foetal weight, whereas the larger particles induced no
such changes. However, these authors report that when 70 nm
particles coated with either COOH or NH2 functional groups were
administered to the pregnant mice, the maternal weights, uterine
weights and foetal weights did not differ from the controls. The
authors suggest that the uncoated silica NPs may have induced
complement activation or oxidative stress (Yamashita et al. 2011).
Nevertheless, due to structural and functional differences between
mouse placenta and human placenta (Ala-Kokko et al. 2000), it is
important to investigate the distribution of silica NPs using
models of human placenta.

The in vitro BeWo b30 cell model is a human choriocarcinoma
cell line which represents the rate-limiting barrier for maternal–
foetal exchange within the human placenta (Rytting et al. 2007).
This model can be used for placental transport, metabolism and
toxicological studies and has been utilised to predict chemical
exposure in pregnancy (Bode et al. 2006; Mitra & Audus 2009;
Mørck et al. 2010; Cartwright et al. 2012).

The ex vivo placental perfusion model is a transport model
representing the complete human placental tissue structure and is
therefore closer to the in vivo situation (Poulsen et al. 2009).
Nevertheless, this model is time-consuming and the experiments
can be challenging due to the need for fresh placental tissue
(Mathiesen et al. 2010). Where the availability of fresh placental
tissue is limited, the in vitro cell culture model may be an
acceptable alternative, as long as one understands the utilities and
the limitations of each model. A thorough comparison of
maternal–foetal transfer data utilising both the BeWo b30 cell
model and ex vivo placental perfusion experiments was performed
previously and readers are referred to the work of Poulsen et al.
(2009), for a detailed discussion of the advantages and disadvan-
tages of both experimental models. Nevertheless, it should be
noted that while the aforementioned report (Poulsen et al. 2009)
compares the maternal-to-foetal transfer of small, low molecular
weight compounds, this work utilises both models to study the
transplacental transfer of silica NPs.

The transplacental transport of silica NPs was investigated as
part of the NanoTEST project in order to predict the foetal
exposure to this type of nanomaterial subsequent to the possible
presence of NPs in the maternal circulation during pregnancy.
These experiments were carried out in parallel both in BeWo cells
and in ex vivo placental perfusion to compare the two models. In
addition, we have also investigated the effects of silica NPs on
trophoblast cell viability.

Materials and methods

NP characterisation

Silica NPs (corpuscular, plain coating, Microspheres-
Nanospheres, Cold Spring, NY, USA) were supplied via the EU
FP7 NanoTEST Project. The particles were labelled with rhoda-
mine and were provided in two sizes: 25 and 50 nm, each in a
stock concentration of 25 mg/mL. Initial characterisation of the
NPs was performed by Dr Lucienne Juillerat (University Institute
of Pathology, CHUV, Lausanne, Switzerland), who also provided
the NP dispersion protocol. Characterisation work carried out in
collaboration with NanoTEST project colleagues (Guadagnini
et al. 2015) demonstrated BET surface area measurement readings
of 159 m2/g for the 25 nm particles and 87 m2/g for the 50 nm
particles. The uncoated, amorphous silica particles were analysed
by transmission electron microscopy (TEM) and were found to
have a pseudo-spherical shape. TEM measurements showed that
the 25 nm particles were in a size range of 15–30 nm; the 50 nm
particles had diameters in the range of 25–50 nm. Dynamic light
scattering measurements of the NPs as supplied revealed average

hydrodynamic diameter values of 23 nm for the 25 nm particles
and 38 nm for the 50 nm particles.

To assess the stability of the silica NP suspensions in terms of
potential aggregation in cell culture media, the NPs were
dispersed in DMEM-F12 without foetal bovine serum (FBS) at
a concentration of 240 mg/mL (to match the experimental
conditions of Guadagnini 2015 et al.) and stirred at 50 rpm at
37�C under sterile conditions, together with control samples of
medium without NPs. Samples at various time points were
analysed with dynamic light scattering using a Malvern High
Performance Particle Sizer with non-invasive back-scatter optics.
Similar measurements were also made for the silica NPs dispersed
in DMEM-F12 containing 10% FBS, according to the aforemen-
tioned protocol, except that the NPs were at a concentration of
100 mg/mL in order to match the experimental conditions of this
work.

