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STUDY QUESTION: What is the stiffness (elastic modulus) of human nonpregnant secretory phase endometrium, first trimester decidua,
and placenta?

SUMMARY ANSWER: The stiffness of decidua basalis, the site of placental invasion, was an order of magnitude higher at 103 Pa compared
to 102 Pa for decidua parietalis, nonpregnant endometrium and placenta.

WHAT IS KNOWN ALREADY: Mechanical forces have profound effects on cell behavior, regulating both cell differentiation and migration.
Despite their importance, very little is known about their effects on blastocyst implantation and trophoblast migration during placental
development because of the lack of mechanical characterization at the human maternal–fetal interface.

STUDY DESIGN, SIZE, DURATION: An observational study was conducted to measure the stiffness of ex vivo samples of human
nonpregnant secretory endometrium (N = 5) and first trimester decidua basalis (N = 6), decidua parietalis (N = 5), and placenta (N = 5).
The stiffness of the artificial extracellular matrix (ECM), Matrigel®, commonly used to study migration of extravillous trophoblast (EVT) in
three dimensions and to culture endometrial and placental organoids, was also determined (N = 5).

PARTICIPANTS/MATERIALS, SETTING, METHODS: Atomic force microscopy was used to perform ex vivo direct measurements to
determine the stiffness of fresh tissue samples. Decidua was stained by immunohistochemistry (IHC) for HLA-G+ EVT to confirm whether
samples were decidua basalis or decidua parietalis. Endometrium was stained with hematoxylin and eosin to confirm the presence of luminal
epithelium. Single-cell RNA sequencing data were analyzed to determine expression of ECM transcripts by decidual and placental cells. Fibrillin
1, a protein identified by these data, was stained by IHC in decidua basalis.

MAIN RESULTS AND THE ROLE OF CHANCE: We observed that decidua basalis was significantly stiffer than decidua parietalis, at
1250 and 171 Pa, respectively (P < 0.05). The stiffness of decidua parietalis was similar to nonpregnant endometrium and placental tissue (250
and 232 Pa, respectively). These findings suggest that it is the presence of invading EVT that is driving the increase in stiffness in decidua basalis.
The stiffness of Matrigel® was found to be 331 Pa, significantly lower than decidua basalis (P < 0.05).

LARGE SCALE DATA: N/A

LIMITATIONS, REASONS FOR CAUTION: Tissue stiffness was derived by ex vivo measurements on blocks of fresh tissue in the absence
of blood flow. The nonpregnant endometrium samples were obtained from women undergoing treatment for infertility. These may not reflect
the stiffness of endometrium from normal fertile women.

WIDER IMPLICATIONS OF THE FINDINGS: These results provide direct measurements of tissue stiffness during the window of
implantation and first trimester of human pregnancy. They serve as a basis of future studies exploring the impact of mechanics on embryo
implantation and development of the placenta. The findings provide important baseline data to inform matrix stiffness requirements when
developing in vitro models of trophoblast stem cell development and migration that more closely resemble the decidua in vivo.
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Introduction
Our understanding of how mechanical cues direct molecular signal-
ing pathways in the developing embryo is evolving. However, less is
known on the role mechanics plays when the embryo implants into
the endometrium. This tissue is transformed into decidua under the
influence of progesterone, and two principal subtypes are recognized
based on their position relative to the implantation site. The decidua
basalis lies directly under the developing placenta and is invaded by the
trophoblast cells, whereas the decidua parietalis lies on the opposite
side of the uterus and is not involved in the process of placentation.
Interactions between trophoblast cells and the decidua basalis are
critical for normal placental development. Human trophoblast differ-
entiates along two main pathways, villous and extravillous (EVT) (Apps
et al., 2011). EVT cells originate at the tip of the placental anchoring
villi and invade into the decidua, the uterine lining during pregnancy.
Their physiological role is to remodel the maternal spiral arteries to
ensure an adequate maternal blood supply for normal fetal growth and
development (Burton et al., 2009). Shallow invasion is associated with
the ‘great obstetrical syndromes’ of pregnancy, namely pre-eclampsia,
fetal growth restriction, and stillbirth (Brosens et al., 2011). Despite
growing evidence that mechanical cues can direct cell differentiation
and migration, there have been a limited number of studies that have
investigated the role of mechanics in trophoblast biology (Wang et al.,
2018; Wong et al., 2018).

Early in development, self-organization of the embryo, and matura-
tion of the germ layers are known to rely on intrinsic mechanical forces
and external mechanical input from the fluid surrounding the embryo
(Maître et al., 2016; Vining and Mooney, 2017). As development pro-
gresses, the extracellular matrix (ECM) content increases and intrinsic
forces exerted by cells transition from cell–cell to cell–ECM interactions
(Cosgrove et al., 2016). Mechanical forces are thought to direct cell
fate during organogenesis as progenitor cells differentiate into diverse
specialized functions in fetal organs (Li et al., 2018).

In adult cells, mechanics have been shown to influence differentiation
and direct migration depending on the biophysical microenvironment
the cells are cultured on (Discher et al., 2005; Lv et al., 2015). Naïve
mesenchymal stem cells differentiate into either bone, neurons, or
muscle cells when cultured in vitro on materials that match the stiffness
of their native tissue (Engler et al., 2006). A change in substrate stiffness
can also induce actin cytoskeletal re-organization and contractility
resulting in a change in the number of focal adhesion points and
thus migration speed and direction (Plotnikov et al., 2012; Bangasser
et al., 2017). These studies emphasize the importance of mechanics in
the choice of substrate cells are cultured on, whether that is two-
dimensional tissue culture polystyrene or three-dimensional (3D)
hydrogels.

