
Bioengineering for Women’s Health

Bioengineering Approaches for Placental Research

MACKENZIE L. WHEELER and MICHELLE L. OYEN

Department of Engineering, East Carolina University, Greenville, NC 27834, USA

(Received 31 October 2020; accepted 23 December 2020; published online 8 January 2021)

Associate Editor Stefan M. Duma oversaw the review of this article.

Abstract—Research into the human placenta’s complex
functioning is complicated by a lack of suitable physiological
in vivo models. Two complementary approaches have
emerged recently to address these gaps in understanding,
computational in silico techniques, including multi-scale
modeling of placental blood flow and oxygen transport,
and cellular in vitro approaches, including organoids, tissue
engineering, and organ-on-a-chip models. Following a brief
introduction to the placenta’s structure and function and its
influence on the substantial clinical problem of preterm birth,
these different bioengineering approaches are reviewed. The
cellular techniques allow for investigation of early first-
trimester implantation and placental development, including
critical biological processes such as trophoblast invasion and
trophoblast fusion, that are otherwise very difficult to study.
Similarly, computational models of the placenta and the
pregnant pelvis at later-term gestation allow for investiga-
tions relevant to complications that occur when the placenta
has fully developed. To fully understand clinical conditions
associated with the placenta, including those with roots in
early processes but that only manifest clinically at full-term, a
holistic approach to the study of this fascinating, temporary
but critical organ is required.

Keywords—Trophoblast, Organoids, Tissue engineering, Mi-

crofluidics, Hydrogels, Biomimetic, Computational models,
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INTRODUCTION

Human reproduction is a critical element affecting
women’s health but is a relatively understudied phe-
nomenon within the biomedical sciences and engi-
neering. Pregnancy involves dramatic physiologic
changes within a relatively short timeframe, from em-
bryo implantation, through gestation, to delivery and

parturition. There are apparent bioengineering factors
in many aspects of pregnancy, including the physical
properties of uterine tissues, blood flow and oxygen
diffusion in and around the placenta, and the consid-
erations of how and when the fetus exits the womb.
These topics have been the subject of research since the
mid-1800s.33,35 There have also been significant ad-
vances in the development of medical device tech-
nologies to save preterm babies’ lives, such as the
incubator and infant ventilator. As a result, the limit of
viability for premature infants has decreased by several
weeks gestation, and the associated morbidity has also
declined.31

Human pregnancies are considered full term at
approximately 40 weeks gestation, and preterm birth is
defined as occurring prior to 37 weeks gestation.
Approximately one in ten births worldwide is
preterm,95 although the preterm birth rate can vary
substantially from country to country,95 or even more
locally, such as from state to state within the US17 or
from country to country within sub-Saharan Africa.95

Local variations are due to race, poverty, healthcare
infrastructure, maternal education, and access to
health insurance, but preterm birth rates are currently
rising in most countries.95 Racial disparities are par-
ticularly stark in the US,28 where maternal stress has
been implicated as a significant factor.38

Preterm birth is categorized by the completed weeks
of gestation (Table 1) with more severe consequences
for pregnancies that deliver much earlier than the
milestone of 37 weeks gestational age (GA). The sur-
vival rate for preterm babies varies geographically,
with a lower survival rate at more advanced GA in
low-income countries compared to high-income coun-
tries.95 Preterm birth can have many different con-
tributing causes, but these are categorized roughly as
(1) maternal; (2) fetal; (3) placental; (4) associated with

Address correspondence to Michelle L. Oyen, Department of

Engineering, East Carolina University, Greenville, NC 27834, USA.

Electronic mail: oyenm18@ecu.edu

Annals of Biomedical Engineering, Vol. 49, No. 8, August 2021 (� 2021) pp. 1805–1818

https://doi.org/10.1007/s10439-020-02714-7

BIOMEDICAL
ENGINEERING 
SOCIETY

0090-6964/21/0800-1805/0 � 2021 Biomedical Engineering Society

1805

http://orcid.org/0000-0002-3428-748X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-020-02714-7&amp;domain=pdf


early labor; and (5) medically indicated.94 An intrigu-
ing feature of many placenta-related preterm births is
that early placental development problems do not
manifest fully until much later in the gestational peri-
od. Other forms of placenta-associated preterm birth,
such as those due to injury, may occur later in an
otherwise normally progressing pregnancy.