Analysis

The detection limit was measured in BeWo cell transport medium
and in foetal and maternal perfusate and statistically calculated as
the lowest detectable silica NP concentration different from media
or perfusate alone, with a p value50.05 using the Student’s t-test.
By fluorescence detection (details below), the detection limits for
the BeWo cell and placental perfusion experiments were
determined to be 1 and 2.5 mg/mL, respectively. For detection
of silica NP concentrations, 100 mL samples from either BeWo
cell transport experiments or placental perfusion experiments
were placed in a 96-well plate and analysed for fluorescence in a
Fluoroskan Ascent FL (Thermo Electron Corporation, Vantaa,
Finland) with filter settings: �ex ¼ 544 nm and �em ¼ 590 nm.
Antipyrine concentrations were determined with a LaChrom
HPLC system equipped with a C18 column, as described
previously (Mose et al. 2007, 2008).

Cell culture

The choriocarcinoma BeWo b30 cell line was obtained from Prof.
Margaret Saunders (Bioengineering, Innovation, & Research Hub
(BIRCH), St Michael’s Hospital, Bristol NHS Foundation Trust,
Bristol, UK) with permission from Dr Alan Schwartz
(Washington University, St. Louis, MO, USA). Cells were
cultured in DMEM-F12 (Dulbecco’s Modified Eagle’s Medium/
Ham’s nutrient mixture F12, Sigma-Aldrich, Schnelldorf,
Germany) with phenol red and supplemented with the following:
10% FBS (Biological Industries, Kubitz Beit Haemek, Israel),
4 mM L-glutamine (Panum Institute, Copenhagen University) and
1% penicillin/streptomycin (penicillin 20,000 IU/mL, strepto-
mycin 5 mg/mL, Panum Institute, Copenhagen University). The
cells were cultured and experiments were performed under sterile
conditions at 37�C with 5% CO2 in a humidified atmosphere. At
75–80% confluence, cells were sub-cultured using trypsin-EDTA
solution (Sigma-Aldrich, Schnelldorf, Germany). Experiments
were conducted in supplemented DMEM-F12 media without
phenol red.

Nanotoxicity

The BeWo b30 cells were seeded in 96-well plates at a density of
10,000 cells/well and grown for 24 h until semiconfluent. The
cells were then exposed to the silica NPs in different concentra-
tions between 0 and 500 mg/mL for 24 h. Triton X-100
(Applichem, Darmstadt, Germany), 0.1% v/v in media was used
as positive control. The NPs were removed and the cells were
washed three times in phosphate-buffered saline (PBS). Then 100
mL of MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide) in a concentration of 0.5 mg/mL was added to each
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well. After 2 h incubation, the MTT was removed and the
crystals were dissolved in 100 mL of dimethyl sulfoxide
(Sigma-Aldrich, Ayershire, UK) per well. The plates were
shaken at 900 rpm for 1 min and absorbance was measured at
550 nm using a Multiscan FC plate reader (Thermo Fisher
Scientific, Denmark).

NP stability

The nature of NPs necessitates some optimisation of each
experimental model in order to minimise problems such as
agglomeration, sticking to surfaces or, in this case, potential
reductions in the photostability of the fluorescently labelled NPs.
Silica NPs diluted to 100 mg/mL in transport media (with and
without supplements and cell debris) were placed in different
tubes and plates – 1.5 mL polypropylene reaction tubes, 15 mL
polypropylene tubes, 96-well polystyrene plates, 12-well poly-
styrene plates (Greiner Bio One, Frickenhausen, Germany) and
glass vials (Hounisen, Denmark) – and placed at 4�C, 25�C and
37�C. At different time points (0, 2, 4, 6, 8 and 24 h), the
concentration in 100 mL samples from each tube or plate was
determined using the Fluoroskan Ascent FL. The stability tests
were performed in detail on the 25 nm silica NPs, while the 50 nm
silica NPs were tested with fewer variables in terms of different
tubes, media and temperature settings.

