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Biological models with genetic similarities to humans are used for exploratory research to develop

behavioral screening tools and understand sensory–motor interactions. Their small, often mm-sized

appearance raises challenges in the straightforward quantification of their subtle behavioral responses

and calls for new, customisable research tools. 3D printing provides an attractive approach for the

manufacture of custom designs at low cost; however, challenges remain in the integration of functional

materials like porous membranes. Nanoporous membranes have been integrated with resin exchange

using purpose-designed resins by digital light projection 3D printing to yield functionally integrated

devices using a simple, economical and semi-automated process. Here, the impact of the layer thickness

and layer number on the porous properties – parameters unique for 3D printing – are investigated,

showing decreases in mean pore diameter and porosity with increasing layer height and layer number.

From the same resin formulation, materials with average pore size between 200 and 600 nm and

porosity between 45% and 61% were printed. Membrane-integrated devices were used to study the

chemoattractant induced behavioural response of zebrafish embryos and planarians, both demonstrating

a predominant behavioral response towards the chemoattractant, spending >85% of experiment time in

the attractant side of the observation chamber. The presented 3D printing method can be used for

printing custom designed membrane-integrated devices using affordable 3D printers and enable fine-

tuning of porous properties through adjustment of layer height and number. This accessible approach is

expected to be adopted for applications including behavioural studies, early-stage pre-clinical drug

discovery and (environmental) toxicology.

Introduction

Sensory–motor integration in neuroscience involves the study
of sensory input–motor output and associated complex
neuronal mechanisms.1 Sensory and motor interaction
provides the foundation for growth, development and

learning, and defects cause sensory processing disorders.2,3

Organisms with genetic, anatomical, and physiological/
biological process similarities with humans are used for
conducting exploratory research in this field.4 Zebrafish
(Danio rerio) are a prominent model for genetic disorders and
enable studying sensory input–motor output from the genetic
to the behavioural level.5 The small size, optical transparency,
and rapid development of neuron circuitries make zebrafish
embryos/larvae attractive for biological and toxicological
studies.6–9 Likewise, planarians are popular for chemo-
behavioural phenotyping to study the impact of chemicals on
central and peripheral nervous systems.10–12

Behavioural studies rely on the precise control of the
delivery of chemosensory, visual, acoustic/photo and/or
thermal stimuli13 and unobstructed observation, preferably
using a microscope. Traditional setups involve freely moving
animals in an open chamber,14,15 Petri dish,16 or multi-well
plate,17 with the manually controlled application of
stimuli18,19 not well suited for the observation of subtle
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behaviour responses of mm-sized animals. Microfluidics
provides an alternative that is well suited to deliver the
stimuli with accuracy and control, and by using optically
transparent materials, subtle responses can be readily
observed and quantified.20 For example,
polydimethylsiloxane (PDMS) devices have been used to
partially restrain zebrafish embryos in agar gel and study the
behaviour movements of the animals in response to chemical
stimuli.21 Partial immobilisation and constraint of the
freedom of zebrafish was also realised using a 200 μm thick
PDMS membrane to study shape tail movements.20 PDMS
devices are typically produced using soft lithography,22 a
multistep process that relies on casting from a high
resolution template. Functional integration is typically
achieved by combining multiple layers that are sandwiched
together through clamping, plasma bonding or gluing
following alignment.20,23,24 This process is time-consuming,
and the manual handling involved in assembly requires skill,
reduces yield, and compromises repeatability.

3D printing is an alternative manufacturing approach that
involves the transformation of computer-aided design (CAD)
models into physical objects by layering structured materials in
a systematic process.25 Its advantages including automation,
limited capital investment, and opportunities for material
integration resulted in fast adoption for the production of
reaction-ware26 and related devices for chemical sciences,27

tissue engineering28–30 and microfluidics.31,32 In comparison,
the uptake of 3D printing in aquatic animal behaviour studies,
however, is still in its infancy.