In this review, bioengineering approaches for
studying the placenta and placenta-related preterm
birth are considered within a holistic framework from
cell to organ. To better understand preterm birth re-
lated to the placenta, we must first briefly examine the
placenta’s origin, development, and structure. Next,
we examine specific pregnancy complications related to
the placenta. Bioengineering techniques for placental
investigation are divided into three categories: (1) tis-
sue engineering and organoids; (2) microfluidic de-
vices; (3) computational modeling studies across
length-scales. Finally, the current state of the art and
outlook for future research needs are considered.

THE PLACENTA

The placenta is a temporary organ that exists only
during pregnancy to nourish and support the devel-
oping fetus. A fertilized egg after several cell division

cycles becomes an early blastocyst, with cells of two
primary types, the inner cell mass and the trophecto-
derm. At implantation, trophoblast cells derived from
the blastocyst invade the uterine lining (endometrium)
(Fig. 1a). The trophoblast cells remodel the maternal
spiral arteries and convert them into highly dilated
vessels capable of providing sufficient nutrients and
oxygen to the fetus.65 The trophectoderm layer
(Fig. 1a) develops into the chorion layer of the fetal
membranes and the fetal components of the placenta
(Figs. 1b and 1c). The maternal decidua—the trans-
formed endometrial layer of the uterus—is categorized
by its geometrical relationship with the implanting
blastocyst. The decidua basalis (or placentalis) is at the
site of implantation and the decidua parietalis is dis-
tant from the implantation site. The placental disc
traverses the fetal chorion and maternal decidua ba-
salis (Fig. 1c). The highly specialized cytotrophoblast
cells and syncytiotrophoblast derive from the tro-
phectoderm layer, and these trophoblast cells are
responsible for the critical functions of the placenta.90

The ‘‘blueprint’’ for the eventual placental structure is
established by the end of the first trimester.90

The normal third-trimester placenta has a fully
formed and sophisticated interface between the open
maternal circulation and the closed fetal circulation at
the placental terminal villi (Fig. 2), the tree-like struc-

FIGURE 1. (a) The implanting blastocyst (trophectoderm, inner cell mass) at implantation into the maternal (endometrium) uterine
tissue contrasted with (b, c) the late pregnancy fetus within the uterus including extra-embryonic tissues: the fetal membranes and
placenta. The color scheme in part (a) is maintained, to show the origin of amnion, chorion and decidual tissues in parts (b) and (c).
The placenta is fetal trophoblast-derived but traverses the maternal decidua.

TABLE 1. WHO categorization of preterm (<37 weeks) births by length of gestation.75

Gestation length Degree of preterm birth

< 28 weeks gestation Extremely preterm—greatest risk for fetal demise or fetal morbidity

28-32 weeks gestation Very preterm

32-36 weeks gestation Moderately to late preterm
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tures that form the exchange surface between maternal
and fetal blood. In these villi, oxygen and nutrients are
transported from the maternal open circulation, which
pools blood in the intervillous space (Fig. 2), to the
fetus across the trophoblastic tissue layer. Placental
oxygen transport occurs passively and can be described
as a six-step process,63 in which the oxygen (1) disso-
ciates from maternal red blood cells, (2) diffuses
through maternal plasma, (3) diffuses across the tro-
phoblastic epithelium, (4) diffuses across the basal
lamina, villus stroma and endothelium, (5) diffuses
through fetal plasma, and finally (6) binds to the he-
moglobin (Hb) of fetal erythrocytes. Steps (3) and (4)
in this sequence are often combined and the composite
tissue classed as the ‘‘villous membrane’’63 (Fig. 2).
Therefore, oxygen transport across the placenta de-
pends on the diffusing capacity of oxygen in each
medium, on the placental surface area, placental oxy-
gen consumption, maternal-placental blood flow, the
oxygen content of maternal arterial blood, oxygen
affinity of maternal blood, fetoplacental blood flow,
oxygen affinity of fetal blood, and the directions of
both bloodstreams.19 In contrast to oxygen transport,
which is mostly passive and dominated by blood flow,
transport of glucose and amino acids from mother to
fetus relies on transporter proteins and is significantly
affected by placental uptake of the nutrients.15 Recent
works have included computational models for more
detailed placental transport kinetic studies of oxygen
and solutes37 and for quantifying the balance between
transport and tissue metabolism.56