BeWo cell transport assay

BeWo b30 cells were seeded at a density of 100,000 cells/cm2

onto uncoated polycarbonate membrane Transwell� inserts (pore
size 3 mm, growth area 1.12 cm2, apical chamber 0.5 mL, basal
chamber 1.5 mL) and grown to 100% confluence, as described
above. Before the transport study was started, the transepithelial
electrical resistance (TEER) was measured using an EndOhm
apparatus (World Precision Instruments, Stevenage, UK) to
ensure that the cell monolayer was intact. The TEER values
were in the range of 16–20 ��cm2 and these values did not
decrease at the end of the transport experiments, which demon-
strates that the barrier integrity of the cell monolayers remained
intact throughout the study. Immediately before the start of the
experiment, all media was removed from both chambers. At T0,
0.5 mL of silica NPs was added to the apical chamber at a
concentration of 100 mg/mL, and 1.5 mL of fresh media was
added to the basolateral chamber. The transport studies were
carried out under sterile conditions and with constant horizontal
shaking (10 rpm) to simulate the fluid flow in vivo. At successive
time points (2, 4, 6, 8, 12 and 24 h), a 100 mL sample was
collected from the media in the basal chamber and a 10 mL sample
was collected from the media in the apical chamber and placed in
a 96-well plate. The 10 mL sample from the apical chamber was
mixed with 50 mL of fresh media in the microplate to ensure that
the bottom of the well was covered. The basal chamber was
refilled with 100 mL of fresh media to avoid a volume decrease
due to sampling. The small sample volume removed from the
apical chamber was not replenished so as to not dilute the donor
concentration. After the last sampling at 24 h, the TEER was
measured again and the cells were washed three times in ice-cold
HBSS (Hank’s Balanced Salt Solution, Sigma Aldrich,
Schnelldorf, Germany) before the filters were cut out and
placed in a 24-well plate. Each filter was covered in 1 mL
lysing solution (0.5% Triton X-100 in 0.2 N NaOH) in order to
lyse the cells. After 2 h of horizontal shaking (200 rpm) at 37�C,
100 mL lysate samples were analysed for fluorescence to quantify
NP uptake and attachment to the cells. The apparent permeability
Pe of the NPs across the cell monolayer was calculated as
previously described in Cartwright et al. (2012).

Placental perfusion

A total number of six term placentas were collected from
uncomplicated pregnancies and births after elective caesarean
sections or vaginal delivery at the University Hospital of
Copenhagen. Informed written consent was obtained prior to or
at the time of birth. The project was approved by the Ethical
Committees in the Municipalities of Copenhagen and
Frederiksberg (KF 01-145/03 + KF (11) 260063), and by the
Danish Data Protection Agency. A dually perfused, closed system
was used as previously described in detail (Mathiesen et al. 2010).
Briefly, immediately after birth, umbilical arteries were flushed
with Krebs Ringer buffer containing heparin (5000 IU/mL) and
glucose (9 mM). The foetal circulation was re-established by
cannulating an appropriate vascular unit. Two blunt cannulae
were placed into the intervillous space representing the maternal
circulation. The perfusions were performed with DMEM F12
cell culture media supplemented with penicillin-streptomycin,
L-glutamine, heparin (5000 IU/mL) and human serum albumin
(30 g/L in the maternal compartment and 40 g/L in the foetal
compartment). Flow in the foetal circulation was 3 mL/min and
9 mL/min in the maternal circulation, and both compartments had
a volume of 100 mL at T0. The maternal medium was gassed with
95% O2/5% CO2 and the foetal medium was gassed with 95%
N2/5% CO2 to maintain oxygen levels in the maternal medium
between 25 and 35 kPa and between 10 and 15 kPa in the foetal
medium. Silica NPs (100 mg/mL) and the positive control
substance antipyrine (100 mg/mL) were simultaneously added to
the maternal medium to obtain a concentration of 100 mg/mL and
100 mg/mL, respectively. Antipyrine is a positive control for
system setup and flow to ensure the correct position of maternal
cannulae with the foetal unit. Samples of 0.6 mL were collected
from both circulations prior to the introduction of the NPs and
then at the following time points: 0, 2, 30, 60, 120, 180, 240, 270,
300, 330 and 360 min.

