UNIVERSITY OF LEEDS

This is a repository copy of Structural and biocompatibility challenges for 3D printed
microfluidic devices for IVF.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/223221/

Version: Accepted Version

Proceedings Paper:

Mancinelli, E., Miranda, A.S., Picton, H.M. et al. (1 more author) (2024) Structural and
biocompatibility challenges for 3D printed microfluidic devices for IVF. In: 2024 46th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC). 2024 46th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC), 15-19 Jul 2024, Orlando, FL, USA. IEEE ISBN 979-8-3503-
7150-5

https://doi.org/10.1109/embc53108.2024.10782247

© 2024 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting/republishing
this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, or reuse of any copyrighted component of this
work in other works.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Structural and biocompatibility challenges for 3D
printed microfluidic devices for IVF

Andreia Santos Miranda

School of Medicine
University of Leeds
Leeds, United Kingdom
uml9a2m@]leeds.ac.uk

Elena Mancinelli
School of Electronic and
Electrical Engineering
University of Leeds
Leeds, United Kingdom
elem@leeds.ac.uk

Abstract— In Vitro Fertilization (IVF) is a widely used
treatment for infertility, but success rates for UK women under 35
stand at approximately 32%. Culture conditions significantly
affect in-vitro embryo development and treatment efficacy. Over
40 years, IVF procedures evolved, with microfluidic platforms
emerging to enhance culture conditions. These platforms,
designed to mimic a natural environment, show promise without
negatively affecting development rates. However, potential
impacts on embryo characteristics require further evaluation. The
study introduces a microfluidic concept compatible with time-
lapse microscopy. Two prototyping methods are compared, being
soft lithography in PDMS and 3D printing in HTL resin. Results
indicate successful prototype detection and loading efficiency, with
the soft lithographic method showing a lower assembly yield. 3D
printing facilitates rapid design, in particular for high aspect ratio
microfluidic devices. However, viability assessments suggest
additional steps are required to exclude material embryo toxicity
of the resin.
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I. INTRODUCTION

Approximately one in six couples have difficulties to
naturally conceive, and for many of these assisted reproduction
through in vitro fertilization (IVF) is the most appropriate
treatment. In the United Kingdom, 390,000 babies have been
born thanks to fertility treatments involving IVF [1], a number
that contributes to the global 12 million births [2]. IVF is
practiced across 130 countries and 4,500 IVF centers, presently
constitutes 2-3% of all live births. Despite a rising demand for
these procedures, success rates have plateaued at around a 33%
birth rate for patients under 35, and it significantly decreases for
patients aged 43-50 [1]. Embryo culture is one of the steps of
IVF cycle and numerous studies show that the culture conditions
impact the development of in vitro fertilized embryos [3], hence
the efficacy of the treatments. Many factors influence the
embryo development and health, such as oxygen [4], pH [5],
temperature and humidity [6] during the culture. IVF procedures
have been revised over the past 40 years to identify the best
settings, to avoid detrimental fluctuations and to optimize media
volumes and substrates for in vitro culture [7]. Microfluidic
platforms have been developed to create a more natural
environment for embryonic development, which have shown no
negative effects on embryo development rates and confirmed
enhanced culture success [8]. The major difference between
currently used embryo culture systems (e.g. dish) and
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microfluidic devices is the absence of oil, which facilitates and
reduces the handling and washing steps during embryo thawing,
retrieval and analysis. Nevertheless, the potential effects of
microfluidics on embryo morphology, genetics, epigenetics, and
metabolic health and implantation success need to be further
evaluated.

In this framework, time-lapse microscopy has been
introduced in embryology and adopted in the clinics as a non-
invasive method to select the best embryo for transfer, i.e. the
embryo with higher quality and higher potential to implant and
to lead to a successful pregnancy. Traditionally, the
embryologist employs an optical microscope to scrutinize each
blastocyst, by examining morphological parameters of
development (e.g. the degree of expansion) and quality [9]. This
step is facilitated using specific dishes, where individual
embryos can be manually placed in distinct wells to maintain
their position during the culture [10]. Although morphological
assessment provides important insights into embryo quality, it is
subjective. Time-lapse microscopy has initially emerged as a
method to predict embryo viability, with a rapid adoption that
showed positive impact on birth rates [11]. Time-lapse imaging
facilitates automated morphological feature identification by
machine learning and Artificial Intelligence applications [12].