Trophoblast cells have a complex early task in the
first trimester of pregnancy, to help remodel the
maternal uterine decidua to form the placenta. Al-

though invasion of the uterus by trophoblast cells
plays a critical role in reproductive outcome, limited
understanding of the mechanisms controlling tro-
phoblast invasion remains a significant obstacle to
progress in pregnancy research.50 Learning more about
what factors influence trophoblast invasion and the
cellular and molecular basis of the invasion pathway is
essential for understanding placental development. A
significant challenge in pregnancy research arises in
that late pregnancy placenta-related complications in
the third trimester of gestation are rooted in develop-
mental issues that occur in the first trimester,16 pre-
venting the normal development of the maternal-fetal
interface (Fig. 2). The placenta’s unusual status as a
temporary organ, and one that changes continuously
throughout the pregnancy, further complicates its
study. Researchers have direct access to study the
placenta only at the end of pregnancy, whether that is
term or preterm gestation. This limits the information
available to researchers to elucidate the essential
functions of placental development earlier in gesta-
tion.70 However, before we consider how bioengi-
neering approaches are starting to allow for better
study of the placenta across all stages of development,
but particularly in the early stages, we next consider
the clinical complications of pregnancy that motivate
this further study.

PLACENTAL COMPLICATIONS

OF PREGNANCY

A significant fraction of preterm births are associ-
ated with pathologies of the placenta, including those
medically indicated deliveries required to remove the
placenta to preserve the mother’s life. Insufficient tro-
phoblast invasion in the first trimester leads to deficient
spiral artery remodeling. This is a significant factor
associated with severe pregnancy disorders, including
subsequent failure to form the deep placental bed and
the placental-uterine interface. These failures are
associated with the ‘‘great obstetrical syndromes’’ of
pre-eclampsia (PE), fetal growth restriction (FGR),
placental abruption, preterm labor, and stillbirth.16

This failure of trophoblast invasion has led to an
interest in studying the process from a cellular
biomechanics perspective.2 The opposite case, of tro-
phoblast invasion that is too deep instead of too
shallow, is related to the trophoblastic cancer chorio-
carcinoma,48 which spreads easily from the uterus to
the lungs. Although invasion of the uterus by tro-
phoblast cells plays a critical role in reproductive
outcome, limited understanding of the mechanisms
controlling trophoblast invasion remains an obstacle
to progress in pregnancy research.50,101 Learning more

FIGURE 2. Highly schematized illustration of the critical
exchange unit in the placenta. The enclosed feto-placental
capillary ‘trees’ (placental terminal villi) meet the open
maternal circulation, via blood pooled in the intervillous
space. Diffusion of oxygen occurs across the composite
tissue known as the ‘‘villous membrane’’.63
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about what factors influence trophoblast invasion and
the cellular and molecular basis of the invasion path-
way is essential for understanding the sequelae of poor
placental development later in the pregnancy.

Pre-eclampsia (PE), which affects 5-7% of all preg-
nancies, is a leading cause of maternal and fetal mor-
bidity and mortality.77 Eclampsia is a complication of
severe PE and is associated with seizures and even
coma. PE is unique because it has such profound
implications for women’s health that last even beyond
pregnancy.77 The hallmarks of PE are elevated blood
pressure (hypertension) in a previously normotensive
patient, along with kidney- and liver-related symp-
toms. The condition is thus systemic in the pregnant
person, even though its origin is in the placenta. In
many cases, the only way to protect the mother’s
health from PE and eclampsia is to deliver the fetus
and placenta by C-section no matter the gestational
age. Removing the placenta leads to rapid improve-
ment in many maternal symptoms, although there are
still risks of postpartum hypertension and severe car-
diovascular complications. Prior PE is also a risk fac-
tor in future pregnancies.77

Fetal growth restriction (FGR), also known as
intrauterine growth restriction (IUGR), affects 5-10%
of all pregnancies.66 It is a leading cause of perinatal
mortality and is responsible for 30% of stillbirths.
FGR has a distinct placental pathogenesis, which dif-
ferentiates it from other small-for-gestational-age fe-
tuses. In FGR, the idiopathic placental insufficiency
can appear either early in pregnancy, with a greater
risk of a wide range of fetal morbidities including
preterm birth and fetal mortality, or in late pregnancy
(> 32 weeks GA), with a high risk of stillbirth. The
sequelae can be due to placental insufficiency alone or
coupled with maternal malnutrition in developing
countries.86 There is no obvious maternal presentation
for FGR without knowledge of the pregnancy’s GA;
both the fetus and placenta are small for gestational
age and thus appear associated with a less advanced
pregnancy.86 The FGR placenta has poorly developed
vascular branching structures and an overall smaller
diffusion surface at the maternal-fetal interface, likely
due to deficiencies in trophoblast function.86 The
lasting effects of FGR for the fetus can present as
cardiovascular complications in childhood and even in
adulthood.60