As a control for unspecific binding to the tubing and other
perfusion equipment, blank perfusions were conducted with a
closed maternal circulation without foetal circulation or placenta
in the perfusion chamber. Antipyrine and silica NPs were added to
the maternal medium and the blank perfusions were conducted as
described above.

Quality markers were used to ensure tissue viability and
optimal flow conditions during perfusion. These quality markers
include: foetal-to-maternal antipyrine ratio 40.75 after 2 h of
perfusion, foetal leakage53 mL/h, oxygen transfer, physiological
pH, glucose consumption and lactate production. Oxygen tension,
pH, glucose and lactate levels were measured by an ABL FLEX90
blood and gas analyzer (Radiometer, Denmark). Tissue samples
(1 x 1 x 1 cm) from before and after perfusion were saved in
formalin (10%) for histological analysis.

Microscopy

Both cells and tissue were stained with Hoechst 34580
(Invitrogen, Denmark) as a nuclear stain and with wheat germ
agglutinin Alexa 647 (WGA-647) (Invitrogen, Denmark) as a
membrane stain. For both cell and tissue images, staining was
observed using a Zeiss LSM 780 confocal system on an inverted
stand with a 63� oil DIC Plan-Apochromat objective. Imaging
parameters were selected to optimise resolution and images.
Fluorophore and background spectra were acquired by lambda
scans before the images were obtained using linear unmixing and
Zen software from Zeiss. The lambda scans showed that the
placental tissue has high autofluorescence, probably caused in
part by lipofuscin-like lysosomal inclusion bodies in the tissue,
with autofluorescence in a spectral region close to that of the
silica NPs. Therefore, the spectral analysis of the tissue and
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fluorophores was carefully carried out to avoid mistaking these
lipofuscin-like bodies for the silica NPs. While there is a slight
possibility that this adjustment of spectral settings to remove
tissue autofluorescence might result in the inability to detect some
of the smallest silica NPs, larger particles and agglomerates were
clearly visible.

BeWo cells

After the 24 h time point of the transport study, the cells were
washed three times in ice-cold HBSS to stop the transport and
were incubated in 5 mg/mL Hoechst 34580 for 30 min, in 5 mg/mL
WGA-647 for 2 h, and then fixed in 3.7% formaldehyde (Sigma
Aldrich, Ayrshire, UK) for 30 min. Between each step, the cells
were washed three times in PBS. The filters were cut out of the
Transwell inserts and mounted on glass slides with the cells side
up using a drop of Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA).

Placental tissue

Placental samples were cut out and saved from both perfused
placentas and pre-perfused placentas (negative control). They
were kept in 10% formalin until they were paraffinised and cut on
a microtome to a thickness of 10 mm. The tissue was mounted on
glass slides and deparaffinised in xylene (Applichem GmbH,
Germany). The deparaffinised tissue was incubated in Hoechst
34580 for 30 min and in WGA-647 for 2 h. Between each step
they were washed three times in PBS. The tissue was mounted on
glass slides using a drop of Vectashield mounting medium.

Results

Nanotoxicity

The MTT assay results in Figure 1 show that for both sizes of
particles studied (particle diameters: 25 and 50 nm), the silica NPs
cause cytotoxic effects to the BeWo cells at concentrations4100
mg/mL. For this reason, all cell transport and perfusion experiments
were performed using a NP concentration of 100 mg/mL. In this
manner, any interference with trophoblast barrier integrity – and
thus, any interference with transplacental transport results – due to
cytotoxicity was avoided.

NP stability

Table I shows that when the particles were dispersed in cell
culture medium (DMEM-F12 without FBS), the measured
Z-average particles sizes were 31 nm for the 25 nm particles
and 40 nm for the 50 nm particles. These values remained
relatively stable for at least 7.5 h, but520 h. When these particles
were dispersed in DMEM-F12 containing 10% FBS, however,
interpretation of dynamic light scattering results is not straight-
forward. Serum proteins with hydrodynamic diameters similar to
that of the NPs confound the analysis of NP size distributions
when low concentrations of NPs are dispersed in cell culture
medium containing FBS (see Hondow et al. 2012).

