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The extinction rates of many different an-
imal species are alarming.

Understanding and assisting wildlife
reproduction is crucial to reverse the
extinction process. However, efforts
are hindered because of lack of bio-
logical and fundamental knowledge,
limited access to animals, challenging
working conditions, and limited finan-
cial resources.
Conservation breeding and assisted reproductive technologies (ARTs) are in-
valuable tools to save wild animal species that are on the brink of extinction.
Microfluidic devices recently developed for human or domestic animal reproduc-
tive medicine could significantly help to increase knowledge about fertility and
contribute to the success of ART in wildlife. Some of these microfluidic tools
could be applied to wild species, but dedicated efforts will be necessary to
meet specific needs in animal conservation; for example, they need to be cost-
effective, applicable to multiple species, and field-friendly. Microfluidics repre-
sents only one powerful technology in a complex toolbox andmust be integrated
with other approaches to be impactful in managing wildlife reproduction.
Microfluidic devices developed for
human and domestic animal fertility
offer new possibilities to positively im-
pact animal conservation, from moni-
toring of reproductive status to the
production of gametes and embryos
of high quality.

Although some microfluidic devices are
directly applicable to rare and endan-
gered animal species, further develop-
ments will be necessary to address
specific needs in wildlife reproduction.

To be impactful, a new technology such
as microfluidics must be integrated into
a more comprehensive toolbox for biodi-
versity conservation.
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Saving Animal Species through Reproductive Sciences
Numerous factors contribute to the loss of biodiversity, including climate change, environmental
pollution, destruction of natural habitats, and many other human-related activities. The number of
species threatened by extinction in their natural habitat is continuously increasing, reaching more
than one million according to most recent reports from the International Union for the Conserva-
tion of Nature (IUCN; www.iucnredlist.org/) (Box 1). Understanding and sustaining biodiversity is
crucial to reverse that process and maintain functional as well as healthy ecosystems. Among dif-
ferent disciplines to preserve genetic diversity and ensure survival of animal species, fundamental
biological knowledge must be acquired before developing new conservation actions [1]. Unfortu-
nately, loss or fragmentation of natural habitats creates small groups of individuals that have great
difficulty inmeetingwith each other and reproducing naturally. Similarly, wild animal species under
human care in zoos or conservation centers are often in small numbers or not sufficiently genet-
ically diverse to be propagated by natural breeding only [1].

Assisted reproductive technologies (ARTs, see Glossary) have become invaluable tools to
overcome issues related to the lack of contact between animals (owing to very low densities in
natural habitats or because of long distances between conservation sites in situ or ex situ) or to
infertility problems arising from poor genetic diversity [2]. Many strategies have been designed
to enhance natural breeding and develop ARTs. These include non-invasive hormone assess-
ments, artificial insemination, and systematic collection of germplasm from genetically valuable
individuals (genome resource banking) [3]. Given the recent developments in microfluidics, we
believe that this technology (Box 2 for a short introduction to microfluidics) is another asset for
studying and assisting reproduction in wild animal species.

The objectives of this review are to present specific challenges that conservation breeding and
wildlife ARTs are currently facing and the need to address them, as well as to introduce current
microfluidic strategies and devices (developed for humans and domestic animals) that could in-
spire new solutions for wildlife reproduction and ARTs, and discuss the next steps to be under-
taken to integrate the fields of conservation breeding and wildlife ARTs with microfluidics.
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Glossary
Assisted reproductive technologies
(ARTs): procedures to address infertility
or manage animal populations. ARTs
include artificial insemination (AI), in vitro
fertilization (IVF), in vitro culture, and
embryo transfer.
Biomarker: a molecular indicator in the
organism or in excreted fluids whose
presence or change in concentration
informs about physiological status of an
individual.
Centrifugal microfluidics: through
controlled rotation at different angular
speeds of a CD-shaped device, liquids
can be displaced by centrifugal forces,
sequentially mixed, metered, and
incubated with other reagents.
Conservation breeding: captive
propagation of endangered species to
maintain the genetic diversity and
sustainability of animal populations for
eventual reintroduction into their natural
habitat.
Dielectrophoresis (DEP): when
exposed to a non-uniform electric field, a
polarizable particle or cell experiences a
force that attracts or repels it from the
electrode. This force (direction and
amplitude) depends on the respective
polarizability of the particle and its
surrounding medium.
Electrowetting-on-dielectric
(EWOD): also known as digital
microfluidics (DMF), EWOD is a
technique in which changes in surface
tension induced by applying voltages to
specific electrodes in an array are used
to displace, fuse, split, or mix discrete
droplets of liquids containing samples
and/or reagents in a controlled manner.
Genome resource banking: the
systematic collection, storage, access,
and use of biomaterials for the purpose
of species conservation, biomedical
science, or food production.
Germplasm: in animals, this term
includes reproductive tissues containing
germ cells (ovaries and testicles) and the
mature cells resulting from
gametogenesis (oocytes/eggs and
spermatozoa).
Inertial microfluidics: in conventional
microfluidics, inertia plays a negligible
role, and processes are mostly
governed by viscous forces. By
contrast, in inertial microfluidics both
inertial and viscous forces have equal
contributions, and this offers new
opportunities notably for particle
separation.

Box 1. Species Decline – The Successful Recovery of Black-Footed Ferrets

First written records of extinctions of birds, large mammals, and reptiles date back to the 1600s, with noteworthy growth
since the 1900s (Figure I). Alarmingly, current vertebrate extinction rates vastly exceed the expected natural rates [73]. Al-
though we cannot accurately determine the number of existing species, and how many have become extinct, actual ex-
tinction rates are remarkably high and are rapidly increasing, suggesting that another mass extinction is underway [73].
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Black-footed ferrets (Figure II) once used to range across the western plains of the USA but were thought to be extinct until a
small population was discovered in 1981. The last remaining 18wild animals were caught between 1985 and 1987 to estab-
lish a breeding center in Wyoming in collaboration with multiple zoos in the USA. Extensive studies immediately started in
model species – the domestic ferret (Mustela putorius furo) and the Siberian polecat (Mustela eversmanii) – to better under-
stand their reproductive biology and to develop ART protocols, including semen cryopreservation and intrauterine artificial
insemination (AI). Approacheswere then rapidly translated to the black-footed ferret. Between 1996 and 2008, 140 ferret kits
(baby ferrets) were produced using laparoscopic AI with fresh or frozen semen following ovulation induction [74]. The recent
birth of eight ferret kits from AI with frozen semen stored for 20 years has allowed the genetic diversity of the captive popu-
lation to be increased while reducing the time interval between generations [75]. More than 7000 black-footed ferret kits were
born across six zoos, and 150 to 220 are released every year into their natural habitat after being produced in a breeding
center. In total, around 4500 ferrets have been released since the beginning of the conservation program. Thewild population
is constantly monitored for disease (including sylvatic plague) and reproductive health (semen quality). Although the integra-
tion of AI has been a success, more technologies will be necessary to ensure the maintenance of a sustainable population.
Other conservation breeding programs plan to replicate this phenomenal effort (e.g., for giant pandas).
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Figure I. Extinction of Species
from 1500 to 2020. Cumulative
vertebrate species recorded as
being extinct (EX), extinct in the wild
(EW), critically endangered and
possibly extinct (CR-PE), or possibly
extinct in the wild (CR-PEW). Fishes
include bony fishes (Actinopterygii),
lampreys (Cephalaspidomorphi), and
sharks and rays (Chondrichthyes).
Cumulative extinctions data for each
vertebrate class were determined by
calculating the percentage of
extinctions from the total number of
described species (IUCN) in each
time-period. The background is the
number of extinctions expected
under a constant standard rate of
two extinctions per 10 000 species
per 100 years [73].