The stiffness of most major human tissues has been characterized
and ranges from soft brain (0.2 kPa) to rigid bone (∼106 kPa) (Vining
and Mooney, 2017). This spectrum supports and influences the cell
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physiology of each tissue. Research investigating effects of mechanics
on embryo implantation and placentation in humans is hampered by the
lack of basic knowledge of the mechanical properties at the maternal–
fetal interface. Here, we used ex vivo atomic force microscopy (AFM)
to carry out direct measurements and obtain the stiffness of human
nonpregnant endometrium at the secretory phase of the menstrual
cycle, first trimester decidua, and placenta.

In addition, the mechanical properties of the artificial ECM,
Matrigel®, was characterized. We have previously developed a
microfluidics device to study EVT migration under chemical gradients,
in which the primary human EVT are embedded in 3D in Matrigel®

(Abbas et al., 2017). This matrix has also been used to establish
organoids of both the endometrium and placenta (Boretto et al., 2017;
Turco et al., 2017, 2018; Haider et al., 2018). Matrigel® is derived from
the mouse sarcoma cell line and is ∼60% laminin, 30% collagen IV, and
8% entactin (Glentis et al., 2014). Since mechanics is a known regulator
of migration and stem cell differentiation, it is important to determine
whether the stiffness of Matrigel® is physiological for trophoblast
migration and stem cell studies. Direct comparisons are facilitated here
by using the same techniques for Matrigel® and for human tissues.

Materials and Methods

Patient samples and ethics
Samples of first trimester placental and decidual tissue were taken
from routine terminations of pregnancy (6–12 weeks gestation) as

previously described (King et al., 1989). Ethical approval for sampling
placenta and decidua was obtained from the Cambridgeshire 2
Research Committee (reference no. 04/Q0108/23). Endometrial
samples were taken during the secretory phase, between 7 and 10 days
after the pre-ovulatory luteinizing hormone (LH) surge. Donors
were recruited from the Implantation Clinic at University Hospitals
Coventry and from the Warwickshire National Health Service Trust
with ethical approval from National Health Service (NHS) National
Research Ethics—Hammersmith and Queen Charlotte’s & Chelsea
Research Ethics Committee (1997/5065). Written informed consent
was obtained from all participants in accordance with the guidelines in
the Declaration of Helsinki (WHO, 2000). None of the subjects were
on hormonal treatments for at least 3 months prior to the procedure.
Endometrial biopsies were obtained using a Wallach Endocell sampler
(908014A, Wallach Surgical Devices, USA) starting from the uterine
fundus and moving downward to the internal cervical os.

Tissue preparation
Decidua samples were separated into suspected decidua basalis
(visually by attachment of placental villi) and decidua parietalis (no
placental villi) and cut into 1 × 1 × 0.5 cm pieces. This was verified
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Tissue stiffness at the human maternal–fetal interface 3

Figure 1 Tissues sampled at the maternal–fetal interface during first trimester pregnancy.Stiffness measurements were obtained using
an AFM on decidua basalis, decidua parietalis, and placenta obtained at gestational ages between 8 and 10 weeks. Decidua was stained by IHC for
HLA-G+ EVT to confirm whether the tissue was decidua basalis, while decidua parietalis was negative. Scale bars are 200 and 100 μm (insets).

post-AFM analysis using immunohistochemistry (IHC). Decidua basalis
was shown to contain HLA-G+ EVT cells while decidua parietalis
was negative (Fig. 1). For the placenta, a smaller cross-section of
0.5 × 0.5 × 0.3 cm was cut. Nonpregnant endometrium biopsies were
received as tubes ∼0.25 cm in diameter. Samples were transported
at room temperature in RPMI 1640 medium (21875-034, Thermo
Fisher, USA) before measurement with the AFM. All samples were
embedded on a 35 mm plastic dish with the addition of 2.5% (w/v)
agarose (A6103, Sigma, USA) until the edges were submerged,
leaving the center exposed. RPMI 1640 medium was added until
the tissues were submerged, and measurements were carried out at
room temperature.

Matrigel® preparation
The stiffness of five Matrigel® (356231, Corning, USA) batches (LOT:
6270006, 6221009, 6291008, 6214005 and 6277004) was determined.
Once thawed, 20 μl drops were pipetted onto a 35 mm petri dish and
placed at 37◦C for 20 min to polymerize. After polymerization, the dish
was filled with medium used to culture primary EVT, HAMS-F12 (P04-
15549, Pan-Biotech, Germany), and all measurements were carried out
at 37◦C. The stiffness of Matrigel® diluted to 80% (v/v), 60% (v/v), and
40% (v/v) with EVT medium was also measured.

Atomic force microscopy
Ex vivo measurements and data analysis were carried out as previously
described (Christ et al., 2010; Koser et al., 2015). Briefly, AFM was used
to determine sample elasticity when exposed to indentation forces via a
cantilever probe (Fig. 2A). Samples were placed on an inverted optical
microscope (Axio Observer.A1, Carl Zeiss, Germany) and indentation
measurements were taken with a JPK Nanowizard Cellhesion 200
AFM (JPK Instruments, Germany). Tipless silicon cantilevers (Arrow-
TL1, NanoSensors, Switzerland; and SICON-TL, Applied Nanostruc-
tures, USA) with a spring constant of 0.01 to 0.1 N/m were used in
these experiments. An estimate of the spring constant was calculated
via the thermal noise method (Hutter and Bechhoefer, 1993) and
a polystyrene bead (37.28 +/− 0.34 mm diameter; Microparticles
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GmbH, Germany) was glued onto each cantilever using ultraviolet
curing glue (UV349, Loctite, Germany) prior to all measurements. A
charged coupled device (CCD) camera (The Imaging Source GmbH,
Germany) was used to image and track the position of the cantilever
above the sample. This set-up was used to locate and define an area
of interest on the sample on which AFM measurements were taken. A
custom Python script (Python Software Foundation, USA) divided this
area into 20 × 20 μm squares, inside which a single measurement was
taken.