Placenta accreta syndrome (PAS) results when the
placental trophoblast develops abnormal, invasive
adherence to the uterine myometrium, particularly into
scar tissue from a previous C-section, such that the
placenta is not restricted to the uterine decidua. The
incidence of this condition has increased with the in-
crease in surgical deliveries, although it is still relatively
rare at less than 1% of births.12 It is frequently asso-

ciated with placenta previa, when the placenta is ‘‘low’’
in the uterus to the point of partially or fully covering
the cervix. PAS is subdivided into three categories
depending on the extent of invasiveness, from accreta
(placental invasion through the endometrium) to inc-
reta (placenta invasion into the muscular myometrium
layer of the uterus) and finally percreta (placenta tra-
verses through the uterine wall and affects other tissues
such as the bladder).12 The danger of PAS is failure of
the placental detachment at delivery, resulting in
hemorrhage and the potential need for hysterectomy to
prevent blood loss and further damage. PAS is there-
fore often associated with medically indicated delivery
several weeks before full-term gestation.13

Placental abruption (PA) is the detachment of the
placenta from the uterine wall prior to delivery. PA
occurs in <1% of pregnancies but is responsible for
poor maternal and fetal outcomes due to hemorrhage.
This is due in part to the human maternal circulation’s
unique organization, as it is open at the placental
interface. It is not always clear that significant blood
loss has occurred if the blood is trapped at the
myometrial interface.87 Although many risk factors for
abruption have been identified, such as maternal
hypertension, smoking, and alcohol use, the mecha-
nisms underlying the primary condition are mostly
unknown. Trauma87 and pre-eclampsia77 are both
associated with PA due to physical loading of the
uterine-placental interface. PA is a frequent outcome
of motor vehicle accidents, where the uteroplacental
interface may be directly loaded by the seatbelt, airbag,
or steering wheel.82

Despite the broad spectrum of clinical complica-
tions of pregnancy as presented above, the human
placenta’s development remains something of an en-
igma. There are ethical challenges in performing
experimental research with pregnant women. There are
severe limitations to the use of animal studies due to
substantial inter-species differences in placental anat-
omy and function.70 The investigation of early-preg-
nancy development of the placenta can be limited by
local governmental restrictions regarding the research
use of embryonic stem cells. That said, with very recent
developments in human induced pluripotent stem cells
(iPSCs) and trophoblast stem cells, significant ad-
vances have been made just in the last year or two.

Two broad categories of research approaches have
seen recent growth for the study of human pregnancy,
with a particular focus on preterm birth prevention.
These include in vitro techniques3,4,7,8,10,27,39,69 based
on tissue engineering, organoids, and microfluidic de-
vices, and in silico computational modeling tech-
niques.20,23,47,71,73,83,97 The in vitro techniques take
advantage of two recent developments, those in the
cellular milieu noted above and those to do with bio-

BIOMEDICAL
ENGINEERING 
SOCIETY

M. L. WHEELER AND M. L. OYEN1808



materials and small-scale fabrication technologies. A
separate category is for works that can be performed
virtually, using computational models for the explo-
ration of larger-scale systems far too complex for
small-scale in vitro experimental approaches. Each of
these three categories of placental bioengineering
research techniques will next be considered in turn.

ORGANOIDS AND BIOMIMETIC TISSUE

ENGINEERING

Tissues consist of cells plus extracellular matrix
(ECM), with structural connective tissues dominated
by the latter. Tissue engineering and organoid
approaches exist on a continuum (Fig. 3), from seeding
cells onto biomaterial scaffolds at one end, typical of
connective tissue engineering, to coaxing the self-or-
ganization of cells into tissue-like structures on the
other end, the organoid-type approach now favored
for cell-dominated tissues. In the intermediate region
(Fig. 3) are approaches that use exogenous biomate-
rials such as hydrogels to a greater or lesser extent to
try to encourage cell differentiation and organization
in three dimensions. While a full examination of pla-
cental and uterine cell biology is well beyond the scope
of the current review, a few recent approaches are
summarized in the following paragraphs as a ‘taster’ of
current and future research directions in ex vivo pla-
centa research, from implantation10 to mature pla-
cental barrier functions.18 It should be emphasized at
this point that much of this work represents novel
approaches and quite recent scientific advances, and
thus is largely ‘‘proof-of-concept’’ research. This is
therefore in stark contrast to many more well-devel-
oped fields of bioengineering inquiry, such as Ortho-
paedic tissue engineering, and highlights the challenges

and opportunities available in placental bioengineering
research.