Figure II. Black-Footed Ferret
Kits. Image reproduced with
permission from the Smithsonian
National Zoological Park.
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Lateral flow assay (LFA): a biomarker
of interest is detected through antibody
recognition in a sandwich immunoassay,
mostly using a colorimetric readout
through the local accumulation of
colored polystyrene or gold
nanoparticles. The liquid sample is
driven in the device by capillary forces in
a cellulose-based material (e.g., paper),
which also allows filtering of large
particles such as cells and cell debris.
Typically, an LFA comprises one test
line, in which the biomarker of interest is
detected and possibly quantified, and
one control line to confirm that the assay
is operating correctly.
Organ-on-a-chip: a 3D microfluidic
culture system of cells and tissues that
mimics the physical and physiological
activities of entire organs or organ
systems, while possibly emulating its
architecture through the combined use
of microfabricated structures and
various cell types.
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Call for Improvements to Wildlife Reproduction Studies and ARTs
Understanding reproduction is an essential prerequisite for developing ARTs strategies to miti-
gate rapid decline and sustain healthy species [3]. Although mammals are the least abundant
(8.9%) of all described vertebrates (birds, 15.4%; reptiles, 15.4%; amphibians, 11.3%; and
fishes, 49%; IUCN 2020), they are the most studied. Unfortunately, reproductive biology is cur-
rently only known thoroughly for a very small proportion of mammals (~0.05%) and for even
lower proportions of non-mammalian species. Conservation breeding of rare and endangered
species has also progressed slowly for several reasons: study populations are small; inbreeding
levels are high, which often leads to infertility; animal husbandry is highly complex; handling is dif-
ficult without causing stress to the animals; too few specialized facilities and experts are available
worldwide; and financial resources are scarce [4,5]. Despite those limitations, studies have re-
vealed a remarkable diversity in the anatomy, physiology, and cellular mechanisms within and be-
tween species [4]. Regarding the development and use of ARTs, success has been reported in
~50 mammalian and very few non-mammalian species, including birds, fishes, reptiles, and am-
phibians [5]. The number of offspring produced by these techniques in each wild species also is
very modest compared to the millions of births obtained in livestock and humans [6]. Therefore,
there is an urgent need to accelerate research on reproduction and the development of new ded-
icated ART solutions for wildlife; otherwise, most endangered species will be lost. Figure 1
Technology readiness level (TRL): a
scale (introduced by the NASA) that
characterizes the maturity of a newly
developed technology, ranging from
'basic principles' (TRL1) to 'system fully
proven in an operational environment'
(TRL9).
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Figure 1. Overview of the Different Steps in a Conventional Assisted Reproductive Technology (ART) Process
(From top to bottom) Production of gametes (sperm/oocytes) directly from females and males or generated through in vitro
culture of gonadal tissues. Functional gametes are either used directly (fresh) or cryopreserved for transport/storage to
another location (bottom right). After maturation, processing, and selection, gametes are incubated for in vitro fertilization
(IVF) to produce embryos. Fertilization can also be achieved using intracytoplasmic sperm injection (ICSI, not depicted
here). In vitro produced embryos are selected and transferred to recipients. Embryos can be transferred fresh or can be
cryopreserved similarly to gametes, especially if the female recipient is at a different location.
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summarizes the different ARTs that are discussed in the following sections for wildlife species.

Non-Invasive Monitoring of Reproductive Status To Ensure Conception and Successful
Gestation
Monitoring and controlling reproductive status (breeding season, stage of the ovarian cycle, or
pregnancy) is crucial for managing natural or assisted reproduction in the field or in conservation
centers [2]. As in domestic and livestock species, determining the optimal timing for natural mat-
ing, artificial insemination, and/or embryo transfer is essential for producing offspring in wildlife.
However, these techniques rely on in-depth understanding of reproductive physiology as well
as on monitoring ovarian activities through non-invasive methods [7]. Similarly, it is equally impor-
tant for the management of wild species to non-invasively monitor pregnancies (early, mid-term,
or close to the birth), but extensive research will be necessary to identify appropriate bio-
markers, and these are also variable between species [7].

Diversifying Sources and Production Methods for Mature Sperm Cells, Competent Oocytes, and
Viable Embryos
In addition to the technical and logistical difficulties of collecting gametes from wild animals under
sedation, semen or oocytes may not be retrievable (e.g., individuals are either prepubertal or out-
side their breeding season). Oocyte collection (ovum pick-up) is always more complex than
semen collection and is impractical in field conditions. Recovery of gonads during necropsy or
sterilization for medical reasons is often the only opportunity to collect gametes at different devel-
opmental stages. Following this, xenografting of testicular or ovarian biopsies into immunodefi-
cient mice or rats has been explored to produce more mature gametes [8,9]. However, short-
living hosts such as rodents are not optimal because donor tissues need several months to de-
velop from prepubertal to adult stages, and donor tissues also have longer durations of sper-
matogenesis or folliculogenesis. Therefore, in vitro culture of gonadal tissues, as successfully
achieved in the mouse model [10], represents the most convenient and promising option for
Box 2. Microfluidics in a Nutshell

A microfluidic device has a footprint of a few square centimeters and comprises channels and structures with micrometer-
sized dimensions (Figure I). These miniaturized devices allow accurate manipulation of small amounts of fluids (10−9 to
10−18 l) [76]. These devices were initially produced from glass- and silicon-based materials using techniques derived from
the microelectronics industry. They are now increasingly based on polymer materials and fabricated using ablation, repli-
cation (i.e., soft lithography or other casting methods such as hot embossing and liquid injection molding) [76], or 3D print-
ing techniques [77]. Paper is also used as a material, but mostly for POC applications [78].

Using miniaturized devices equipped with micrometer-sized structures provides key advantages – portable devices for in
situmeasurements and analysis with smaller sample requirement and reduced consumption of chemicals, as well as faster
results. Miniaturization increases the control of the flow (laminar profile, Figure IIA) and associated flow patterns (continu-
ous, pulsatile, on-demand, etc.). It offers new opportunities for solution exchange (suddenly, stepwise, gradually, or pulse-
wise) and for creating stable concentration and temperature gradients (Figure IIB). For culture of cells and/or tissues, mi-
crometer-sized dimensions are attractive for isolating individual cells or small numbers of cells, while allowing them to build
their own microenvironment through the accumulation of paracrine factors in highly confined sub-microliter volumes. Fur-
thermore, the combination of flow and miniaturized structures provides excellent spatial and temporal control over variety
of chemical and physical parameters in the device at the microscale (Figure IIC), while offering new opportunities for active
and stress-free manipulation and sorting of cells.

Microfluidic devices present a high level of integration which comes in various flavors: (massive) parallelization potential, the
possibility to implement multi-step processes, and the combination of fluidic structures with 'active' capabilities such as
valves, pumps, actuators, or (chemical, electrical, mechanical, and optical) sensors. Furthermore, they can easily be
interfaced with various analytical equipment and microscopic techniques for, respectively, on-line and in situ monitoring
of processes.