In this study, the stiffness measured is referred to as ‘apparent’ elastic
modulus, since assumptions of Hertzian elastic contact do not fully
apply for biological materials (Johnson, 1985). For each apparent elastic
modulus measurement, the cantilever probe was lowered onto the
surface of the sample at a speed of 10 μm/s. The probe continued
to be lowered onto the sample until a force of 10 nN was reached.
At this point the probe was retracted at a speed of 50 μm/s, the
sample moved, and a measurement repeated at a different location.
A threshold force of 10 nN on the cantilever-bead combination used
translated to a maximum indentation depth into the sample of 1 to
5 μm.

Data analysis
The AFM carried out readings of cantilever z-position and cantilever
angle (directly related to force applied). This produced force–
displacement curves for every indentation of the sample. Using a
custom MATLAB (R2008a, Mathworks, USA) script, an apparent
elastic modulus value Ea was obtained from each of these curves using
the Hertzian contact model (Johnson, 1985) for contact between a
sphere and a half space:

F = 4
3

EaR
1
2 δ

3
2

where F is the force applied at the indentation depth δ chosen, and R
is the radius of the polystyrene bead. This relies on the assumptions
that the stiffness of the polystyrene bead is much greater than that of
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4 Y Abbas et al.

Figure 2 AFM measurements showing increased stiffness of decidua basalis. (A) AFM was used to determine the stiffness of samples by
measuring the force between a cantilever and the sample in a feedback mechanism. The reflected laser beam strikes a position-sensitive photo diode
consisting of a four segment photo detector, and this is used to determine the angular deflections of the cantilever. The Hertz model can be used
to estimate the apparent elastic modulus, Ea. (B) Decidua basalis was stiffer than decidua parietalis in five patient-matched samples (Mann–Whitney;
∗∗∗∗P < 0.0001; ∗∗∗P < 0.001; number of measurement points in each sample ranged from n = 10 to 148). Black bars show median for each sample.
(C) A comparison of the apparent elastic modulus for decidua basalis, decidua parietalis, nonpregnant endometrium, and placenta villi; values measured
for all samples are shown together. Black bars show median for each sample type (Kruskal–Wallis ANOVA with multiple comparison tests between
groups; ∗∗∗∗P < 0.001; ns means nonsignificant; N, number of patient samples; n, number of measurements). (D) Map of apparent elastic modulus
values for decidua basalis and parietalis in paired samples.Each square has an area of 20 × 20μm, inside which a single measurement was taken; squares
colored according to scale bar on right. Crosses represent where a clean measurement could not be taken; these are determined by evaluating the
force–displacement curves manually during post-experiment analysis.

the sample being measured. Polystyrene has an elastic modulus in the
109 Pa range, much higher than the 102 to 104 Pa range covered in these
experiments.

For the Hertz model to be valid, strain applied to the sample must
be small and indentation depth must be much smaller than the sample
thickness. Apparent elastic modulus was calculated for an indentation
depth of 2μm, which resulted in a contact radius a = √

Rδ, of ∼6μm.
Biological materials tend to begin exhibiting deviations from linearly
elastic behavior at compressive strains ε = 0.2a

R > 0.02, which places
the measurements taken within an acceptable range. The condition
a
h < 0.1, with h being the thickness of the sample analyzed, is
also satisfied, which is necessary to treat the sample as a half space
(Lin et al., 2009).

As part of quality control, force–displacement curves were evaluated
prior to analysis through the custom script. Measurements in which
the force–displacement curve did not consist of a straight line (i.e.
there was no linear relationship between force exerted and indentation
into the tissue) were considered failed measurements. This can, for
example, be caused by the probe slipping over the tissue. Due to
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variability in the sample preparation, some samples were observed to
be more prone to such failure events.

Immunohistochemistry
Immediately after AFM testing, decidual and endometrial samples were
fixed in 10% formalin for 12 h and embedded in paraffin wax. Tissue
blocks were cut into 8μm sections and dewaxed with Histoclear (HS-
200, National Diagnostics, USA) followed by rehydration through gra-
dients of ethanol to PBS. Decidual tissue was stained with an antibody
against HLA-G (MEMG/1, MCA2043, BIO-RAD, USA) at 1:50 to
identify EVT cells and determine whether tissue was decidua basalis or
parietalis. Endometrium samples were stained with hematoxylin and
eosin to confirm presence of luminal epithelium, the surface of the
endometrium. Selected decidual basalis samples were also stained with
rabbit polyclonal anti-fibrillin 1 (53076, Abcam, UK) and mouse anti-
cytokeratin 7 (M7018, DAKO, USA) at dilutions of 1:100 and 1:200,
respectively. The primary antibody was replaced with an equivalent
concentration of relevant IgG for a negative control. Prior to staining,
heat-induced epitope retrieval was performed in access revelation
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Tissue stiffness at the human maternal–fetal interface 5