Organoids

Organoids are distinguished by their sponta-
neous—but uncontrolled—morphogenesis, mimicking
early embryogenesis.62 However, this process is clou-
ded by many protocols’ reliance on Matrigel,44,80 a
commercial hydrogel matrix derived from mouse
tumor cells and recognized for its batch variability80

and the presence of thousands of poorly characterized
proteins and growth factors.46 With developments in
hydrogel technology, some researchers are starting to
use more controlled hydrogel matrices in organoid
culture,62 which can only improve repeatability and
reliability of results.80 This is an area of growing and
much-needed collaboration between cell biologists and
biomaterials engineers, for tuning both chemical and
mechanical cues to cells in a spatio-temporally con-
trolled manner.44 In addition to improved hydrogels
for 3D culture support, added complexity in organoids
has been achieved through co-culture with different
cell lineages.44

A range of organoids designed to recapitulate tis-
sues of the female reproductive system have been
derived, including ovaries, cervix, fallopian tubes, and
endometrium.7 These approaches to organoid devel-
opment utilize Matrigel hydrogel matrices.7,27 The or-
ganoids have been developed for various applications,
including fundamental biological science, models of
human disease and therapeutics, and pharmacological
screening.7,27 Recent publications have detailed the
development of cytotrophoblast organoids41 and or-
ganoids with villous-tree-like structures and cells that
differentiate to both syncytiotrophoblast and extravil-
lous trophoblast.92 In both cases, these organoid cul-
tures were derived using cells obtained from first

FIGURE 3. Schematic illustration of the continuum from engineering to cell biology approaches in the study of the placenta, from
tissue engineering—biomaterial scaffolds seeded with cells—to cellular organoids, via intermediate cell-hydrogel constructs.
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trimester placental explants and grown using
Matrigel.41,92 These novel approaches to developing
trophoblast organoids have generated significant
excitement for their potential in exploring early
developmental phases of this difficult-to-study organ.

Tissue Engineering

Tissue engineering (TE) approaches have histori-
cally focused predominantly on the generation of
replacement tissue for failed body parts, although
artificial tissues have been considered as model systems
for basic science and studies such as drug toxicology.
The difference between TE approaches and organoids
is the presence of an artificial ECM biomaterial. Early
work on placental tissue models used a synthetic
polymer microfiber-based bioreactor culture system to
study trophoblast cell lines,58 work that now appears
as a clear precursor to current microfluidic and nano-
fiber matrix-based approaches.8

Gargus et al.39 presented a thorough review of tissue
engineering approaches for both male and female
reproductive tissues, including uterus and placenta.
The primary focus was on tissue transplantation, with
some discussion of drug delivery and even the fetus’s
futuristic ex vivo development. Biomimetic tissue
engineering of the human uterine endometrium has
recently been reviewed in the context of comparing
decellularized native tissue with synthetic scaffold
materials and structures for potential clinical treatment
of uterine defects and infertility.42 Most studies related
to tissue engineering of the placenta use decellulariza-
tion of the tissue to produce an ECM for use in other
applications, such as osteochondral defects.76 The
recapitulation of functional placental tissue has been
more in the domain of microfluidics approaches, and
will be discussed below.

Hybrid Approaches

Some recent approaches have been a hybrid, inter-
mediate between organoid and traditional tissue engi-
neering approaches (Fig. 3). Endometrial organoids,
as developed previously,91 were seeded onto porous
collagen tissue engineering scaffolds to allow for cell
co-culture and improved endometrial tissue mimicry,
including hormone responsiveness.4 Engineered sur-
faces based on hydrogel micropatterning have been
used to study biophysical control of the fusion of
placental trophoblast cells into the syncytiotrophoblast
membrane that forms at the maternal-fetal interface.59

Cell culture inserts featuring permeable membranes
have been used for both trophoblast migration stud-
ies2,3 and for co-culture mimicking the placental bar-
rier.18 Three-dimensional bioprinting has recently been

used to generate biomimetic (methacrylated gelatin,
gelMA) membranes designed to improve this tech-
nique with a more cell-friendly environment for cre-
ating placental-type barriers.51 Similar gelMA
materials and 3D printing techniques have been used
to develop a trophoblast invasion assay based on
concentric rings of cell- and growth-factor chemoat-
tractant loaded hydrogel in a truly 3D system without
a membrane barrier.32 Other three-dimensional tro-
phoblast invasion assays have been developed with
gelatin hydrogels.52,100