These miniaturized devices are highly promising for process standardization through automation, thus reducing sample
manipulation and associated human errors, while ensuring higher reproducibility.

Trends i
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Figure I. Photograph of a
Microfluidic Device Developed
and Tested for the Culture of
Individual Embryos. The device
has been filled with food dye for
visualization purposes. The nut
above (from Juglans regia) is
provided as a size reference
(length = ~ 40 mm).

Figure II. Schematic
Representation of Unique
Scenarios Offered by
Microfluidic Devices. (A) A
laminar flow profile that has been
exploited for sperm cell analysis
and selection. (B) The simple
creation of stable concentration or
temperature gradients, which has
also been used for sperm cell
selection and analysis. (C) The
possibility to stimulate cells in a
spatiotemporal manner using
well-defined pulses of soluble
substances, which is of great
interest for emulating hormone
peaks in organ-on-a-chip platforms,
for example for gamete production
or to mimic physiological conditions.
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wildlife. Unfortunately, culture conditions are species-specific and are not yet well defined [8,9],
which calls for optimization in any species.

Before in vitro fertilization, it is crucial to enhance final maturation of spermatozoa (epididymal
maturation and capacitation) and competent oocytes (meiotic resumption to the metaphase II
588 Trends in Biotechnology, June 2021, Vol. 39, No. 6
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stage) from the small pool of early stage gametes that can be grown in vitro. Convenient ways to
assess and possibly manipulate the quality of produced sperm and oocytes are also needed.
Similarly, it is important to ensure a high success rate of in vitro fertilization and subsequent pro-
duction of transferable embryos after in vitro culture. To that end, characterizing and predicting
embryo quality (high developmental potential) and safety (absence of contamination) before
transfer is essential.

Optimizing Long-Term Preservation and Reanimation of Gonadal Tissues and Gametes at Differ-
ent Developmental Stages
Directly using or culturing gametes and gonadal tissues immediately after their collection is logis-
tically challenging in wildlife. Therefore, germplasms are typically stored at cold or freezing tem-
peratures (cryopreservation) for later use. However, sensitivity to cryoprotectants (CPAs) and
low temperatures varies from species to species, and systematic studies will be necessary to un-
derstand the resilience and survival of germplasms [8,9]. The same applies to thawing and rean-
imation of samples that must also be adapted on a species-by-species basis [11]. Furthermore,
given the high complexity and costs of cryopreservation, simple and cost-effective solutions to
preserve and store living samples in the long term must be devised for wild animal species [11].

Inspiring Microfluidics-Based Strategies
In this section we review state-of-the-art microfluidic developments for reproductive medicine
and different steps of ARTs (Figure 1), which have all been driven either by the field of human re-
production to treat infertility or by the livestock industry (domestic animals).

Portable Miniaturized Devices for Studying and Monitoring Reproductive Status
A first requirement for wildlife ARTs is to understand and monitor the reproductive status of indi-
viduals through molecular analysis. For this, the field of point-of-care (POC) analysis and diagnos-
tics, which has fueled the development of a variety of miniaturized, fully integrated, (quasi)-
autonomous and portable set-ups (Box 3), can serve as a great source of inspiration. The most
popular device for hormone analysis remains the over-the-counter pregnancy test, which detects
the hormone human chorionic gonadotropin β (β-hCG) in urine. This home-testing device uses a
lateral flow assay (LFA; Figure 2A) [12] in which the biomarker β-hCG is detected in a binary
yes/no manner using a colorimetric sandwich immunoassay.

To predict ovulation, other strategies have been proposed for quantitative and more sensitive
analysis of different hormones, but they have only been validated in the laboratory. Using electro-
chemical detection with signal amplification, luteinizing hormone (LH) and progesterone (P4) have
been quantified in saliva [13], and β-estradiol in serum [14], using sandwich-based or competitive
immunoassays. In a more integrated platform equipped with a dedicated cartridge containing all
necessary buffers and pre-loaded with all reagents, LH, follicle-stimulating hormone (FSH), β-
hCG, and prostaglandin were simultaneously analyzed in serum using a sandwich immunoassay
followed by quantitative fluorescence detection [15]. More recently, a completely different ap-
proach was proposed that used microliter-sized saliva samples dried in a microfluidic device
and smartphone imaging [16]. Fern patterns resulting from sample drying were analyzed using ar-
tificial intelligence in saliva in the ovulation period, to reveal an increase in salivary electrolytes
reflecting the higher estradiol level in blood.

Microfluidics for Gamete Development, Maturation, and Selection
Producing germ cells from ex vivo gonadal tissues is considered to be the best approach for wild-
life reproduction. In this context, microfluidic technology offers better controlled environment for
the culture, maintenance, and maturation of these ex vivo tissues [17], as well as a unique
Trends in Biotechnology, June 2021, Vol. 39, No. 6 589
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opportunity to screen and optimize culture conditions through device parallelization. This
microfluidic approach has been pioneered on mouse prepubertal testicular tissues viably cul-
tured for up to 6 months, achieving full gametogenesis. Constant oxygenation and nutrition
of the seminiferous tubules as well as hormonal stimulation was ensured through a vascu-
lar-like system, yielding competent sperm cells for oocyte fertilization [18,19] (Figure 2B).
For the in vitro culture and maturation of oocytes, ovarian follicles are typically encapsulated
in a 3D hydrogel matrix to mimic the physical environment provided by the ovarian tissue [20],
and this has so far been applied to a variety of laboratory animal models, livestock, humans,
dogs, and cats. Recently, individual human follicles encapsulated in alginate beads were cul-
tured in well-defined dynamic conditions in a microfluidic chamber [21]. Interestingly, this en-
capsulation process can easily be downscaled to the single-follicle level and can be better
controlled using droplet microfluidics (Figure 2B) [22], which is widely used for the isolation
of individual cells in hydrogel microbeads [23]. In a different approach, ex vivo mouse ovarian
tissue was cultured under dynamic microfluidic conditions in a multi-organ-on-a-chip plat-
form, while emulating the human 28 day menstrual cycle, leading to the ovulation of fertile oo-
cytes [24].

To isolate and select both oocytes and sperm, a variety of innovative microfluidics-based
schemes have been proposed, all being virtually non-invasive, faster (a few minutes), amenable
to standardization, and suitable for small amounts of samples/cells while involving less sample
manipulation. In the female reproductive tract, sperm is sorted via different mechanisms [25].
Similarly, during ART cycles, selection is mandatory to remove impaired cells and other contam-
inants. Interestingly, new analysis and sorting schemes have been developed in a microfluidic for-
mat by taking advantage of key features offered by this technology (Box 2), and these schemes
are sometimes inspired by the in vivo situation. Sperm has been separated from white blood cells
and debris by using passive approaches [26,27], and has been analyzed and selected based on
motility, chemotactic [28] (Figure 2C), and/or thermotactic behavior [29], a combination of all three
[30], or by using holographic imaging [31]. All these approaches have proven to overall yield high-
quality, motile sperm cells with non-damaged DNA in human [32], greater insemination success
in cattle [33], and enhanced pregnancy rates after intracytoplasmic sperm injection (ICSI) in
humans [32]. Using inertial microfluidics, the best sperm cells were successfully isolated
from limited microsurgical testicular sperm extraction samples [34]. Regarding oocytes, stress-
free and potentially high-throughput microfluidic platforms have been reported for removing cu-
mulus cells using integrated structures [35], maturation through continuous exposure to a matu-
ration medium [36], and selection based on their maturation level and quality using integrated
optical or mechanical sensors [37].