Porous materials have many uses, including the
facilitation of size-selective transport. Directly printing with
nanoporous features as desirable for selective transport
remains a challenge as desktop 3D printers can produce
features down to only 100 μm (ref. 33) and more advanced
photopolymerization-based 3D printing technologies can
achieve submicron (1–100 μm) resolution.34 The printing of
nanoporous materials has been used as an alternative,32 for
example by the removal of inert components during post-
processing to reveal a porous skeleton.27,35–37 Materials with
more controlled porous properties can be obtained by
polymerisation induced phase separation (PIPS).38,39 Both the
exposure dose and the resin composition can be used to
influence the material properties. Porous properties have
been tailored using the photoinitiator concentration and
porogen content to yield mean pore sizes from 20 nm to 800
nm.40 The role of the exposure dose has also been
investigated, and nanoporous materials were successfully
printed from PIPS resins by two-photon polymerization
(TPP), decreasing the porosity from 43% to 22% by increasing
the exposure power.41 Our team recently presented the
printing of functionally graded porous materials by digital
light projection (DLP) 3D printing using a greyscale mask,
yielding materials ranging from effectively dense to materials
with a porosity of 23%.42 Unfortunately, greyscale masks are
accessible in only a few printers, limiting the widespread
uptake of the approach.

In the current work, the influence of the repeat exposures
typical for the layer-by-layer manufacturing approach as well
as that of the layer height on the porous properties of
materials printed from PIPS resins is presented. The formed
porous membranes were integrated in devices designed to
study the chemoattractant-induced behavioral response of
aquatic organisms. The use of an affordable printer (<$500)
with an easy-to-use interface is anticipated to lower the
barrier for uptake of the new technology, and is anticipated
to open opportunities for tailored designs and controlled
chemical environments to study ecological responses in
response to toxins and animal behavior to inform early-stage
pre-clinical drug discovery.

Experimental
Materials

Commercial DLP printing resin DruckWege Clear and Black
Standard-D (FEP Shop, the Netherlands) was used to print
the device body, employing resin exchange with the custom
PIPS resin to print the membranes separating the chambers.
The PIPS resin formulation contained poly(ethylene glycol
diacrylate) (PEGDA-250) (Sigma-Aldrich, NSW, Australia) as
the monomer, Irgacure 819 (also known as phenylbis(2,4,6
trimethyl benzoyl) phosphine oxide (BAPO)) as the
photoinitiator and methanol (Sigma-Aldrich, NSW, Australia)
as the porogen. The resin formulation was prepared by
combining PEGDA-250 and methanol in a ratio of 30% and
70% (v/v), before adding 1% (w/w) BAPO (0.72 mg mL−1). A
0.1 M solution of sodium fluorescein (Sigma-Aldrich, NSW,
Australia) in deionised water was used to visualise small
molecule transport.

Based on published literature,16,43 an amino acid mixture
was selected as the chemoattractant for zebrafish embryos
(MEM non-essential amino acid solution, Thermo Fisher
Scientific, Australia) at a concentration of 100 μM. For the
planaria, a beef liver homogenate was used, dissociated in
spring water using a pipette following literature precedence.19

Spring water was obtained from a supermarket (Coles brand,
Coles, Australia).

3D printing and device manufacture

A Phrozen Shuffle 2018 DLP 3D printer (Phrozen Tech, Co, Ltd,
Taiwan) was used with a screen resolution of 47 μm × 47 μm
and build plate dimensions of 120 mm × 70 mm. The devices
were 3D printed using resin exchange to change from printing
in the device body in standard-D and the porous membranes
in the custom PIPS resin with an optimized exposure time of
30 s per layer (optimized using a procedure by Gong et al.44).
The optimised layer height was 100 μm. After printing, the
device was sonicated in isopropanol for 3 h to ensure complete
removal of any unpolymerized resin. Each device was mounted
on a glass slide using PCR grade highly adhesive double-sided
tape (ARseal 90880, Adhesives Research, Singapore) on the
edges of the device, which provided a leak-tight seal. To prevent
any movement of the device on the tape during handling, an
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epoxy adhesive (Araldite, Selleys, New Zealand) was applied
around the device.

Membrane characterization

Cross sections of the membrane were imaged in a scanning
electron microscope (SEM) at 4 kV using the in-lens for
detecting backscattered electrons (Supra 55VP, Zeiss). Before
imaging, samples were cross-sectioned in liquid nitrogen and
coated with gold nanoparticles (thickness 5 nm) using a Leica
ACE600 sputtering system.