The repeatability of studies based on organoid, tis-
sue engineering or hybrid approaches using biomim-
icking hydrogels is an ongoing question that requires
further research if these approaches are to substantially
impact our understanding of the placenta. A consid-
eration with hydrogel-based studies is the biomaterial’s
mechanical stiffness and how it compares with the
native tissue whose ECM it is mimicking.1 As men-
tioned previously, many of the human reproductive
tissue organoid studies have used Matrigel as the
artificial ECM.7,27 Abbas et al..1 examined Matrigel
and quantified its batch-to-batch stiffness variability,
consistent with its having a non-reproducible compo-
sition. Some clues as to the necessary ECM proteins
for trophoblast survival and function can be found in
works that have examined the placental ECM.53,67

Ideally a trophoblast hydrogel biomaterial growth
environment would include both the necessary chemi-
cal and biomechanical cues for cell differentiation and
villus formation. Overall, the biomechanical properties
of the uterus and placenta have been studied very little
compared with other human tissues, and this presents a
research opportunity that will enhance the use of
in vitro approaches for placental bioengineering
research.

PLACENTAL MICROFLUIDIC DEVICES

Recently, several approaches have been considered
for examining the placenta in the context of an ‘‘organ-
on-a-chip’’ framework.2,55,57,69,70,78,79,98,102 Currently,
a distinguishing feature between organoid research and
organ-on-a-chip approaches26 has been the distinction
between cell biology and bioengineering as the primary
field of publication.96 Chip-based approaches are al-
ready commonly used in pregnancy-related applica-
tions, as glucometer and pregnancy tests are currently
the most common tests completed on microfluidic
devices.81 While polydimethylsiloxane (PDMS) is the
most commonly used material in microfluidic
devices,81 other polymers or hydrogels14 could also
serve as functional materials. The excitement about a
potential placenta-on-a-chip is related not just to the
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placenta’s research importance and to the lack of
existing in vitro models for studying its functions. Be-
cause of the complexities of obtaining and culturing
relevant cell types, microfluidic devices are favored as
they allow for experiments using small cell numbers.
Three different types of placental microfluidics exper-
iments are shown in Fig. 4, and these will be described
in the remainder of this section.

Trophoblast Invasion Microfluidics Assay

The mechanics of trophoblast migration have been
investigated2 in a hydrogel microfluidics plat-
form.85The assay was originally developed to study
cancer metastasis, a common microfluidics applica-
tion.45,99 Cells are seeded in a central hydrogel-filled
channel and exposed to a chemical gradient established
across the hydrogel (Fig. 4a2). In this assay, tro-
phoblast migration using primary cells was assessed in
response to a gradient of the uterine chemoattractant
GM-CSF.2 This is important as there are questions
surrounding whether the invasive nature of chorio-
carcinoma trophoblast-like cell lines is diminished
relative to primary cells. A similar approach, but uti-
lizing a flow-free microfluidic device, has been used for
chemotaxis investigations of sperm in response to a
progesterone gradient.14 This more straightforward
device design may have potential for future investiga-
tion of chemotaxis in placental trophoblasts.

Placental Barrier Microfluidics Studies

Microfluidic approaches have also shown potential
in devices that consider the placenta’s barrier function
between mother and fetus. Different configurations of
artificial lab-on-a-chip barriers have been considered,
including in-plane (Fig. 4b61) and out-of-plane relative
to the microfluidic device (Fig. 4c88). Recent studies
using microfluidic devices have been focused on drug
transport across the placental barrier. Such approaches
have been reviewed8,69 in the context of the substantial
advantage in vitro strategies have for testing pharma-
ceutical agents. The potential for drugs to penetrate
the placental barrier and to impact the fetus has long
been a concern with the otherwise routine treatment of
pregnant women, following the disastrous thalidomide
tragedy of the mid-20th century.93 Thus, microfluidics
approaches present a new screening opportunity that
could help indirectly advance the NIH’s goals of
including more women—including pregnant wome-
n—in clinical trials including drug trials by providing a
pre-test of possible fetal exposure due to placental
barrier penetration. Placenta-on-a-chip models have
been used to examine transport of glucose, heparin,
caffeine, and nanoparticles across the placental bar-

rier.69 In addition to drug models, these approaches
can consider pathogenic exposures, such as bacteria102

or the Zika virus.8 There is also developing interest in
delivery of drugs to the placenta itself, in the devel-
opment of potential therapeutics for placenta-based
conditions such as pre-eclampsia.8

All of the in vitro models considered here have ad-
vanced placental research dramatically in just the last
five years. However, in parallel, there has been signif-
icant growth in the study of computational models of
the placenta in silico, taking research out of the wet lab
and into the bioengineering modeling domain. These
computational approaches, which will be reviewed
next, have ranged from the smallest-scale transport in
fetal capillaries to macro-scale traumatic loading of the
pregnant patient.