Microfluidics for In Vitro Fertilization, Embryo Culture, and Selection
Once gametes have been collected, selected, and matured, the next steps in an ART procedure
are fertilization, in vitro culture of the resulting embryos, and their selection before transfer to a fe-
male recipient (Figure 1). All these steps are typically performed in microliter-sized droplets in a
Petri dish, but previous research, mostly using domestic animal embryos (mouse, pig, and bo-
vine) revealed key advantages of using the confined sub-microliter volumes found in microfluidic
devices for these various procedures.

On-chip, the concentration of sperm in the direct vicinity of an egg/oocyte can be controlled by
regulating the flow rate [38] or by using dielectrophoresis (DEP) [39], which proved to lower
the risk of polyspermy while enhancing the percentage of fertilization. Furthermore, because
sperm cells must swim in the device towards the oocyte, they are simultaneously pre-selected
in a non-invasive manner [40].
590 Trends in Biotechnology, June 2021, Vol. 39, No. 6
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Possibly through accumulation of autocrine factors in sub-microliter volumes, confinement was
found to better support the development of preimplantation embryos, down to the single embryo
level [41–43]. This led to improved formation of blastocysts with higher cell counts and, in some
cases, enhanced birth rates after transfer of on-chip cultured embryos to pseudopregnant mice
[41,44] (Figure 2D). To emulate the mechanical stimulation that embryos experience in vivo, dy-
namic culture has been explored in few devices in the form of continuous delivery of freshmedium
[44] or regular displacement of embryo culture droplets using electrowetting-on-dielectric
(EWOD) [42].

The power of integration of microfluidic technology is of great interest for monitoring embryo
growth [45] using time-lapse imaging [46], possibly combined with artificial intelligence/machine
learning [47] or integrated sensors [48]. Culture devices can also be coupled with other molecular
analysis modules [49] or spectroscopic analysis to eventually select embryos based on their de-
velopmental competence.

Nevertheless, classical ART procedures do not work for all species, and there is increasing
concern about the artificial in vitro environment that gametes and embryos are exposed to,
especially at the epigenetic level. This 'stress' can affect embryo development and also im-
pact on the offspring or even across generations [50,51]. A promising and holistic approach
to create a more biomimetic environment uses organ-on-a-chip technology [24,52] to recre-
ate interactions and communication between gametes and embryos, as well as the female
reproductive tract (Figure 2E). Recently, a variety of womb-on-a-chip [53], endometrium-
on-a-chip [54], and oviduct-on-a-chip models [55,56] have been reported, all comprising a
mature and differentiated epithelium grown on a porous membrane separating two fluidic
(apical and basolateral/blood) compartments. In particular, bovine embryos produced in an
oviduct-on-a-chip, and cultured under continuous perfusion, were found to better resemble
their in vivo counterparts at the zygote stage than those generated through classical in vitro
fertilization (IVF) [55].

Microfluidics for Germplasm and Embryo Cryopreservation
Microfluidics can revolutionize germplasm cryopreservation through automation of CPA loading
and removal, and accurate timing of CPA exposure. The technology can also limit the osmotic
and thermal stress that germ cells are exposed to, and screen various exposure scenarios
while monitoring in real-time the cellular response in terms of membrane permeability and/or vol-
ume changes. So far, only a handful of studies have explored the use of microfluidics for oocyte
and embryo cryopreservation, one of them being successfully commercialized [57,58] and used
in clinical setting [59]. Noteworthy, no device has been reported for sperm cryopreservation. In
these devices, cells are trapped individually in dedicated microstructures [60] or chambers [61].
CPA mixtures are directly prepared on-chip to the desired concentration, for instance in a mixing
channel, before being loaded into the exposure chamber [60,61] using stepwise concentration
changes, a linear gradient, or more complex patterns [60,62] (Figure 2F). As a result, murine
and bovine oocytes and zygotes exhibited less shrinkage, better morphology, higher cell quality,
and improved developmental competence [62]. In a different approach, CPAs were similarly
mixed in situ using discrete droplets and EWOD, followed by their automated and stepwise de-
livery to individual mouse embryos isolated in sub-microliter droplets, again without any impact
on their survival and developmental rates after vitrification [63]. Not only loading but also
unloading CPAs in a stepwise manner on porcine oocytes improved survival, embryo cleavages,
and blastocyst formations [64]. Finally, to minimize thermal stress through better temperature
control, heaters and sensors have been integrated into a microfluidic cryopreservation device
[65].
Trends in Biotechnology, June 2021, Vol. 39, No. 6 591



Trends in Biotechnology
OPEN ACCESS
Next Steps To Better Understand and Assist Wildlife Reproduction Using
Microfluidics
Existing Microfluidic Tools Applicable to Wildlife
Some microfluidic devices developed for human or domestic mammal fertility (reviewed in the
previous sections) could be applied to wildlife reproduction, either readily or following minor ad-
aptations. First, portable microfluidic set-ups for molecular analysis could help to screen multiple
biomarkers and increase our understanding of reproductive physiology. All systems developed
for gamete selection, maturation, fertilization, embryo culture, and cryopreservation can be
used for wildlife mammalian species. However, operational parameters must still be optimized fol-
lowing each specific physiological requirement, and internal dimensions must be adapted to ac-
commodate differences in gamete size (e.g., sperm length) and embryo morphology (e.g., larger
preimplantation embryos in some species). Furthermore, to date most of these devices have only
been used and validated in a research laboratory environment for proof-of-concept studies, and
only a few devices have been commercialized for sperm analysis and sorting (www.koekbiotech.
com/fertile-plus-microfluidic-sperm-sorting-chips) and embryo cryopreservation [58,59]; there-
fore, they should be brought to a higher technology readiness level (TRL) before they can
be used on a routine basis by non-experts. Mammalian species only represent a small portion
of endangered species, but they are the most studied species regarding ARTs. Nevertheless,
dedicated microfluidic systems have been developed for non-mammalian vertebrates, such as
for zebrafish sperm analysis and activation [66,67], and embryo culture [68], notably to generate
more fundamental knowledge about embryogenesis, neurophysiology [69], and for toxicity
screening [70].

Microfluidic platforms are also likely to play an important role in the ex vivo culture of gonadal
tissues, first by generating new fundamental knowledge about gametogenesis and then in pro-
ducing gametes in vitro (while using minimal amounts of these precious samples) [17]. Indeed,
difficulties in gamete recovery from wildlife species undermine the development and use of in
vitro technologies. Although showing great potential in the mouse model [18], significant efforts
will be necessary to eventually be able to grow sperm and oocytes to the competent stage, es-
pecially for large mammal species that have a longer duration of gametogenesis, as well as for
non-mammalian species. An essential step towards this goal is to identify optimal in vitro cul-
ture conditions through systematic study of the impact of various parameters in highly
parallelized or multiplexed miniaturized devices. Likewise, the screening power offered by
microfluidics is also of particular interest for optimizing cryopreservation protocols in terms of
CPA exposure conditions.