pH 6.4 buffer (MP-607-PG1, Menarini Diagnostics, UK) or access super
(MP-606-PG1, Menarini Diagnostics, UK), at 125◦C in an Antigen
Access pressure cooker unit (MP-2008-CE, Menarini Diagnostics, UK).
Sections were blocked with 2% serum (of same species in which the
secondary antibody was made) in PBS. Primary antibody incubation
was 30 min at room temperature, and slides were washed in PBS.
Biotinylated horse anti-mouse or goat anti-rabbit secondary antibody
was used, followed by Vectastain ABC-HRP reagent (PK-6100, Vector-
labs, USA) and developed with diaminobenzidine substrate (D4168,
Sigma, USA). Sections were counterstained with Carazzi’s hematoxylin
and mounted in glycerol/gelatin mounting medium (GG1–10, Sigma,
USA).

Single-cell RNA sequencing analysis
In order to understand the contribution of ECM components to
the stiffness of decidual tissue, recently published single-cell RNA
sequencing (scRNAseq) data of first trimester decidua were analyzed
to identify secreted proteins. The data, outlined in Vento-Tormo
et al., 2018, were obtained at https://www.ebi.ac.uk under the
experiment code, E-MTAB 6701 (droplet-based, 10 × genomics
data) (Vento-Tormo et al., 2018). The data were analyzed using
the R package, Seurat (Version 2.3.4) (Satija et al., 2015). Cells
with <200 detected genes and >15% mitochondrial reads were
removed. Normalization, clustering, and visualization of the data
were performed, and clusters representing three decidual stroma
(DS) populations and EVT were identified by expression of known
marker genes (Vento-Tormo et al., 2018). Average gene expression
of each cluster was calculated using the AverageExpression function
in Seurat, and scaled Log-transformed, normalized expression levels,
LogNe, of specific ECM genes were plotted as heatmaps using the
R package, pheatmap.

Statistical analysis
The median of all the measurement points was calculated to pro-
vide an apparent elastic modulus value for each patient sample. The
mean of all patient samples was taken to estimate apparent elastic
modulus for each tissue. For Matrigel®, the median of all measured
points was calculated for each batch and the mean of all batches
taken to estimate its apparent elastic modulus. The normality of
all data sets was tested using the D’Agostino and Pearson test. If
the data were found not to follow a Gaussian distribution, non-
parametric tests were used to determine statistical significance. Tis-
sue stiffness data were analyzed using the Mann–Whitney, Wilcoxon
signed-rank test, and Kruskal–Wallis ANOVA with multiple compar-
ison tests. The P-values, a measure of statistical significance is given
in each figure caption. Significance was set as P < 0.05. Statistical
analysis and data plotting were carried out using Prism, Version 7
(GraphPad, USA).

Results
In all five patient matched samples, decidua basalis was significantly
stiffer than decidua parietalis (P < 0.05; Mann–Whitney test; N = 5)
(Fig. 2B). The apparent elastic modulus of decidua basalis and decidua
parietalis for all patients was 1250 and 171 Pa, respectively. Decidua
basalis exhibited regions of increased stiffness, resulting in a wider
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Figure 3 Stiffness of individual nonpregnant endometrium
patient samples. Biopsies of secretory phase endometrium at 7–
10 days after pre-ovulatory LH surge were tested using the AFM to
determine apparent elastic modulus, Ea of each sample (N = 5 and
number of measurement points in each sample ranged from n = 9 to
89). Black bars show median for each sample. Endometrium samples
were stained with hematoxylin and eosin to confirm presence of
luminal epithelium.

distribution of the apparent elastic modulus measured. Of the 386
measurements, 141 were >1 kPa for basalis compared to 6 out of
291 in parietalis (Fig. 2C). Regions of increased stiffness can be seen in
the stiffness maps, where each square has dimensions of 20 × 20 μm
and crosses represent where a clean measurement could not be taken
(Fig. 2D). Immediately after AFM testing each sample was fixed and
stained by IHC with HLA-G, a unique signature of the EVT phenotype.
Positive staining confirmed the tissue measured was decidua basalis
whereas the negative tissue was decidua parietalis (Fig. 1).

The apparent elastic modulus of nonpregnant endometrium at
the secretory phase of the menstrual cycle was found to be 250 Pa
(Fig. 2C), and this was not significantly different to decidua parietalis
(P > 0.05; Mann–Whitney; N = 5). There was significant variation in
the range of apparent elastic modulus measured in the nonpregnant
endometrium patients. This was most obvious between patient P7
with a range of 10.77 and 1328.7 Pa and patient P9 with a range
of 4.8 and 131.9 Pa (Fig. 3). It is unclear whether this is due to
true mechanical differences in these tissues or other factors such
as location of the biopsy in the endometrium. Given these are
patients attending investigations for known fertility issues, there
may be pathology associated with the endometrium tested. For
each nonpregnant endometrium sample, the tissue was fixed and
stained with hematoxylin and eosin to confirm presence of luminal
epithelium, the surface of the endometrium. There was no evidence
of myometrium, the muscle layer of the uterine wall in these
biopsies.

The finding that decidua basalis is increased in stiffness compared
with parietalis suggests that this is driven by the presence of invading
EVT. We used a recently published scRNAseq atlas of first trimester
decidua to determine the contribution of ECM proteins to decidual
stiffness (Vento-Tormo et al., 2018). Matrix proteins such as the fibrillar
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6 Y Abbas et al.