Table II shows that dynamic light scattering measurements of
blank DMEM-F12 containing 10% FBS (but containing no NPs)
results in multiple size distribution peaks, with specific size
intensity peaks around 8, 40 nm and larger. (When the
polydispersity index is high due to multiple peaks, the mean
size value is less meaningful and the individual peak values are
worthy of inspection.) When the 25 and 50 nm silica NPs were
dispersed in the media containing FBS, these same peak
intensities around 8, 40 nm and larger were still observed.
Because the serum protein peak around 40 nm is of the same
magnitude as the expected particle sizes of both the 25 and 50 nm

silica NPs, no conclusions can be made regarding the particle
size measurements of these silica NPs by dynamic light scatter-
ing when the NPs are dispersed at this low concentration in
media containing FBS. Nevertheless, it is interesting to note
that the peak area intensity values had shifted somewhat
compared to those of the blank media, which may reflect the
formation of a protein layer on the NP surfaces on contact with
serum proteins, referred to by Lesniak et al. (2012) as a protein
corona.

According to the fluorescence measurements, the silica NP
concentrations in the vials and plates kept at 4�C for 24 h did not
decrease (105 ± 8%), although the concentrations in the vials and
plates kept at 25�C had slightly decreased after 24 h (93 ± 3%).
The concentration in the vials and plates kept at 37�C for 24 h had
decreased to 73% (a decrease of 1.1% per hour) in the 12-well
plate, 66–67% in the glass vials, 53% in the 1.5 mL reaction tube
and 25% in the 15 mL tube. The 25 and 50 nm silica NPs showed
similar concentration decreases. Supplements and cell debris in
the media had no effect on these observed decreases in
concentration.
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Figure 1. Viability of BeWo b30 cells as determined by the MTT assay
after 24 h exposure to silica NPs added at different concentrations from 0
to 500 mg/mL. 0.1% Triton X-100 was used as a positive control for
cytotoxicity.

Table I. Particle size stability for 25 and 50 nm silica NPs dispersed in
DMEM-F12. The NPs were dispersed in the medium (without FBS) at a
concentration of 240 mg/mL. The nanosuspensions were stirred at 50 rpm
at 37�C in sterile conditions and then sampled at the indicated times. The
data represent the average ± standard deviation (SD) of three
measurements consisting of at least 10 runs per measurement. It should
be noted that no peaks were detected for blank DMEM-F12 containing no
FBS and no NPs.

Time (h)
Z-average particle

size (nm)
Polydispersity

index

25-nm Silica NPs
0 31 ± 2 0.36 ± 0.10
2 42 ± 1 0.37 ± 0.01
4 29 ± 2 0.33 ± 0.04
7.5 24 ± 1 0.31 ± 0.05

20 64 ± 9 0.68 ± 0.13
50-nm Silica NPs

0 40 ± 1 0.23 ± 0.02
2 50 ± 2 0.30 ± 0.01
4 46 ± 1 0.31 ± 0.01
7.5 46 ± 2 0.32 ± 0.01

20 73 ± 10 0.67 ± 0.09
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Transport across BeWo cells

Figure 2 shows that, after 24 h, the concentration of silica NPs in
the apical chamber decreased to 53 ± 11% of the initial
concentration. Taking into account the loss of 27% of the
fluorescence in 24 h demonstrated in the 12-well plate stability
studies above, this equates to 73 ± 15% of the initial NP
concentration remaining in the apical chamber at the end of the
experiments. The concentration in the basal chamber increased
slightly, reaching detectable levels after 12 h, followed by a slight
decrease in concentration after 24 h. The apparent permeability of
the 25 nm silica NPs was 1.54 � 10�6 ± 1.56 � 10�6 cm/s.