What Additional Microfluidic Tools Must Be Developed To Have An Impact on Wildlife Reproduc-
tion and ARTs?
A clear distinction must be made between devices intended for operations conducted in the lab-
oratory and those for use under field conditions. Compared to their laboratory counterparts, in-
the-field devices should be portable, robust, tolerant to a wide range of ambient temperatures
or relative humidity, and battery-operated.

A first example of such in-the-field portable device would aim at following reproductive stage and
ongoing pregnancy through the detection and quantification of hormones and/or other bio-
markers. For this, integrated solutions must be explored, including not only a microfluidic cartridge
for molecular analysis but also all the necessary instrumentation for fluid actuation, quantitative de-
tection, and powering the assay, which are key requirements across the field of POC analysis (Box
3). However, more fundamental research will be necessary to identify reliable biomarkers that are
indicative of reproductive status and pregnancy stage of female individuals.
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Box 3. Popular Microfluidic Platforms for In-Field and Point-of-Care Molecular Analysis

Significant efforts have been devoted to proposing POC solutions that are user-friendly and require minimal external instru-
mentation for fluid actuation and assay readouts, but without compromising sample preparation procedures. Notably, a
variety of devices have been developed to conduct, for example, standard immunoassays, genetic analysis, and pathogen
identification in various bodily fluids.

Attractive liquid actuation mechanisms in the POC context include, for instance, capillarity, electrowetting-on-dielectric
(EWOD; also known as digital microfluidics, DMF), and centrifugal forces (centrifugal microfluidics). In terms of detec-
tion, various schemes have been used for both qualitative (colorimetric detection) and quantitative measurements (using
e.g., electrical, electrochemical, and fluorescent detection). Typically, all these actuation and detection capabilities are
housed in an integrated, shoebox-sized, and portable set-up.

Capillary forces drive fluids in microchannels or paper-likematerials in a fully instrument-free approach (Figure IA). Although
paper microfluidics is one of the most popular formats for POC applications, it provides poor control over the flow [78].
However, other more sophisticated capillary-based platforms have been reported that offer excellent control over the flow
in non-paper substrates, integrated valves and/or metering capabilities, and controlled release of reagents stored on-chip
to conduct quantitative immunoassays using fluorescence detection [79–81].

Centrifugal microfluidics (Figure IB) and EWOD (Figure IC) are well suited for more complex analytical workflows because
they allow full sample processing in a single device before on-chip quantitative detection, and in a fully automated manner.
Noteworthy, the lab-on-a-disc format is particularly well suited for size-based separation [82], to isolate plasma [83], and/
or to filter nanometer-sized objects such as cell debris in a sample [84]. Furthermore, centrifugal microfluidics typically uses
a classical CD-reader whose laser is readily available for on-chip optical detection.
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Figure I. Schematic Representation
of Three Popular Microfluidic
Platforms for Point-of-Care (POC)
Analysis. (A) Paper microfluidics, (B)
centrifugal microfluidics, and (C)
electrowetting-on-a-dielectric (EWOD).
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Figure 2. Examples of Microfluidic Strategies for Assisted Reproductive Technologies (ARTs). (A) Lateral flow assay (LFA), as used in the pregnancy test to
analyze β-human chorionic gonadotropin in urine using a sandwich immunoassay. If the biomarker of interest is present in the sample, a sandwich is formed at the test
line; in absence of biomarker, only the control line gives rise to a colored strip. Red scale bar, 1 mm; antibodies not to scale. (B) On-chip culture of gonadal tissues.
(Top) Seminiferous tubules are introduced into a microchamber flanked by a vascular-like system supporting diffusion-based delivery of nutrients, oxygen, and
hormones. Inspired by [19]. (Bottom) Individual follicles are encapsulated using droplet microfluidics in hydrogel beads (inspired from [22]) and cultured in a microfluidic
chamber. Red scale bar, 1 mm. (C) Sorting and selection of viable sperm based on their active swimming and/or chemotactic behavior, whereas non-functional and
other cells and debris follow the flow. Inspired, respectively, by [30,85]. Red scale bar, 1 mm; sperm cells not to scale. (D) Single embryo culture in a sub-microliter
volume (V), allowing embryos to build their microenvironment. Inspired by [43]. In conventional dishware and an excess of medium, paracrine and autocrine factors are
highly diluted. Red scale bar, 1 mm. (E) Oviduct-on-a-chip device for implementing the entire in vitro embryo production process in a more biomimetic environment
created by a differentiated and functional oviduct epithelium in a microfluidic chamber. Inspired by [55]. Red scale bar, 1 mm. (F) Cryopreservation of oocytes/embryos.
Embryos/oocytes are secured in a microchamber at given positions through the application of suction. Pure cryoprotectants (CPAs) and medium are mixed on-chip in
a meander channel before being injected into the microchamber. By computer-assisted adjustment of the medium:CPA ratio, the CPA percentage can be continuously
changed to create linear, stepwise, or more complex variation profiles. Inspired by [62]. Red scale bar, 250 μm. Abbreviation: IVF, in vitro fertilization.
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To process sperm, oocytes, or embryos (removal of seminal plasma, fluids, or contaminants) after
their collection in the field, and before or during cryopreservation, new strategies will be necessary
not only to optimize these procedures but also to ensure that germplasmsmeet biosafety require-
ments. For some wildlife species, gametes, embryos, and tissues are collected for banking from
live and recently deceased animals in areas of contagious diseases (e.g., brucellosis), resulting in
samples that may be contaminated. In this regard, by providing an automated, controllable, and
closed environment as well as standardized procedures, microfluidic technologies can reduce
594 Trends in Biotechnology, June 2021, Vol. 39, No. 6
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Outstanding Questions
Among the potential applications of
microfluidics to wildlife reproduction,
which is the most promising?
Similarly, which specific application
would be easiest to implement?

How will microfluidics have the biggest
impact on wildlife reproduction – by
acquiring more fundamental
knowledge about the reproductive
biology of various species, or by
performing specific steps in an ART
routine?

Similarly, will the benefit of microfluidics
be seen more readily in the laboratory
or in the field?

How easy will it be to integrate
microfluidic technology in the vast
puzzle of biodiversity conservation?
Can this technology easily be
combined with other cutting-edge
strategies and approaches in the
comprehensive biodiversity
conservation toolbox?

Will microfluidics become a key
enabling technology for improving
germplasm biosafety, a facet of ART
that has not yet been explored for
human and livestock reproduction?
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the risk of germplasm contamination –which remains high when using conventional and prone to
operator-error methods and tools.

Microfluidics for Animal Conservation: A Technology in a More Comprehensive Toolbox
Wildlife conservation requires collaborative efforts from different disciplines both in situ (natural
habitat) and ex situ (conservation centers; Figure 3). Although reproduction, ARTs, and genome
resource banking are already acknowledged to be essential, microfluidics could become an es-
sential component of this puzzle (Figure 3). Beyond its use for wildlife fertility, as discussed so far,
microfluidics could also play a major role in health and nutrition by detecting and understanding
the impact of environmental toxicants and pollutants, or in other aspects that remain to be deter-
mined. Microfluidics is thus one of several promising technologies for wildlife conservation that
must be integrated with other disciplines in a more comprehensive (bio)technological toolbox
and in larger conservation programs [4,71]. For instance, cutting-edge approaches including ge-
nome editing, microbiome analysis, biosensors, in conjunction with bioinformatics or machine
learning, must also be considered as bridges between technology and conservation actions.
Overall, there is a need for concerted new technological developments in the field of conservation
biology [72], and we believe microfluidics will be one of these key enabling technologies.