Figure 4 Contribution of ECM proteins to decidual stiffness. Analysis of single-cell RNA sequencing of first trimester decidua (data from
Vento-Tormo et al., 2018) show normalized expression levels of RNA transcripts encoding selected ECM components. Panel (A) shows transcripts
where scaled Log-transformed, normalized expression levels, LogNe in EVT ≤ 1 compared with three stromal cell subsets: DS1, DS2, and DS3 identified
by scRNAseq. Data from Vento-Tormo et al., 2018. Panel (B) shows ECM transcripts where expression in EVT is more that in decidual subsets, LogNe≥1.
Decidual stromal cell subsets DS1, DS2, and DS3 primarily express fibrillar collagens that provide mechanical strength. EVT cells primarily express ECM
proteins that make up basement membrane. Fibrillin 1, a glycoprotein that is known to provide structural support in connective tissues, was found to be
expressed by both EVT and stromal cells. (C) Protein expression of fibrillin 1 was confirmed by IHC on EVT cells. Serial sections of decidua basalis were
stained for cytokeratin 7 (uterine glands and EVT) and fibrillin 1 (EVT and decidual stromal cells). Fibrillin panel shows staining of matching area to box
on cytokeratin panel. White arrows indicate EVT with co-expression of both cytokeratin 7 and fibrillin 1 in serial sections (N = 3 biological replicates).
Scale bars are 100 μm (cytokeratin panel) and 50μm (fibrillin panel).

collagens type I, II, III, and V, which are known to contribute to mechan-
ical strength (Bella and Hulmes, 2017), were produced primarily by
decidua stromal cells (Fig. 4A). In contrast, EVT cells predominantly
make ECM proteins that contribute to the formation of basement
membrane (Fig. 4B) such as collagen, type IV, fibronectin, laminin, and
heparan sulfate (Lowe et al., 2015). This analysis suggests production
of fibrillin 1 by EVT isolated in the decidua. Fibrillin 1 is a major
component of microfibrils and provides structural support in a large
number of connective tissues. Using IHC on serial sections of decidua
basalis, we confirmed localization of fibrillin 1 to cytokeratin 7+ EVT
and to some stromal cells (Fig. 4C).

The placenta is the extraembryonic organ that supports the
growth and development of the fetus. In the first trimester, it
is exposed to secretions by decidual glands before mediating
transport of nutrients from maternal blood when this supply is
established at ∼11 weeks’ gestation. The apparent elastic modulus
of placental villi samples from gestational ages 8–10 weeks was found
to be 232 Pa (Fig. 2C).

Matrigel® is used for 3D organoid cultures of endometrium and
placenta, as well as trophoblast migration assays (Abbas et al., 2017;
Boretto et al., 2017; Turco et al., 2017, 2018; Haider et al., 2018).
The stiffness of five batches of Matrigel® was therefore determined
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using the AFM (Fig. 5). For pure or 100% Matrigel® the apparent
elastic modulus was found to be 331 Pa, significantly lower than
for decidua basalis (P < 0.05; Mann–Whitney test; N = 5). Stiffness
was determined for Matrigel® diluted to 80%, 60%, and 40% with
medium used to culture primary EVT (HAMS-F12). A linear regres-
sion analysis was performed with R2 = 0.97 and equation of the line
Y = 4.5x − 111.3, which allows the effects of Matrigel® dilution to be
estimated. Different batches were tested because Matrigel® is not a
well-defined matrix, which can be a source of variability (Gjorevski
et al., 2016). The range of apparent elastic modulus found for pure
100% Matrigel® was between 243 and 512 Pa, showing significant
batch variation.

Discussion
Proper invasion of the decidua by EVT during early pregnancy is critical
for successful placentation. Although mechanical cues are known to be
important in regulating cell differentiation and cell migration, their role
in differentiation of trophoblast stem cells and invasion of EVT into
the decidua has been neglected. We have used AFM indentation to
carry out direct measurements and obtain the first measurements of
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Figure 5 An order of magnitude difference in apparent elastic modulus between Matrigel® and decidua basalis. AFM was used to
determine stiffness of five batches of 100% Matrigel® (undiluted) and at dilutions to 80%, 60%, and 40% with EVT medium. Matrigel® is an artificial ECM
basement membrane and the most common substrate used in 3D migration assays with EVT and culture of organoids. Nonlinear regression analysis
was used to fit the data and determine the equation of the line. Matrigel® stiffness was similar to that for endometrium and first trimester placenta but
much lower than that for decidua basalis.

stiffness of human nonpregnant endometrium, first trimester decidua,
and placenta.

We found that the stiffness of nonpregnant endometrium, decidua
parietalis, and placenta are at a magnitude of 102 Pa and similar to
that of neural tissue (Vining and Mooney, 2017). By contrast, decidua
basalis is an order of magnitude stiffer at 103 Pa and similar to that of
breast tissue (Butcher et al., 2009). The finding that pre-decidualized
endometrium and fully decidualized decidua parietalis are similar sug-
gests that changes in ECM that are known to accompany decidualization
do not drive the change in tissue stiffness (Gellersen and Brosens,
2014). The increase in stiffness in decidua basalis is therefore likely
to be due to changes induced as a result of EVT invasion. EVT cells
invade the decidua in a controlled and directed manner and remodel
the spiral arteries, converting them into highly dilated vessels capable
of providing sufficient nutrients and oxygen to the fetus (Jauniaux et al.,
2000). As EVT invade, they degrade stromal ECM proteins while at the
same time producing their own distinct ECM networks (Burrows et al.,
1996; Zhu et al., 2012).