Analysis of NPs in the BeWo monolayer

Although the cellular uptake of NPs in BeWo cell lysate was
below the limit of detection (1 mg/mL) and could therefore not be
quantified, Figure 3 qualitatively demonstrates the presence of the
NPs within the cells after 24 h.

Placental perfusion of silica NPs

During the system binding study (control experiment without
placental tissue), the concentration of silica NPs declined in the
perfusate, but to a different extent for each particle size tested. At
the end of the 6 h system binding studies, 82% of the 25 nm silica
NPs remained in the perfusate, whereas only 65% of the 50 nm
particles remained in the perfusate.

Six successful perfusions were performed, three with each
particle size. Antipyrine crossed the placenta rapidly – as
expected – with a foetal:maternal ratio of 0.97 ± 0.10 after 120
min of perfusion. The silica NPs crossed the placenta to a very
limited extent, reaching detectable levels (2.5 mg/mL) in the foetal
circulation only after 5 h of perfusion (see Figure 4). After 6 h of
perfusion, 4.2 ± 4.9% and 4.6 ± 2.4% of the initial maternal
concentration of 25 and 50 nm NPs, respectively, had passed to
the foetal perfusate.

The substantial decrease in NP concentration in the maternal
perfusate during the 6 h perfusion study without a corresponding
magnitude of transfer of the NPs to the foetal perfusate suggests

some accumulation of NPs in the placental tissue. Accordingly,
Figure 5 demonstrates the presence of agglomerated NPs at the
outer surface of a chorionic villus following a placental perfusion
experiment.

Discussion

In this study, we have investigated the transplacental permeability
of silica NPs in two models of the human placental barrier. In
addition, we have investigated the effects of silica NPs on
placental trophoblast cell viability. This information is essential to
predict how maternal exposure to silica NPs during pregnancy
could influence the foetus.

We observed that, at concentrations 4100 mg/mL, the silica
NPs caused a decrease in cell viability for BeWo cells, an in vitro
model of human placental trophoblast cells. Nanotoxicological
effects of silica NPs have been reported by other authors, as well.
For example, Shi et al. (2012) suggested that lipid peroxidation
plays a role in the induction of cytotoxicity by silica NPs in MCF-
7 cells. General observations from the literature indicate that
amorphous silica is less toxic than crystalline silica (Jaganathan &
Godin 2012), and mesoporous silica NPs are less toxic than
colloidal silica NPs (Lee et al. 2011). It has also been shown that
surface modification of silica NPs can alter the effects of such
particles on cell proliferation or oxidative stress (Tsutsumi &
Yoshioka 2011; Stępnik et al. 2012). It should be noted that
Fisichella et al. (2009) had observed that mesoporous silica NPs
can interfere with MTT assays in other cell types, resulting in
overestimations of cytotoxicity. Nevertheless, this would not
affect our conclusion and the purpose of our MTT study, that is,
that the concentration of NPs employed in our transport studies
(100 mg/mL) was not cytotoxic.

In this work, we observed that the transplacental transport of
silica NPs was limited. In both the BeWo b30 cell line and in ex
vivo human placental perfusion studies, the concentration of silica
NPs reaching the foetal compartment did not even attain the lower
limits of detection until the later time points. The accumulation of
the silica NPs into the trophoblast cells was also limited. It is clear
from this work and from similar studies reported in the literature

Table II. Particle size measurements for 25 and 50 nm silica NPs dispersed at a concentration of 100 mg/mL in DMEM-F12 containing 10% FBS. The
nanosuspensions were stirred at 50 rpm at 37�C in sterile conditions and then sampled at the indicated times. The data represent the average ± SD of
three measurements consisting of at least 10 runs each. Only data for the three most prominent size distribution peaks are shown, that is, the total peak
area intensity will not add up to 100% if there were more than three peaks. Similar measurements of blank DMEM-F12 + 10% FBS (containing no
NPs) are presented first for comparison. Mean size ¼ Z-average particle size. PDI ¼ polydispersity index.