Combining microfluidic platforms with time-lapse systems
would thus enable morphokinetic analysis of the embryo
development with important advantages: compared to
traditional morphological assessment, it would avoid exposure
to environmental changes when moving the dish outside the
incubator for inspection under the microscope; in conjunction
with time-lapse microscopy, it would reduce repetitive handling
and pipetting, facilitate loading and positioning of embryos in
the dish and thus favour embryo development.

In this work, we thus proposed a microfluidic device design
compatible with time-lapse microscopy; we explored two
different approaches for rapid prototyping and compared
assembly efficiency, optical transparency, and material toxicity.

II. METHODS

A. Soft lithography and 3D printing

In this study, our microfluidic concept for embryo culture
[13] was adapted to the footprint of commercially available
PrimoVision culture dish (16604) compatible with PrimoVision
time-lapse system (Vitrolife, SE). Two approaches were tested.



The polydimethylsiloxane (PDMS, Sylgard® 184, Dow
Corning, USA) device was manufactured by assembling two
layers of PDMS on a PrimoVision dish (Fig. 1A). The bottom
layer consisted of a PDMS layer to cover the uneven surface of
the PrimoVision dish (~ 2 mm). The top layer included two
single embryo chambers (heightxwidthxlength: 0.4x0.4x7 mm?
for inlet channels, height and ©@: 0.4 mm and 0.65 mm for
chambers; heightxwidthxlength: 0.1x0.4x10 mm? for outlet
channels) obtained by casting and curing PDMS on a printed
mould in BioMedAmber resin (Formlabs, USA) (Fig. 1B).
PDMS was cured in the mould for > 10 h at 65 °C, peeled and
cut to fit the size of the dish (@: 36 mm). The two chambers were
then aligned under an optical microscope with the array of wells
(Fig. 1C).

The fully printed devices were instead fabricated by using a
MicroArch™ S240 (Boston Micro Fabrication, USA) in HTL
Resin (Boston Micro Fabrication, USA). The device was
embedded in a 36 mm Petri dish, and presented the two
microfluidic channels, with slanted inlets and outlet channels to
facilitate loading and aspiration of media from the port (Fig.
2A). The microfluidic chambers were contained in a central
block of resin, which was surrounded by a void space. This free
volume was included to add water during the culture, to maintain
the humidity in the dish and avoid media evaporation, as
described in the patented design (Fig. 2B). The central chambers
were aligned on top of an array of 9 circles, 0.1 mm deep, that
correspond to the arrangement of wells in the Primo Vision dish.
Circle array and dish wall indentation facilitated the device
placement in microscope holder and software initiation. Device
roughness was tuned by printing in two directions: parallel and
perpendicular to the bottom of the 0.1 mm deep circle array.

B. Embryo culture and material toxicity test

A Mouse Embryo Assay (MEA) was performed to quantify
the toxicity of the PDMS and the resin used for the fabrication
of the devices. As previously described in [14], in a MEA test,
mouse embryos are cultured in contact with a new material or
using medium exposed to it; embryo development and viability
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are then evaluated at different stages, from 1 cell to full
blastocyst. In this study cryopreserved 1 cell murine embryos
(B6C3F1xB6D2F1 strain, Embryotech, USA) were used to test
loading efficiency, optical properties, and compatibility with
time-lapse system. Briefly PDMS and HTL resin substrates are
overlayed with KSOM medium (Millipore, UK) and oil
(BioUltra mineral oil from Sigma Aldrich) for four days. The
medium was then used to culture embryos in 5 pL drops (3
drops/ 15 embryos each condition X three replicas), in 35 mm
hydrophobic IVF certified dishes (Nunc) in a benchtop MINC™
Mini incubator (Cook, Aus) at 37 °C with humidified 5% CO,,
5% O3, 90% N». Microdrops of pre-equilibrated KSOM medium
were used as control (5 pL drops, five embryos/drop, three
replicas). Cleavage, blastocyst, and hatching rate were
quantified and expressed as mean =+ standard deviation,
compared by Student's #-test, with significance determined
as p<0.05.