COMPUTATIONAL PLACENTA MODELS

The placenta has been the focus of recent biome-
chanical models across a wide range of length scales,
demonstrating the potential for computational mod-
eling in understanding placental pathology and pla-
centa-related clinical conditions. The development of
new computational approaches for investigations of
the placenta’s fundamental functions, such as blood
flow, shear stress, and oxygen diffusion, have been the
subject of recent scientific meetings5 and review
papers.23,73,84

Placental Function Models

As the last decade has passed, there has been a
progression from analytical models,64 continuum por-
ous media models based on representative or idealized
geometries20 to computational models based on the
extraordinarily complex real geometries found in the
placental vasculature (Fig. 5a71). Recent approaches to
collecting geometrical representations of placentas for
modeling purposes have included 2D placental cross-
section scans54, 3D confocal laser scanning image
stacks,36,72,74 and 3D micro-computed tomography
(microCT) images utilizing polymer casts.11 Some
approaches have generated multi-scale vascular net-
works in silico based on known ‘‘rules’’ governing the
formation of vascular networks in vivo.22,49 In addition
to baseline models of normal placental function, recent
works have used computer-generated models to
examine altered placental structure and oxygen trans-
port in clinical conditions such as FGR86 (Fig. 5b89).
This exciting development explores the real potential
for addressing complex clinical problems with com-
putational in silico methodologies: The limitation of
scarce availability of pathological tissue is removed
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FIGURE 4. (a) A microfluidic device used to examine trophoblast invasion, with three channels: a central hydrogel seeded with
cells and two peripheral channels filled with media with different fluid chemical compositions to establish a chemical gradient
across the hydrogel. Time-lapse confocal z-stack images can be taken at various locations in the hydrogel channel to track
individual cell motion in response to the chemical gradient. Figure adapted from Ref. 2. (b) A microfluidic device representing
maternal cells and the fetal membranes separated by the placental barrier. Solutions can be inserted into the maternal side of the
device to analyze how the placental barrier protects the fetus from harmful substances; figure adapted from Ref. 61. (c) A stacked
placental barrier microfluidics device, after.88 This figure shows a microfluidic device with channels A and B stacked on top of each
other with the central membrane in between. This figure depicts an out-of-plane layout of a microfluidic device, rather than an in-
plane version as depicted in (a, b).
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when pathologies are simulated based on known
structural changes in the placenta.86,89

A significant challenge associated with all of these
computational models is the question of experimental
validation. Different approaches have been used to
address this challenge at different length-scales relative
to the placental function. In converting image data to
computational model domains, objects of known
geometry have been used to validate the imaging and
conversion of micrometer-scale image data into
quantitative computational geometric domains.71

Three-dimensional printing of scaled-up models, along
with particle flow velocimetry of real physical flows,
have been used to confirm the validity of the
microvasculature flow simulations.72 At macroscopic

scales, medical imaging data is available via magnetic
resonance imaging.30 Multi-scale modeling approaches
are increasingly favored22 and provide promise for
improving the validation of models with clinically-
obtainable data. A clear direction for future research in
this area is bridging the length-scales from millimeter-
scale medical imaging data to micrometer-scale com-
putational models at the scale of the functional pla-
cental exchange units, the terminal villi.

Placental Trauma Models

At a more macroscopic level, there has been a recent
increase in blunt trauma studies in pregnant women,
particularly in the context of motor vehicle accidents

FIGURE 5. (a) 2D confocal (CLSM) image stack view of a terminal placental villus, and (b) corresponding three-dimensional
reconstruction of the same tissue region, illustrating the internal fetal capillary loops and the external diffusion surface of the
tissue in contact with maternal blood in the intervillous space. Image adapted from Ref. 71. (b) Computer-generated models of the
vascular networks in (left) normal and (right) FGR placentae, illustrating how overall structural differences in the placental vascular
networks could be used to simulate pathology; figure portions reproduced from Ref. 89.
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and automotive safety. Trauma is an unfortunately
common complication of pregnancy, and most com-
monly associated with motor vehicle accidents,
domestic violence, and falls.25 The most common cause
of fetal death, aside from maternal death, has been
placental abruption.43 Direct loading of the pregnant
uterus, as could occur in trauma cases, has been sim-
ulated using finite element (FE) modeling of rigid bar
impacts; the model included a placenta, fetus, amniotic
fluid, and is based on third-trimester computed
tomography (CT) scans.68 Rigid bar loading and
seatbelt loading have both been considered in a more
complex model in which a full FE representation of the
fetal skull is presented.6 The strain level at the uterine-
placental interface (UPI) of 0.60 was taken as repre-

sentative of placental abruption; this strain level was
routinely exceeded in simulations of unrestrained or
airbag-only restraint but rarely exceeded for seatbelt
restraint and never exceeded for combined seatbelt and
airbag restraint.6