The stiffness of tissues is correlated with the type and quantity of
ECM proteins (Handorf et al., 2015). Therefore, it is important to ask,
what ECM proteins do EVT cells deposit in the decidua? Fibronectin is a
major component of EVT matrix production, but this is typically found
in basement membrane and is not associated with tissue stiffening
(Burrows et al., 1993). We have previously shown EVT cells produce
collagen IV both in vivo and in vitro (Oefner et al., 2015). Collagen IV
is abundant in the lamina densa of all basement membranes but it is
typically non-fiber-forming (Timpl and Dziadek, 1986; Schwarzbauer,
1999). In the placental villous mesenchyme, it occurs in a complex
3D network encapsulating stromal cells. At the implantation site, it is
densely deposited in a non-fibrous form by EVT and is unlikely to con-
tribute to tissue stiffness. Recent scRNAseq of first trimester decidua
has suggested other ECM proteins including fibrillin 1 are synthesized
by EVT, and we confirmed this by immunostaining (Fig. 4). Fibrillin 1 is
a glycoprotein that assembles to form 10–12 nm microfibrils in ECM
(Handford, 2000). Its function is to provide both structural support
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and homeostasis through specific interactions with growth factors and
it is found typically in connective tissues (Zhang et al., 1995; Handford,
2000). It contributes to increased tissue stiffness by acting as a fiber-
reinforced composite, with the evidence being primarily in elastin rich
tissues (Sherratt et al., 2003). Fibrillin 1 expression has previously been
reported to increase between the luteal phase endometrium and first
trimester decidua (Fleming and Bell, 1997).

The decidua is unusual in that an increase in stiffness is not correlated
with an increase in structural ECM, such as collagen I (Oefner et al.,
2015). Although the ECM proteins produced by EVT, fibronectin,
collagen IV, heparan sulfate, and fibrillin 1 are not typically associated
with stiffening, the combination of these proteins may have an impact.
The endometrium undergoes extensive remodeling during decidual-
ization and invasion by EVT. We found areas of increased stiffness,
demonstrated by the stiffness maps, which supports the idea of local
differences in decidua basalis. A likely explanation is the presence
of the highly coiled spiral arteries that run perpendicularly toward
the uterine surface, to supply the placenta. In the nonpregnant state,
these arteries contain large quantities of smooth muscle in their walls
and are surrounded by densely packed stromal cells. Together these
form structures that have been referred to as Streeter’s columns,
which are 2–3 mm apart (Oefner et al., 2015). Given that the con-
tact diameter of the cantilever tip was calculated to be 12 μm, the
measured local stiffness results will vary with proximity to the columns.
During early pregnancy, EVT cluster around the arteries and induce
their remodeling, whereby dedifferentiation of the smooth muscle
cells is accompanied by the deposition of an inert fibrinoid material.
Measurements taken on or close to a column are therefore likely to
yield stiffer results compared to counterparts taken over the glandular
interstices. The necrotic residues of decidual and trophoblast cells that
are transformed into fibrinoid, known as the ‘Nitabuch layer’, may
also contribute to the wide range of stiffness values in decidua basalis
(Benirschke et al., 2012).

Local differences in stiffness may influence EVT migration, and
the most dramatic change in stiffness EVT cells will encounter is
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when they reach the myometrium, the muscle layer underneath
the decidua. The stiffness of smooth muscle tissue is ∼5 kPa,
five times that of decidua basalis (Butcher et al., 2009). In normal
pregnancies EVT cells stop migrating once they reach the inner
third of the myometrium where they terminally differentiate into
multinucleated giant cells.

One limitation of AFM in dense tissue is the inability to localize
stiffness measurements to location in the tissue. Clearing techniques
may be used to improve microscopy; however, this would require
fixation and time resulting in likely changes to tissue mechanics.
Differences in shape of tissue blocks sampled by AFM can also
affect stiffness measurements. Endometrial biopsies are tubular
while decidual samples tended to be cuboidal. Curved surfaces
can be taken into account in the analysis but this was unnecessary
here, as the large radius of curvature of the samples compared
to that of the cantilever probe bead made this contribution
negligible.

Finally, Matrigel® is the most common substrate used to study
EVT migration in vitro in 3D and more recently it has been used
to establish organoids of the placenta and endometrium (Boretto
et al., 2017; Turco et al., 2017, 2018; Haider et al., 2018). We
found that Matrigel® was approximately an order of magnitude
softer than decidua basalis and is not physiological for investigating
EVT migration into decidual basalis. In contrast, Matrigel® is within
the range of measurements for both nonpregnant secretory phase
endometrium and placenta, which makes it appropriate to study
early blastocyst implantation and may explain its successful use as
a matrix for growth in organoid cultures of both these tissues.
Diluting the Matrigel® concentration can be used to tune stiffness
to match a desired tissue. However, a major disadvantage is the
batch-to-batch variation in protein content. We found the stiffness
measured for five batches had a wide range from 243 to 512 Pa, which
is in agreement with measurements of Matrigel® previously made
with an AFM (Soofi et al., 2009). Long term, a move is needed to
more synthetic substrates with defined ECM content and stiffness to
ensure consistency between experiments. The composition of these
substrates could be adjusted to reflect more closely the stiffness of the
decidua.