C. Material roughness analysis

AFM microscopy (Bruker Dimension Fastscan by Bruker,
USA with SCOUT 350 HAR silicon probe by NuNano, UK in
tapping mode in air) was used to evaluate the roughness and
quantify the level the artefacts introduced in the fully printed
devices. 900 wm? scan images were collected to compare the
superficial roughness of the substrates printed with a 0 and 90
angle between the printing planes and the bottom of the 0.1-deep
circle array.

D. Device optical performances assessment

Polystyrene beads (PPX-800-10, Sphero™, USA),
cryopreserved 1 cell murine embryos (B6C3F1xB6D2F]1 strain,
Embryotech, USA) and freshly IVF derived bovine embryos
were used to test loading efficiency, optical properties,
compatibility with time-lapse system, inverted microscopes, and
fluorescent microscopy. Six embryos were stained for actin
filaments and are imaged using an inverted microscope (Nikon
ECLIPSE Ti2, Nikon instruments, USA) and LED illumination

system (pE-4000 CoolLED, MA, USA) to observe image
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Fig. 1. PDMS device assembly and testing: A) Commerically available PrimoVision dish, presenting an array of wells for accurate positioning of individual
embryos and imaging (inset); wells are ~550 pm in diameter with 100 um distance. B) Mould printed by low resolution stereolithography in BioMed Amber resin.
C) cross section of the assembled device showing the microfluidic channels and chamber in dark blue, the PDMS layers in light blue and the PrimoVision dish in
polystyren in gary at the bottom; the distance between the bottom of the microfluidic chamber and the well in the dish is 1 mm. D) image acquisition with the
PrimoVision microscope when a single bead is loaded in the top left chamber. Defects and roughness of the PDMS surfaces are visible. E) Top row shows two
selected images of the same beads at t=0 s and after eight hours, when the microscope lost the focus; the bottom row instead shows two selected images of a 1 cell
embryo loaded on in the microfluidic channel, where characteristics features of the embryos, such as the zona pellucida, can be identified; on the last image the
same embryo can be detected after 24 hours, when is developed into eight cells.



quality and transparency of the plastic in bright field and FITC
channel.
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cases impaired by the optical artefacts due to the roughness of
the surfaces. In the first iteration, the device was printed with the
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Fig. 2. Fully printed device in HTL resin. A) Schematic of the device, with the indentation in the external dish wall and the two microfludiic chambers with the
slanted inlet and outlet channels are visible; B) the fully printed device is shown next to a 1 penny coin as reference. The HTL resin has a typical yellow colour;
C-D) Selected images of a timelapse sequence of a bead loaded in the microfluidic chamber, which was kept in focus for more than 48 hours. The images show
the traces of the 3D printing which do not allow a clear imaging of the features. E-F) AFM images of the chamber bottom surface printed with 90° and 0° orientation
respectively; the 3D image highlight the roughness reduction in the two settings. G) Image of an emrbyo captured in brightfield, confirming the good transparency
of the resin and the limited effect of the roughness of the surface (scale bar: 50 um); H) same embryo, fixed in paraformaldeide and stained for actin filaments in
green, to confirm the transparency of the resin in FITC channel (scale bar : 100 um).

ITII. RESULTS

A. Indirect” PDMS devices fabrication and assembly

The fabrication method required two steps, firstly to cover
the array of wells on the dish and secondly to add the
microfluidic compartments. The microscope starts the image
acquisition when recognizes the array of wells and uses those as
areas of interests for the automated time-lapse sequence
recording (Fig. 1D). The assembly of the device required a
precise alignment of the microfluidic chambers with the wells
underneath. This step was completed with a very low yield
(<20%). This first manufacturing approach allowed to assemble
a fully transparent device, and to maintain the original structures
of the Primo Vision dish as reference for the initialization of
image acquisition. The microscope effectively recognized these
features and thus the region of interest in the X-Y plane.
However, the thickness of the PDMS layer and the distance
between those wells in the dish and the microfluidic chambers
(1 mm) was bigger than the expected range of inspection in Z.
The microscope not always identified the bead or the embryos
and allowed to maintain the focus for a maximum of 24 hours.
Because of the defects introduced on the surface of the mould
by the 3D printing and replicated on the PDMS surfaces, the
microscopes often focused on the wrong features, lost focus
rapidly or encountered an error (Fig. 1E).