Time (h) Mean size (nm) PDI Peak 1 (nm) Peak 2 (nm) Peak 3 (nm) Peak 1 area (%) Peak 2 area (%) Peak 3 area (%)

Blank DMEM-F12 + 10% FBS
0 18 ± 5 0.48 ± 0.18 8 ± 0 45 ± 2 735 ± 295 48 ± 2 38 ± 2 10 ± 4
2 23 ± 5 0.55 ± 0.13 32 ± 7 8 ± 1 519 ± 295 36 ± 3 34 ± 5 21 ± 4
4 20 ± 1 0.56 ± 0.07 35 ± 3 7 ± 1 458 ± 63 43 ± 4 32 ± 3 19 ± 3
8 12 ± 0 0.47 ± 0.05 8 ± 1 40 ± 20 5370 ± 4534 54 ± 10 35 ± 5 6 ± 4

16 13 ± 2 0.34 ± 0.09 8 ± 2 37 ± 10 5598 ± 4209 56 ± 9 33 ± 11 6 ± 2
24 13 ± 0 0.55 ± 0.04 7 ± 1 40 ± 15 1675 ± 1902 46 ± 11 39 ± 5 11 ± 3
25 nm Silica NPs in DMEM-F12 + 10% FBS
0 86 ± 4 1.00 ± 0.00 307 ± 14 34 ± 2 7 ± 1 74 ± 2 14 ± 2 7 ± 1
2 60 ± 2 0.59 ± 0.04 196 ± 80 40 ± 10 8 ± 1 60 ± 14 26 ± 16 8 ± 1
4 61 ± 1 0.55 ± 0.04 157 ± 18 43 ± 12 8 ± 1 57 ± 11 31 ± 9 6 ± 1
8 65 ± 1 0.53 ± 0.01 84 ± 14 321 ± 89 18 ± 9 57 ± 3 25 ± 7 8 ± 0

16 100 ± 0 1.00 ± 0.00 649 ± 211 112 ± 26 28 ± 8 49 ± 7 33 ± 8 7 ± 2
24 94 ± 2 1.00 ± 0.00 266 ± 140 56 ± 24 2901 ± 3162 46 ± 2 20 ± 8 20 ± 9
50 nm Silica NPs in DMEM-F12 + 10% FBS
0 50 ± 1 1.00 ± 0.00 231 ± 45 39 ± 9 7 ± 0 59 ± 4 23 ± 5 11 ± 1
2 49 ± 0 1.00 ± 0.00 86 ± 32 467 ± 289 20 ± 22 43 ± 8 36 ± 14 12 ± 3
4 53 ± 1 0.63 ± 0.04 143 ± 57 33 ± 11 7 ± 0 65 ± 25 18 ± 7 11 ± 1
8 52 ± 2 1.00 ± 0.00 112 ± 53 931 ± 718 25 ± 17 46 ± 15 29 ± 21 14 ± 3

16 52 ± 6 0.89 ± 0.19 311 ± 223 56 ± 53 6 ± 1 55 ± 30 32 ± 27 8 ± 3
24 35 ± 3 0.90 ± 0.18 117 ± 15 17 ± 6 6 ± 1 66 ± 3 17 ± 4 11 ± 3
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that the transplacental transport of NPs is dependent on the
nanomaterial. Myllynen et al. (2008) did not observe any
detectable transport of PEGylated gold NPs across the placenta.
Menjoge et al. (2011) reported low but quantifiable transfer of
polyamidoamine dendrimers from maternal to foetal perfusate.
On the other hand, the transplacental transport of polystyrene NPs
has been observed in both BeWo cells and in perfused placenta,
and in both cases, the transport was shown to be size-dependent
(Wick et al. 2010; Cartwright et al. 2012).