Pore size distribution and average pore size were
measured using a capillary flow porometer (Porometer 3GHz,
Anton Paar, Australia) for quantitative measurement of pore
size (average size and distribution) using both liquid and gas
flow. Geometrical density was calculated from mass and
volume, measured from 3D printed samples with 5 mm
diameter; the thickness was measured using a digital calliper.
The geometrical volume of the sample combines the volume
of the skeletal structure and the air filling the pores. An
ultrapycnometer (Ultrapyc 1200e, Quantachrome
Instruments, Australia) was used to measure the sample's
skeletal volume/true volume in the microcell at ambient
temperature (21 °C) using helium as the operating gas at 19
psi. The percentage porosity (ε) was calculated from the
geometrical and true volumes.

Zebrafish husbandry and embryo collection

Zebrafish husbandry, breeding and embryo collection was
carried out using previously published methods.9,45 In brief,
a Tecniplast zebrafish recirculating aquaculture system with
a custom life support system (Tecniplast, Italy) was used to
maintain Deakin wild-type zebrafish at the Deakin University
Aquatics Facility, Waurn Ponds, Australia. Adult fish were
maintained in 3 L tanks (30 fish per tank) with a continuous
flow of aerated water (28 °C; pH 7 ± 0.5; electric conductivity:
470–530 μs m−1), with water quality parameters maintained
and measured regularly (nitrates: <0.009 g L−1; nitrites: 8–12
mg L−1; and ammonia levels: <0.05 mg L−1). Breeding was
used to obtain zebrafish embryos for experiments with two
females and one male adult zebrafish transferred to 1 L
breeding tanks with a 2 mm transparent mesh insert and the
sexes were kept separate using a transparent barrier. On the
next day and after the lights were turned on in the facility,
the transparent barrier in the breeding tank was removed
and the zebrafish were allowed one hour for mating,
spawning, and fertilizing eggs. A sieve was used to collect the
fertilized eggs and they were transferred into 90 mm Petri
dishes filled with zebrafish aquatic water. The aquatic water
in the Petri dishes was changed regularly and unfertilized
eggs were removed. The embryos were incubated in the Petri
dishes (80–90 embryos per Petri dish) at 28 °C and 80%
relative humidity in an incubator with a photoperiod of 12
L : 12 D (temperature cycling chamber, Labec, Australia).
Unfertilized eggs and dead embryos were removed every 8 h
with a water change and embryos were cultured to 96 hpf age

for chemotaxis experiments. On the day of the experiments,
zebrafish embryos (96 hpf) were randomly collected from the
Petri dishes and transferred into the 3D printed devices for
the chemotaxis experiment (6 embryos per device).

All animals used in this study were approved for use by
the Deakin University Animal Ethics Committee (AEC
number G11-2019) following the Australian code for the care
and use of animals for scientific purposes (8th edition,
National Health and Medical Research Council).

Planaria collection and husbandry

Freshwater planaria (Girardia tigrina) were collected from St
Augustine's Lagoon (GPS location −38.191181, 144.313191),
Waurn Ponds, Australia, and were transported to the lab for
culturing. The planaria were cultured in 1 L plastic
containers containing 500 mL of spring water (Coles,
Australia) in the dark. Every three days, 1–2 pieces of beef
liver were placed in each culture container containing the
colony of planaria and after 2 hours of feeding, the liver was
removed from the colonies and the water was drained. The
containers were cleaned and were replenished with 500 mL
spring water. Cleaning of the culture containers was repeated
the day after each feeding. The planaria were kept and
cultured for at least one week prior to use in the experiments
and individuals that were randomly selected for chemotaxis
experiments were starved for 3 days prior to being used in
experiments.