B. “Fully printed” device in resin fabrication and roughness

The use of a micro-stereolithographic printer for the
fabrication of the device significantly simplified the assembly of
the device, from three to one step. The fully printed device was
easily positioned in the PrimoVision microscope. The
microscope identified and focused on the embryos for the entire
culture, however the initialization process was in 50% of the

printing planes perpendicular to the bottom of the 0.1 mm-deep
circles to minimize the bubble formation between top surface of
the device and the membrane through which the UV light is
projected into the resin for polymerization. While this approach
effectively minimized the artefacts caused by the bubbles, the
printing layers were visible under bright field microscopy (Fig.
2C) complicating the loading of the embryos. When loaded, the
PrimoVision microscope could maintain the focus on the device
for more than 48 hours, but printing artefacts did not allow for
the recognition of any morphological features (Fig. 2D). A
printing orientation parallel to the bottom of the circle array,
eliminated these artefacts and reduced the surface roughness
from 21 + 10nm (perpendicular orientation, Fig. 2E) to 10 + 3
nm (parallel orientation, Fig. 2F). Thanks to these modifications,
embryo loading, and visualization of the device improved
significantly both with inverted microscopy in bright field (Fig.
2H) and with fluorescent microscopy (Fig. 2G).

C. Embryo toxicity

The Mouse Embryo Assay (MEA) is the gold standard test
used in reproductive toxicology to assess the potential embryo
toxicity and teratogenicity of new materials or substances [14].
A material passes the MEA test if minimum of 80% blastocyst
rate is recorded at 72 or 96 hours. Both PDMS and HTL
conditioned media did not affect initial cleavage, excluding
acute toxicity of the materials. From our cultures, PDMS passed
the test, confirming previous data shown in [14,15]. The
hatching rate was statistically lower for PDMS compared to the
control, suggesting a delayed development. Embryos cultured in
medium exposure to HTL resin initially developed but less than
25% reached the blastocyst stage, suggesting potential
teratogenic effect of the material or of any compounds leaching
from it. After 96 hours, less than 20% blastocysts hatched. As
hatching is a critical step for successful implantation of the



embryo into the uterus, a reduced hatching rate suggests a
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Fig. 3. MEA results: Cleavage rates (% on total embryos) for embryos
cultured in microdrops (purple, first column, 93.3 + 11.5), in PDMS (light blue,
second column, 100%) and in HTL Resin (green, third column, 100);
Blastocyst rates (% on cleavaged embryos) for embryos cultured in microdrops
(purple, first column, 100), in PDMS (light blue, second column, 93.3 = 11.5)
and in HTL Resin (green, third column, 3.3 + 23.1); Hatching rates (% on
blastocysts) for embryos cultured in microdrops (purple, first column, 56.7 +
5.8, PDMS (light blue, second column, 28.3 + 10.4) and in HTL Resin (green,
third column, 16.7 + 28.9). Values expressed as men + standard deviation. * for
p<0.05.

delayed development, and lower implantation potential. This
high toxicity of the resin poses a challenge for the use of the
material and the prototyping technique for testing new concepts
or for the evaluation of new design efficacy.

IV. CONCLUSIONS

This work shows a first example of microfluidic device for
embryo culture to be used in IVF procedures in combination
with time-lapse microscopy.

Embryos culture in vitro requires extreme control of
environmental settings and exclusion of toxic materials, which
can affect the health, development and implantation potential of
the embryo. Our results confirm the need for a rapid prototyping
method to test new concepts and designs that can support more
specific analysis of the embryo during the culture and facilitate
handling and manipulation in vitro. However, we evidenced the
need for high resolution stereolithographic techniques to reduce
the roughness of 3D printed parts, such as moulds for soft
lithography. Defects introduced on the surface inevitably
introduce artefacts in the images which obstacle the automatic
image acquisition and limit the resolution. These challenges can
be partially overcome by changing orientation during printing.
In terms of materials, we confirmed that PDMS remains the best
option in terms of optical transparency. It also does not
significantly alter the embryo development during the 3-4 days
culture; protocols for limiting leaching of toxic chemicals and
absorption molecules have been proposed by different groups
and can be adopted for the prototyping and initial testing of new
devices. Resins and stereolithography presents clear advantages

in terms of time for manufacturing and assembly but results
toxic as raw material for embryos, as evidenced with other
materials such as (PIC100, E-Shell200, and E-Shell300) [16].
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