Concluding Remarks
Microfluidics has the potential to improve wildlife reproduction. In this review we have highlighted
challenges in wildlife reproduction and discussed microfluidics-based solutions to address them.
New developments are still necessary to create user-friendly and financially affordablemicrofluidic
devices that are suitable for studying andmonitoringmultiple animal species. Among the potential
applications of microfluidics to wildlife reproduction, some are promising and easier to implement.
In particular, portable systems, inspired from the field of POC analysis, could help with rapid and
non-invasive in-the-field assessment of reproductive status through biomarker analysis. Similarly,
laboratory-based devices are of interest for the evaluation of germplasm and embryo quality.
How can we rapidly increase our
fundamental knowledge about
reproductive biology and develop
adapted microfluidic solutions for
wildlife reproduction?

What commonalities between animal
species could allow the use of a
single device for multiple species?

Could some microfluidic devices
commercialized for human ART (e.g.,
for cryopreservation, sperm analysis,
hormonal analysis, etc.) already be
used for wildlife species?

How can we produce multi-task and
affordable microfluidics tools?
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Figure 3. Biodiversity Conservation
Is a Multidisciplinary Approach. A
single technology such as microfluidics
that is part of a larger toolbox of cutting
edge biotechnological tools, can be used
across different areas and be potentially
integrated into larger wild anima
conservation programs. Abbreviations
ART, assisted reproductive technology
GRB, genome resource bank.
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Nevertheless, the quest for reliable indicators of germplasm and embryo quality is ongoing, and is
shared between wildlife, domestic species, and humans; it is clearly a priority research area that
can be tackled by usingminiaturized devices and screening approaches. Possibly, research con-
ducted on wild species could become a source of inspiration for domestic species or humans,
and vice versa. Similarly, the safety of embryos (absence of contamination to the surrogate
mother) is a key element that can be addressed using microfluidic technology, and could pave
the way to resolving similar concerns in humans and domestic species. In general, two essential
challenges must be met in the development of fully functional microfluidic tools for wildlife: spe-
cies-specific variability and the limited number of studies that have evaluated reproductive phys-
iology across species other than human and a few domestic animals. As more is understood
about the biology of animal species, the new knowledge generated can fuel the development
of new tools to assist reproduction. Interdisciplinary efforts will help to overcome those difficulties
and lead to concurrent integration of microfluidic tools into the management of wild animal repro-
duction either in the field or in conservation breeding centers (see Outstanding Questions).

References

1. Jensen, E.L. et al. (2020) Genotyping on the ark: a synthesis of

genetic resources available for species in zoos. Zoo Biol. 39,
257–262

2. Lueders, I. and Allen, W.R.T. (2020) Managed wildlife breed-
ing-an undervalued conservation tool? Theriogenology 150,
48–54

3. Comizzoli, P. et al. (2019) Reproductive science as an essential
component of conservation biology: new edition. In Reproduc-
tive Sciences in Animal Conservation (Comizzoli, P. et al., eds),
pp. 1–10, Springer

4. Comizzoli, P. and Holt, W.V. (2019) Breakthroughs and new ho-
rizons in reproductive biology of rare and endangered animal
species. Biol. Reprod. 101, 514–525

5. Herrick, J.R. (2019) Assisted reproductive technologies for en-
dangered species conservation: developing sophisticated pro-
tocols with limited access to animals with unique reproductive
mechanisms. Biol. Reprod. 100, 1158–1170

6. Comizzoli, P. et al. (2018) The mutual benefits of research in wild
animal species and human-assisted reproduction. J. Assist.
Reprod. Genet. 35, 551–560

7. Brown, J.L. (2018) Comparative ovarian function and reproductive
monitoring of endangered mammals. Theriogenology 109, 2–13

8. Silva, A.M.D. et al. (2020) Cryopreservation and culture of testic-
ular tissues: an essential tool for biodiversity preservation.
Biopreserv. Biobank 18, 235–243

9. Campos, L.B. et al. (2019) Advances and challenges of using
ovarian preantral follicles to develop biobanks of wild mammals.
Biopreserv. Biobank 17, 334–341

10. Yokonishi, T. et al. (2014) Offspring production with sperm
grown in vitro from cryopreserved testis tissues. Nat. Commun.
5, 4320

11. Saragusty, J. and Loi, P. (2019) Exploring dry storage as an al-
ternative biobanking strategy inspired by Nature. Theriogenology
126, 17–27

12. Bahadir, E.B. and Sezginturk, M.K. (2016) Lateral flow assays:
principles, designs and labels. Trac Trends Anal. Chemi. 82,
286–306

13. Serafin, V. et al. (2019) Enhanced determination of fertility hor-
mones in saliva at disposable immunosensing platforms using
a custom designed field-portable dual potentiostat. Sens. Actu-
ators B Chem. 299, 126934

14. Wang, Y. et al. (2018) Electrochemical integrated paper-based
immunosensor modified with multi-walled carbon nanotubes
nanocomposites for point-of-care testing of 17beta-estradiol.
Biosens. Bioelectron. 107, 47–53

15. Kalme, S. et al. (2019) A hydrogel sensor-based microfluidic
platform for the quantitative and multiplexed detection of fertility
markers for point-of-care immunoassays. Anal. Methods 11,
1639–1650

16. Potluri, V. et al. (2018) An inexpensive smartphone-based device
for point-of-care ovulation testing. Lab Chip 19, 59–67

17. Sharma, S. et al. (2020) Microfluidics in male reproduction: is ex
vivo culture of primate testis tissue a future strategy for ART or
toxicology research? Mol. Hum. Reprod. 26, 179–192

18. Komeya, M. et al. (2016) Long-term ex vivo maintenance of tes-
tis tissues producing fertile sperm in a microfluidic device. Sci.
Rep. 6, 21472

19. Yamanaka, H. et al. (2018) A monolayer microfluidic device
supporting mouse spermatogenesis with improved visibility.
Biochem. Biophys. Res. Commun. 500, 885–891

20. Gargus, E.S. et al. (2020) Engineered reproductive tissues. Nat.
Biomed. Eng. 4, 381–393

21. Aziz, A.U.R. et al. (2017) A microfluidic device for culturing an en-
capsulated ovarian follicle. Micromachines (Basel) 8, 355

22. Choi, J.K. et al. (2014) The crucial role of mechanical heteroge-
neity in regulating follicle development and ovulation with
engineered ovarian microtissue. Biomaterials 35, 5122–5128

23. Kamperman, T. et al. (2018) Single-cell microgels: technol-
ogy, challenges, and applications. Trends Biotechnol. 36,
850–865

24. Xiao, S. et al. (2017) Amicrofluidic culturemodel of the human repro-
ductive tract and 28-day menstrual cycle. Nat. Commun. 8, 14584

25. Suarez, S.S. and Pacey, A.A. (2006) Sperm transport in the fe-
male reproductive tract. Hum. Reprod. Update 12, 23–37

26. Son, J. et al. (2017) Separation of sperm cells from samples con-
taining high concentrations of white blood cells using a spiral
channel. Biomicrofluidics 11, 054106