Chemotaxis set up and analysis

Three devices were set up simultaneously to observe the
animal's behaviour under identical conditions; devices were
placed in a glass Petri dish on graph paper to define the
grid reference for the observation chamber. For each device,
the test animals (6 zebrafish embryos or 3 planaria) were
temporarily confined to a small area in the middle of the
chamber filled with spring water using a ring, with the
chemoattractant dispensed in the top chamber (adjacent to
row A) and spring water in the bottom chamber (adjacent
to row H). The devices were placed inside a black chamber
to limit the light and other external interferences.
Movement of the test animals in the observation chamber
was recorded using a 10 MP HD USB camera connected to
a laptop for 1 h. The videos were analysed using Adobe
Premiere Pro 2022 (Adobe, USA). The position frequency
data were obtained manually, recording the position of each
organism at 60 s intervals using the grid reference. The
cumulative time intervals were calculated for each organism
to determine the time spent in the top (rows A–D) and
bottom half (rows E–H) of the observation chamber. The
data were processed using Excel 365 (Microsoft, USA) and
Origin 2020 (Origin Lab, USA) following data analysis
methodologies detailed in previous reports.18,19

The chemotaxis results were statistically analysed using
GraphPad Prism (v9.5). A two-way ANOVA and Tukey's
multiple comparison test were used to determine if there were
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differences between devices (D1–D6) in the planaria and
zebrafish embryo experiments. A two-way ANOVA and Sidak's
multiple comparison test were used to determine if there were
differences in the time spent by the planaria and zebrafish
embryos in the chemoattractant side of the devices compared
to the blank side. An unpaired two-tailed t-test was used to
compare the cumulative chemotaxis data for planaria and
zebrafish embryos. Data are presented as mean ± standard
deviation and p values ≤0.05 were considered significant.

Results and discussion
Device and study design

A schematic representation of the 3D-printed device is shown
in Fig. 1a. The device consisted of two side chambers (600
μL) separated from a central observation chamber (6000 μL)
by porous membranes to facilitate the transport to initiate a
chemical gradient (Fig. 1b). The chambers were filled with
600 μL and 6000 μL, respectively, using an autopipette, with
the volumes calculated from the CAD design using
SolidWorks. To prevent siphoning between chambers, the
device was placed on a level surface.

For the study with the planarians, the membranes also
served as a physical barrier to prevent cells and debris in the
liver homogenate from entering the observation chamber
and obscuring the view. A graphical representation of the
chemoattractant induced behavioural response study is
shown in Fig. 1c.

3D printing porous membrane integrated device

The printer used in this work used an LCD screen to
selectively block UV light from the light source to prevent
local irradiation of the photoresin. LCD based 3D printers
provide a budget alternative to digital micromirror array
printers and typically provide a lower resolution of ∼50 μm ×
50 μm pixels, in comparison with the 30 μm × 30 μm typical

for micromirror array systems. The light intensity is also
about an order of magnitude lower, leading to typical
exposure time of tens of seconds rather than seconds. The
Phrozen Shuffle used in this work had a purchase price of US
$750 in 2019, but as production stopped following the release
of a new model it currently retails for significantly less.

During printing, the UV light from the source irradiates the
resin in the resin tank through the transparent areas of the
LCD screen, initiating free radical polymerization (Fig. 2a) and
attachment of the print to the pick. The resin includes a
monomer and a photoinitiator, often complemented by a
photoabsorber to enhance resolution, particularly important
for printing voids.44 Here, a print-pause-print (PPP) method
was combined with resin exchange to integrate the porous
membranes, as schematically represented in Fig. 2b. The device
body was printed in a commercially sourced resin, with the two
membranes formed from a purpose-developed formulation. All
layers were printed at a layer exposure time of 30 s, defined by
the optimised exposure time of commercial resin as layer
exposure times cannot be changed during the print process.
The photoinitiator concentration in the custom formulation
was chosen to match the exposure time of the commercially
sourced resin. Four resin exchanges were required to integrate
the two membranes. By leaving the devices on the pick during
resin exchange, alignment of the membrane and device
components is ensured; during the manual exchange of the
resin bath, the relative orientation of the pick and LCD screen
remains untouched. Under optimized conditions, 12 devices
could be printed in the build space in 45 min – excluding post
processing – for a material cost of ∼US$1 each.