Although fluorescence microscopy qualitatively revealed the
presence of silica NPs in the BeWo cells, the quantitative uptake
was below the limit of detection. The observation of agglomerated
NPs on the outer surface of a chorionic villous following a
placental perfusion experiment (Figure 5) is in good agreement
with the observed apical accumulation of particles in the BeWo
cells (Figure 3). The apparently lower qualitative uptake of the
silica NPs in the perfused placental tissue compared to the BeWo
cells can be explained by the differences in exposure based on
mass per surface area. The total exchange area of a term human
placenta is �13 m2 (Larsen et al. 1995; Syme et al. 2004), but the
total exchange area in a single Transwell insert containing BeWo
cells is 1.12 cm2. The average weight of the placentas used in
these perfusion experiments was 773 g, and the average weight of
the perfused cotyledons was 25 g. Even though the NP

concentration in both systems was 100 mg/mL, the volume in
the donor (maternal) compartment is 100 mL in the perfusion
experiments and only 0.5 mL in the BeWo cell studies. Therefore,
based on the mass per surface area, the BeWo trophoblast cells are
exposed to �45 mg/cm2 of silica NPs, while the perfused placental
trophoblast cells are exposed to �2.4 mg/cm2. This can explain
the relatively lower qualitative uptake of the particles in the
perfused placental tissue. It should be noted that it is not possible
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Figure 2. Transport of 25 nm silica NPs across BeWo b30 cell
monolayers (n ¼ 6). The initial concentration in the apical chamber
was 100 mg/mL. The closed triangles represent the concentration of the
silica NPs in the apical (maternal) compartment at each time point in
Transwell inserts containing the BeWo cells. The closed diamonds
represent the NP concentrations in the basolateral (foetal) side of the cell
monolayers. The open triangles represent the apical concentrations in
blank experiments, that is, in Transwells containing no cells. The open
diamonds represent the basolateral concentrations in the blank experi-
ments. The blank experiments (transport across Transwell membranes
without any cells) were necessary to calculate the apparent permeability
across the cell monolayers (Pe, see text for details).

Figure 3. Confocal images of 25 nm silica NP transport through a BeWo cell monolayer. (A) top section of cells, (B) upper-middle section of cells, (C)
middle section of cells, (D) lower-middle section of cells and (E) basal section of cells. Red: cell membrane, Blue: nuclei, Yellow: silica NPs, Light red
dots in (D) and (E): filter pores.
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Figure 4. Transport of 25 nm (n ¼ 3) and 50 nm (n ¼ 3) silica NPs across
perfused human placenta. The initial concentration in the maternal
perfusate was 100 mg/mL.

Figure 5. Confocal image of placental tissue after 6 h of perfusion with
25 nm silica NPs. Red: cell membrane, Blue: cell nuclei, Green: silica
NPs.
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to calculate the area of a perfused placental cotyledon prior to the
experiments because the precise weight of the cotyledon is not
known until after the experiment is finished.

Another difference between the two models employed in this
study is the possibility for the NPs to agglomerate or adsorb to
physical components of the experimental systems. More binding
to polypropylene was observed compared to polystyrene or glass
components. In comparison to the experimental setup for the
BeWo cells, the placental perfusion system involves more
containers and tubing required to pump the flow of the maternal
and foetal perfusates to the placental tissue. Control experiments
without cells or in the absence of placental tissue were carried out
in order to account for these differences as well as any loss of
fluorescence over time. No significant differences in transport of
substances were observed on consideration of placental source, as
reported in the comparison of placentas obtained from caesarean
section versus vaginal deliveries in the inter-laboratory investi-
gations of Myllynen et al. (2010), which included placentas
perfused in our laboratory. Some of the loss of fluorescence
observed in the stability studies could be due to fluorescence
quenching in particle agglomerates or the sedimentation of such
agglomerates out of suspension.

Conclusions

Limited transplacental transport of silica NPs was observed in
both models of maternal–foetal transfer in human placenta.
Therefore, limited foetal exposure to silica NPs would be
expected in the case of maternal administration of such particles
for biomedical imaging or therapeutic purposes. This could prove
beneficial in the diagnosis or treatment of maternal disease during
pregnancy when restricted foetal exposure is desired.
Nevertheless, the observed toxicity of silica NPs at high
concentrations may limit their future medical applications.
Since mesoporous silica NPs or particles with surface modifica-
tions are less likely to induce toxic responses, it is expected that
such products may be more likely to find application in future
medicine. Therefore, it will be necessary to investigate the
influence of pore architecture and NP surface properties on the
transport of silica NPs across the placenta.
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