Summary
Mechanics is now widely recognized as an important regulator
of cell behavior. However, studies on the influence of mechan-
ics on blastocyst implantation and development of the placenta
have been lacking. Here, we found the stiffness of nonpregnant
endometrium, decidua parietalis, and placenta to be ∼102 Pa
compared to 103 Pa for decidua basalis. The data generated here
can be used as a basis for future research on mechanics at the
maternal–fetal interface and to optimize 3D culture and migration
assays currently being developed to more closely mimic the real
tissue environment.

Acknowledgements
The authors are grateful to patients for donating tissue for research.
We thank D. Moore and staff at the Addenbrooke’s Hospital, Cam-
bridge, for their help in collecting samples.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Authors’ roles
Y.A. and A.C.-L. designed the study, carried out the AFM experiments,
and analyzed the data; Y.A. carried out the molecular laboratory work;
L.G. assisted with tissue sampling and immunohistochemistry; J.T.
analyzed single-cell RNA sequencing data; J.J.B. provided endometrial
specimens; K.F., A.S., A.M.S., G.J.B., and M.L.O. helped design the study
and provided intellectual input; Y.A. conceived the study and drafted
the manuscript; A.M.S., G.J.B., and M.L.O. helped write the paper,
which all authors approved.

Funding
Centre for Trophoblast Research; Wellcome Trust (090108/Z/09/Z
and 085992/Z/08/Z to A.M.); Medical Research Council (MR/
P001092/1 to A.M.S.); European Research Council Consolidator
Award (772426 to K.F.); Engineering and Physical Sciences Rsearch
Council Doctoral Training Award (1354760 to Y.A.); UK Medical
Research Council and Sackler Foundation Doctoral Training Grant
(RG70550 to A.C.-L.); Wellcome Trust Doctoral Studentship
(215226/Z/19/Z to J.T.).

Conflict of interest
No conflict of interest to be declared.

References
Abbas Y, Oefner CM, Polacheck WJ, Gardner L, Farrell L, Sharkey

A, Kamm R, Moffett A, Oyen ML. A microfluidics assay to study
invasion of human placental trophoblast cells. J R Soc Interface
2017;14:20170131.

Apps R, Sharkey A, Gardner L, Male V, Trotter M, Miller N, North
R, Founds S, Moffett A. Genome-wide expression profile of first
trimester villous and extravillous human trophoblast cells. Placenta
2011;32:33–43. Elsevier.

Bangasser BL, Shamsan GA, Chan CE, Opoku KN, Tüzel E, Schlicht-
mann BW, Kasim JA, Fuller BJ, McCullough BR, Rosenfeld SS et
al. Shifting the optimal stiffness for cell migration. Nat Commun
2017;8:15313. Nature Publishing Group.

Bella J, Hulmes DJS. Fibrillar collagens. Subcell Biochem 2017;82:
457–490.

Benirschke K, Burton GJ, Baergen RN. Pathology of the Human
Placenta, Springer. Berlin Heidelberg, 2012, http://link.springer.
com/10.1007/978-3-642-23941-0.

Boretto M, Cox B, Noben M, Hendriks N, Fassbender A, Roose H,
Amant F, Timmerman D, Tomassetti C, Vanhie A et al. Develop-
ment of organoids from mouse and human endometrium show-
ing endometrial epithelium physiology and long-term expandability.
Development 2017;144:1775–1786.

Brosens I, Pijnenborg R, Vercruysse L, Romero R. The ‘Great Obstet-
rical Syndromes’ are associated with disorders of deep placentation.
Am J Obstet Gynecol 2011;204:193–201 NIH Public Access.

Burrows TD, King A, Loke YW. Expression of integrins by human
trophoblast and differential adhesion to laminin or fibronectin. Hum
Reprod 1993;8:475–484.

Burrows TD, King A, Loke YW. Trophoblast migration during human
placental implantation. Hum Reprod Update 1996;2:307–321.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article-abstract/doi/10.1093/hum
rep/dez139/5579743 by U

niversity of C
am

bridge user on 14 O
ctober 2019

http://link.springer.com/10.1007/978-3-642-23941-0
http://link.springer.com/10.1007/978-3-642-23941-0


Tissue stiffness at the human maternal–fetal interface 9

Burton GJ, Woods AW, Jauniaux E, Kingdom JCP. Rheological and
physiological consequences of conversion of the maternal spiral
arteries for uteroplacental blood flow during human pregnancy.
Placenta 2009;30:473–482. Elsevier Ltd.

Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour
progression. Nat Rev Cancer 2009;9:108–122.

Christ AF, Franze K, Gautier H, Moshayedi P, Fawcett J, Franklin RJM,
Karadottir RT, Guck J. Mechanical difference between white and gray
matter in the rat cerebellum measured by scanning force microscopy.
J Biomech 2010;43:2986–2992.

Cosgrove BD, Mui KL, Driscoll TP, Caliari SR, Mehta KD, Assoian RK,
Burdick JA, Mauck RL. N-cadherin adhesive interactions modulate
matrix mechanosensing and fate commitment of mesenchymal stem
cells. Nat Mater 2016;15:1297–1306.

Discher DE, Janmey P, Wang Y-L. Tissue cells feel and respond to the
stiffness of their substrate. Science 2005;310:1139–1143. American
Association for the Advancement of Science.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs
stem cell lineage specification. Cell 2006;126:677–689.

Fleming S, Bell SC. Localization of fibrillin-1 in human endometrium
and decidua during the menstrual cycle and pregnancy. Hum Reprod
1997;12:2051–2056.

Gellersen B, Brosens JJ. Cyclic decidualization of the human
endometrium in reproductive health and failure. Endocr Rev
2014;35:851–905.