27. Berendsen, J.T.W. et al. (2019) Separation of spermatozoa from
erythrocytes using their tumbling mechanism in a pinch flow frac-
tionation device. Microsyst. Nanoeng. 5, 24

28. Berendsen, J.T.W. et al. (2020) Flow-free microfluidic device for
quantifying chemotaxis in spermatozoa. Anal. Chem. 92,
3302–3306

29. Ko, Y.J. et al. (2018) Design, fabrication, and testing of a
microfluidic device for thermotaxis and chemotaxis assays of
sperm. SLAS Technol. 23, 507–515

30. Xie, L. et al. (2010) Integration of sperm motility and chemotaxis
screening with a microchannel-based device. Clin. Chem. 56,
1270–1278

31. Di Caprio, G. et al. (2015) Holographic imaging of unlabelled
sperm cells for semen analysis: a review. J. Biophotonics 8,
779–789

32. Parrella, A. et al. (2018) A microfluidic device for selecting the
most progressively motile spermatozoa yields a higher rate of
euploid embryos. Fertil. Steril. 110, E342

33. Nagata, M.P.B. et al. (2018) Live births from artificial insemination
of microfluidic-sorted bovine spermatozoa characterized by tra-
jectories correlated with fertility. Proc. Natl. Acad. Sci. U. S. A.
115, E3087–E3096

34. Samuel, R. et al. (2020) Microfluidic system for rapid isolation of
sperm from microdissection TESE specimens. Urology 140,
70–76
596 Trends in Biotechnology, June 2021, Vol. 39, No. 6

http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0005
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0005
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0005
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0010
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0010
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0010
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0015
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0015
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0015
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0015
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0020
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0020
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0020
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0025
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0025
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0025
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0025
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0030
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0030
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0030
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0035
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0035
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0040
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0040
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0040
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0045
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0045
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0045
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0050
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0050
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0050
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0055
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0055
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0055
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0060
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0060
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0060
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0065
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0065
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0065
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0065
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0070
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0070
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0070
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0070
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0075
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0075
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0075
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0075
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0080
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0080
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0085
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0085
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0085
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0090
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0090
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0090
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0095
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0095
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0095
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0100
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0100
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0105
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0105
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0110
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0110
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0110
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0115
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0115
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0115
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0120
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0120
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0125
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0125
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0130
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0130
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0130
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0135
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0135
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0135
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0140
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0140
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0140
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0145
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0145
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0145
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0150
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0150
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0150
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0155
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0155
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0155
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0160
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0160
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0160
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0165
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0165
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0165
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0165
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0170
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0170
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0170


Trends in Biotechnology
OPEN ACCESS
35. Zeringue, H.C. et al. (2005) Early mammalian embryo development
depends on cumulus removal technique. Lab Chip 5, 86–90

36. Berenguel-Alonso, M. et al. (2017) Rapid prototyping of a cyclic
olefin copolymer microfluidic device for automated oocyte cultur-
ing. SLAS Technol. 22, 507–517

37. Yanez, L.Z. and Camarillo, D.B. (2017) Microfluidic analysis of
oocyte and embryo biomechanical properties to improve out-
comes in assisted reproductive technologies. Mol. Hum.
Reprod. 23, 235–247

38. Clark, S.G. et al. (2005) Reduction of polyspermic penetration
using biomimetic microfluidic technology during in vitro fertiliza-
tion. Lab Chip 5, 1229–1232

39. Huang, H.Y. et al. (2018) Dielectrophoretic microfluidic device for
in vitro fertilization. Micromachines (Basel) 9, 135

40. Ma, R. et al. (2011) In vitro fertilization on a single-oocyte posi-
tioning system integrated with motile sperm selection and early
embryo development. Anal. Chem. 83, 2964–2970

41. Esteves, T.C. et al. (2013) A microfluidic system supports single
mouse embryo culture leading to full-term development. RSC
Adv. 3, 26451–26458

42. Huang, H.Y. et al. (2015) Digital microfluidic dynamic culture of
mammalian embryos on an electrowetting on dielectric (EWOD)
chip. PLoS One 10, e0124196

43. Kieslinger, D.C. et al. (2015) In vitro development of donated fro-
zen-thawed human embryos in a prototype static microfluidic
device: a randomized controlled trial. Fertil. Steril. 103, 680–686

44. Heo, Y.S. et al. (2010) Dynamic microfunnel culture enhances
mouse embryo development and pregnancy rates. Hum.
Reprod. 25, 613–622

45. Le Gac, S. and Nordhoff, V. (2017) Microfluidics for mammalian
embryo culture and selection: where do we stand now? Mol.
Hum. Reprod. 23, 213–226

46. Chung, Y.H. et al. (2015) Microwells support high-resolution
time-lapse imaging and development of preimplanted mouse
embryos. Biomicrofluidics 9, 022407

47. VerMilyea, M. et al. (2020) Development of an artificial intelli-
gence-based assessment model for prediction of embryo viabil-
ity using static images captured by optical light microscopy
during IVF. Hum. Reprod. 35, 770–784

48. Date, Y. et al. (2011) Monitoring oxygen consumption of single
mouse embryos using an integrated electrochemical
microdevice. Biosens. Bioelectron. 30, 100–106

49. Heo, Y.S. et al. (2012) Real time culture and analysis of embryo
metabolism using a microfluidic device with deformation based
actuation. Lab Chip 12, 2240–2246

50. Gardner, D.K. and Kelley, R.L. (2017) Impact of the IVF labora-
tory environment on human preimplantation embryo phenotype.
J. Dev. Orig. Health Dis. 8, 418–435

51. Ramos-Ibeas, P. et al. (2019) Embryo responses to stress in-
duced by assisted reproductive technologies. Mol. Reprod.
Dev. 86, 1292–1306

52. Felgueiras, J. et al. (2020) State-of-the-art in reproductive bench
science: hurdles and new technological solutions.
Theriogenology 150, 34–40

53. Chang, K.W. et al. (2016) Womb-on-a-chip biomimetic system
for improved embryo culture and development. Sensors Actua-
tors B Chem. 226, 218–226

54. Gnecco, J.S. et al. (2019) Hemodynamic forces enhance
decidualization via endothelial-derived prostaglandin E2 and
prostacyclin in a microfluidic model of the human endometrium.
Hum. Reprod. 34, 702–714

55. Ferraz, M. et al. (2018) An oviduct-on-a-chip provides an en-
hanced in vitro environment for zygote genome reprogramming.
Nat. Commun. 9, 4934

56. de Almeida Monteiro Melo Ferraz, M. et al. (2020) A dog oviduct-
on-a-chip model of serous tubal intraepithelial carcinoma. Sci.
Rep. 10, 1575

57. Roy, T.K. et al. (2017) Gavi-automated vitrification instrument. In
Cryopreservation of Mammalian Gametes and Embryos: Methods
and Protocols (Nagy, Z.P. et al., eds), pp. 261–277, Humana Press

58. Roy, T.K. et al. (2014) Embryo vitrification using a novel semi-au-
tomated closed system yields in vitro outcomes equivalent to the
manual Cryotop method. Hum. Reprod. 29, 2431–2438

59. Dal Canto, M. et al. (2019) The first report of pregnancies follow-
ing blastocyst automated vitrification in Europe. J. Gynecol.
Obstet. Hum. Reprod. 48, 537–540