A whole-body FE model of a 26-week gestation
simulated several different accident scenarios and pre-
dictors of adverse fetal outcomes in addition to the
UPI strain, and including head injury criteria for both
mother and fetus and intrauterine pressure.9 This study
included detailed investigations of the kinematics of
different loading phases due to an MVA, including
maternal forward bending and direct abdominal
compression by the lap seatbelt. These authors sug-
gested the 0.6 strain threshold for the UPI was too

FIGURE 6. (a) Word cloud for Scopus database search of ‘‘placenta’’ and ‘‘bioengineering’’. Top word results within the 132
documents found in this search were (number of times in document titles): human (13); cells (10); model (9); fetal (7); health (7);
engineering (6); pregnant (6); display (5); future (5); tissue (5). (b) Pubmed documents per year for a review search on ‘‘placenta’’
and ‘‘engineering’’ showing significant growth in the last decade.
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great and that placental abruption was likely to occur
at smaller strains.9 In related work, the UPI strain in a
simulated frontal MVA was surprisingly independent
of the placenta’s precise location within the uterus.29

The same challenge of experimental validation is
associated with these macro-scale FE models as with
the micro-scale placental transport models, in that
comparisons with any empirical data are limited to
modified crash test dummies and non-pregnant
cadavers. Neither of these perfectly represents the
traumatic loading response of a living pregnant driver.

OUTLOOK

Bioengineering approaches to the examination of
pregnancy have a long history. Some consider Leo-
nardo da Vinci the first ‘‘bioengineer’’ due to his par-
allel interests in both the human body and in
technology; his drawings of the dissected pregnant
uterus were the first to capture the anatomy cor-
rectly.34 Da Vinci first observed the fetal membranes
and realized that the maternal and fetoplacental cir-
culations were independent.34 Biomechanical studies of
the fetal membranes appeared throughout the 19th and
20th century scientific literature (reviewed in Ref. 21).
Bioengineering studies of the placenta have been far
more common in the 21st century, especially given the
attention provided by the US National Institutes of
Health and their Human Placenta Project.40

The current diversity of placental bioengineering
research is reflected by the word cloud shown in
Fig. 6a for ‘‘bioengineering’’ and ‘‘pregnancy’’, which
includes many but not all of the topics considered in
this review; here, the focus has been on recent advances
made through in vitro and in silico approaches. The
growth in the field of placental bioengineering in par-
ticular is reflected in the recent rapid expansion of the
literature, particularly in the last five years (Fig. 6b).
The bioengineering study modalities considered herein
are particularly critical in human pregnancy research,
in which in vivo studies are (rightly) ethically limited,
and biofidelic animal models simply do not exist due to
anatomical and embryological differences between
species. Complementary to fast-moving developments
in bioengineering are those in placental biophysics,
particularly as concerns the gathering and interpreta-
tion of quantitative medical imaging data.

Examination of the recent literature also highlights
the significant challenges that are still in need of fur-
ther research. In particular, bridges are needed across
length- and time-scales to connect clinical diseases late
in pregnancy, such as FGR and PE, to their early
timepoint origins. Although there have been some re-
cent advances in computational modeling of placental

function, a multi-scale ‘‘virtual placenta’’ model is
needed. Such a model would join together small-scale
but detailed oxygen exchange models at the individual
placental villus scale to the macroscopic circulation,
which is accessible to medical imaging technologies
(MRI, ultrasound) for clinical diagnosis. Microfluidics,
tissue engineering, and organoid approaches further
open new avenues in biomaterials and cellular
research, with clear needs in developing controlled
hydrogel biomaterials for improving studies’ reliability
and tissue-specificity. There are other biomaterials
needs and opportunities within pregnancy research as
have been highlighted recently in a review on contra-
ception.24 With the biomedical engineering field
evolving, and engineers increasingly collaborating with
medical professionals in obstetrics, midwifery, neona-
tology, and other relevant clinical areas, the future of
placental bioengineering looks bright.
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