Gjorevski N, Sachs N, Manfrin A, Giger S, Bragina ME, Ordóñez-Morán
P, Clevers H, Lutolf MP. Designer matrices for intestinal stem cell and
organoid culture. Nature 2016;539:560–564.

Glentis A, Gurchenkov V, Matic VD. Assembly, heterogeneity,
and breaching of the basement membranes. Cell Adh Migr
2014;8:236–245. Taylor & Francis.

Haider S, Meinhardt G, Saleh L, Kunihs V, Gamperl M, Kaindl U,
Ellinger A, Burkard TR, Fiala C, Pollheimer J et al. Self-renewing
trophoblast organoids recapitulate the developmental program of
the early human placenta. Stem Cell Reports 2018;11:537–551. Cell
Press.

Handford P. Fibrillin-1, a calcium binding protein of extracellular matrix.
Biochim Biophys Acta 2000;1498:84–90. Elsevier.

Handorf AM, Zhou Y, Halanski MA, Li W-J. Tissue stiffness dictates
development, homeostasis, and disease progression. Organogenesis
2015;11:1–15. Taylor & Francis.

Hutter JL, Bechhoefer J. Calibration of atomic-force microscope tips.
Rev Sci Instrum 1993;64:1868–1873. American Institute of Physics.

Jauniaux E, Watson AL, Hempstock J, Bao YP, Skepper JN, Burton
GJ. Onset of maternal arterial blood flow and placental oxidative
stress. A possible factor in human early pregnancy failure. Am J Pathol
2000;157:2111–2122.

Johnson KL. Contact Mechanics. Cambridge: Cambridge Univer-
sity Press, 1985, http://ebooks.cambridge.org/ref/id/CBO978
1139171731

King A, Wellings V, Gardner L, Loke YW. Immunocytochemical
characterization of the unusual large granular lymphocytes in
human endometrium throughout the menstrual cycle. Hum Immunol
1989;24:195–205.

Koser DE, Moeendarbary E, Hanne J, Kuerten S, Franze K. CNS
cell distribution and axon orientation determine local spinal cord
mechanical properties. Biophys J 2015;108:2137–2147.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Li J, Wang Z, Chu Q, Jiang K, Li J, Tang N. The strength of mechanical
forces determines the differentiation of alveolar epithelial cells. Dev
Cell 2018;44:297–312.e5. Elsevier.

Lin DC, Shreiber DI, Dimitriadis EK, Horkay F. Spherical indentation
of soft matter beyond the Hertzian regime: numerical and experi-
mental validation of hyperelastic models. Biomech Model Mechanobiol
2009;8:345–358. NIH Public Access.

Lowe JS, Anderson PG, Lowe JS, Anderson PG. Support cells and
the extracellular matrix. In: Stevens Lowe’s Human Histology, 4th
edn. Mosby, 2015,55–70 https://www.sciencedirect.com/science/
article/pii/B9780723435020000048

Lv H, Li L, Sun M, Zhang Y, Chen L, Rong Y, Li Y. Mechanism of
regulation of stem cell differentiation by matrix stiffness. Stem Cell
Res Ther 2015;6:103. BioMed Central.

Maître J-L, Turlier H, Illukkumbura R, Eismann B, Niwayama R, Nédélec
F, Hiiragi T. Asymmetric division of contractile domains couples cell
positioning and fate specification. Nature 2016;536:344–348. Nature
Publishing Group.

Oefner CM, Sharkey A, Gardner L, Critchley H, Oyen M, Moffett A,
Deligdisch L, Rodgers WH, Matrisian LM, Giudice LC et al. Collagen
type IV at the fetal–maternal interface. Placenta 2015;36:59–68.
Elsevier.

Plotnikov SV, Pasapera AM, Sabass B, Waterman CM. Force fluctua-
tions within focal adhesions mediate ECM-rigidity sensing to guide
directed cell migration. Cell 2012;151:1513–1527. Cell Press.

Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial
reconstruction of single-cell gene expression data. Nat Biotechnol
2015;33:495–502. Nature Publishing Group.

Schwarzbauer J. Basement membrane: putting up the barriers. Curr Biol
1999;9:R242–R244. Cell Press.

Sherratt MJ, Baldock C, Louise Haston J, Holmes DF, Jones CJP, Adrian
Shuttleworth C, Wess TJ, Kielty CM. Fibrillin microfibrils are stiff
reinforcing fibres in compliant tissues. J Mol Biol 2003;332:183–193.
Academic Press.

Soofi SS, Last JA, Liliensiek SJ, Nealey PF, Murphy CJ. The elastic
modulus of Matrigel as determined by atomic force microscopy. J
Struct Biol 2009;167:216–219. NIH Public Access.

Timpl R, Dziadek M. Structure, development, and molecular pathology
of basement membranes. Int Rev Exp Pathol 1986;29:1–112.

Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez MJ,
Farrell L, Hollinshead M, Marsh SGE, Brosens JJ, Critchley HO et
al. Long-term, hormone-responsive organoid cultures of human
endometrium in a chemically defined medium. Nat Cell Biol
2017;19:568–577. Nature Research.

Turco MY, Gardner L, Kay RG, Hamilton RS, Prater M, Hollinshead
MS, McWhinnie A, Esposito L, Fernando R, Skelton H et
al. Trophoblast organoids as a model for maternal–fetal inter-
actions during human placentation. Nature 2018;564:263–267.
Nature Publishing Group.

Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo
M, Meyer KB, Park J-E, Stephenson E, Polański K, Goncalves
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