60. Heo, Y.S. et al. (2011) Controlled loading of cryoprotectants
(CPAs) to oocyte with linear and complex CPA profiles on a
microfluidic platform. Lab Chip 11, 3530–3537

61. Guo, X. et al. (2020) An integrated microfluidic device for single
cell trapping and osmotic behavior investigation of mouse oo-
cytes. Cryobiology 92, 267–271

62. Lai, D. et al. (2015) Slow and steady cell shrinkage reduces os-
motic stress in bovine and murine oocyte and zygote vitrification.
Hum. Reprod. 30, 37–45

63. Pyne, D.G. et al. (2014) Digital microfluidic processing of mam-
malian embryos for vitrification. PLoS One 9, e108128

64. Guo, Y. et al. (2019) Microfluidic method reduces osmotic stress
injury to oocytes during cryoprotectant addition and removal
processes in porcine oocytes. Cryobiology 90, 63–70

65. Lei, Z. et al. (2019) A microfluidic platform with cell-scale precise
temperature control for simultaneous investigation of the os-
motic responses of multiple oocytes. Lab Chip 19, 1929–1940

66. Panigrahi, B. and Chen, C.Y. (2019) Microfluidic retention of pro-
gressively motile zebrafish sperms. Lab Chip 19, 4033–4042

67. Panigrahi, B. et al. (2018) Sperm activation through orbital and
self-axis revolutions using an artificial cilia embedded serpentine
microfluidic platform. Sci. Rep. 8, 4605

68. Zhu, Z. et al. (2019) A bubble-free microfluidic device for easy-
to-operate immobilization, culturing and monitoring of zebrafish
embryos. Micromachines (Basel) 10, 168

69. Vanwalleghem, G. et al. (2020) Brain-wide mapping of water
flow perception in zebrafish. J. Neurosci. 40, 4130–4144

70. Li, Y. et al. (2014) Zebrafish on a chip: a novel platform for real-
time monitoring of drug-induced developmental toxicity. PLoS
One 9, e94792

71. Corlett, R.T. (2017) A bigger toolbox: biotechnology in biodiver-
sity conservation. Trends Biotechnol. 35, 55–65

72. Lahoz-Monfort, J.J. et al. (2019) A call for international leadership
and coordination to realize the potential of conservation technol-
ogy. Bioscience 69, 823–832

73. Barnosky, A.D. et al. (2011) Has the Earth's sixth mass extinc-
tion already arrived? Nature 471, 51–57

74. Santymire, R.M. et al. (2014) The black-footed ferret: on the
brink of recovery? Adv. Exp. Med. Biol. 753, 119–134

75. Howard, J.G. et al. (2016) Recovery of gene diversity using long-
term cryopreserved spermatozoa and artificial insemination in the
endangered black-footed ferret. Anim. Conserv. 19, 102–111

76. Whitesides, G.M. (2006) The origins and the future of
microfluidics. Nature 442, 368–373

77. Bhattacharjee, N. et al. (2016) The upcoming 3D-printing revolu-
tion in microfluidics. Lab Chip 16, 1720–1742

78. Akyazi, T. et al. (2018) Review on microfluidic paper-based ana-
lytical devices towards commercialisation. Anal. Chim. Acta
1001, 1–17

79. Gokce, O. et al. (2019) Self-coalescing flows in microfluidics for
pulse-shaped delivery of reagents. Nature 574, 228–232

80. Hemmig, E. et al. (2020) Transposing lateral flow immunoassays
to capillary-driven microfluidics using self-coalescence modules
and capillary-assembled receptor carriers. Anal. Chem. 92,
940–946

81. Pham, N.M. et al. (2019) Immuno-gold silver staining assays on
capillary-driven microfluidics for the detection of malaria anti-
gens. Biomed. Microdevices 21, 24

82. Yu, Z.T.F. et al. (2017) Centrifugal microfluidics for sorting im-
mune cells from whole blood. Sensors Actuators B Chem.
245, 1050–1061

83. Kuo, J.N. and Chen, X.F. (2015) Plasma separation and prepa-
ration on centrifugal microfluidic disk for blood assays.
Microsyst. Technol. Micro Nanosyst. -Inf. Storage Process.
Syst. 21, 2485–2494

84. Woo, H.K. et al. (2017) Exodisc for rapid, size-selective, and ef-
ficient isolation and analysis of nanoscale extracellular vesicles
from biological samples. ACS Nano 11, 1360–1370

85. Cho, B.S. et al. (2003) Passively driven integrated microfluidic sys-
tem for separation of motile sperm. Anal. Chem. 75, 1671–1675
Trends in Biotechnology, June 2021, Vol. 39, No. 6 597

http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0175
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0175
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0180
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0180
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0180
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0185
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0185
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0185
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0185
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0190
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0190
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0190
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0195
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0195
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0200
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0200
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0200
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0205
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0205
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0205
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0210
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0210
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0210
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0215
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0215
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0215
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0220
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0220
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0220
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0225
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0225
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0225
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0230
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0230
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0230
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0235
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0235
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0235
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0235
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0240
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0240
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0240
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0245
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0245
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0245
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0250
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0250
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0250
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0255
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0255
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0255
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0260
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0260
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0260
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0265
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0265
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0265
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0270
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0270
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0270
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0270
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0275
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0275
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0275
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0280
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0280
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0280
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0285
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0285
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0285
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0290
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0290
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0290
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0295
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0295
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0295
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0300
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0300
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0300
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0305
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0305
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0305
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0310
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0310
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0310
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0315
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0315
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0320
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0320
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0320
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0325
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0325
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0325
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0330
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0330
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0335
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0335
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0335
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0340
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0340
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0340
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0345
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0345
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0350
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0350
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0350
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0355
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0355
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0360
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0360
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0360
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0365
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0365
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0370
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0370
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0375
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0375
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0375
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0380
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0380
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0385
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0385
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0390
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0390
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0390
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0395
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0395
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0400
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0400
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0400
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0400
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0405
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0405
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0405
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0410
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0410
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0410
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0415
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0415
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0415
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0415
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0420
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0420
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0420
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0425
http://refhub.elsevier.com/S0167-7799(20)30234-1/rf0425

	Understanding and Assisting Reproduction in Wildlife Species Using Microfluidics
	Saving Animal Species through Reproductive Sciences
	Call for Improvements to Wildlife Reproduction Studies and ARTs
	Non-Invasive Monitoring of Reproductive Status To Ensure Conception and Successful Gestation
	Diversifying Sources and Production Methods for Mature Sperm Cells, Competent Oocytes, and Viable Embryos
	Optimizing Long-Term Preservation and Reanimation of Gonadal Tissues and Gametes at Different Developmental Stages

	Inspiring Microfluidics-Based Strategies
	Portable Miniaturized Devices for Studying and Monitoring Reproductive Status
	Microfluidics for Gamete Development, Maturation, and Selection
	Microfluidics for In Vitro Fertilization, Embryo Culture, and Selection
	Microfluidics for Germplasm and Embryo Cryopreservation

	Next Steps To Better Understand and Assist Wildlife Reproduction Using Microfluidics
	Existing Microfluidic Tools Applicable to Wildlife
	What Additional Microfluidic Tools Must Be Developed To Have An Impact on Wildlife Reproduction and ARTs?
	Microfluidics for Animal Conservation: A Technology in a More Comprehensive Toolbox

	Concluding Remarks
	References