Biocompatibility has been a concern, particularly in DLP
3D printing, as most commonly used resin ingredients
display significant toxicity.46 Incomplete polymerization can
lead to these compounds leaching out of the device,
negatively impacting on bioassays. Despite a significant body
of literature, biocompatibility and toxicity can be a contested

Fig. 1 (a) A schematic representation of the 3D printed membrane integrated device and (b) device parameters. (c) Schematic of the process of
chemotaxis response study including at experimental beginning point and after 15 minutes, 30 minutes, and 45 minutes. (d) Device segmentation
using a graph paper for assessment of the organism's cumulative time and position indicated by the grid reference 1–3 (horizontal) and A–H (vertical).
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issue.47 Here, the viability of the zebrafish embryos and
planarians was confirmed using the DruckWege Clear and
Black Standard-D empirically. Zebrafish embryos and
planarians were left in a device for 5 h (5 times the duration
of the experiment), after which no behavioural change or
death was observed. While the standard D resin is not
marketed as biocompatible, it contains cyanoacrylate
monomers/oligomers that are also used as a bioadhesive48

and BAPO as a photoinitiator which has reasonable
biocompatibility.47,49 Following literature recommendations
for leaching out unpolymerized resin, devices were
postprocessed by sonication in isopropanol for 3 h.

For printing the porous membranes separating the
chambers, PEGDA250 was selected as the monomer owing to

the reported biocompatibility of its DLP printed polymers49 and
suitability for the formation of porous structures by PIPS.50

Methanol was selected as the porogen and BAPO as the
photoinitiator, matching the photoinitiator used in the
commercial resin. The porous material is formed in a process
where oligomers eventually become immiscible in the resin and
undergo phase separation, precipitating as nuclei for further
growth, as shown in Fig. 2a. The formed globules self-assemble
to form a continuous structure, leaving a porous network after
removal of the porogen (Fig. 2a). The porous properties of PIPS
materials depend on the resin formulation and polymerization
conditions and we demonstrated tailoring porosity using
greyscale masks42 and resin composition,42 focusing in this
work on the role of layer height and layer number.

Fig. 2 (a) Schematic of the formation of the 3D printed porous membrane from the PIPS resin (b) print-pause-print fabrication process for the
membrane integrated device showing the lowering of the pick into the resin tank. During the sequential resin exchange process the resin tank was
replaced after printing chamber 1 from the commercially sourced standard D resin with a tank containing the PIPS resin to print the membrane.
After swapping back to the standard D resin tank, the study chamber was printed, and the resin exchange process was repeated for printing the
second membrane to complete the process printing the third chamber in standard D resin. Prints were rinsed using isopropanol and dried between
exchanges while remaining attached to the build plate. (c) 3D printed device and SEM images of the membrane.
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The printed device was mounted on a clean glass
microscope slide using double-sided tape. Mounting the
device on the glass slide using resin was also evaluated but
incomplete removal of resin components during the wash
negatively impacted on the viability of the test animals. To
firmly mount the device in place, epoxy glue was used; the
leak-tight seal between the print and the tape prevented

direct contact between the glue and the observation
chamber, as confirmed by viability testing. A photograph of
the membrane-integrated device for chemoattractant
induced behavioural response study is shown in Fig. 2c,
and SEM images of the membrane revealing the porous
network of globular structures are shown in
Fig. 2c (center and right).

Fig. 3 (a) Average pore size/distribution and (b) porosity/density under the different layer thicknesses. (c) Average pore size/distribution and (d)
porosity/density under the different layer numbers. (e and f) SEM images of the porous structure of the membrane under the optimal printing
conditions.
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Membrane optimization

Based on the demonstrated impact of changes in light intensity
on the porous properties,42 the effect of layer by layer
manufacturing by photopolymerization was studied,
investigating the effect of the layer thickness and layer number
on the pore size, porosity and density of printed membranes.

The effect of layer thickness and number on the material
properties was investigated because owing to the light
absorption by the resin components, the light dose drops
across a layer in a manner where previously printed layers
will receive a subsequent dose during exposure of another
layer, and for printing of voids and microchannels, the light
dose needs to be carefully managed to prevent the void being
filled.51

Layer thickness

The layer thickness can be set in the 3D printing software
and controls the distance the stage is lifted in the Z-direction
between print layers. To investigate the effect of layer
thickness on the average pore size, the pore size distribution
and porosity and density of membranes consisting of 2 print
layers were printed with layer heights of 100, 150, and 200
μm, using optimized exposure times of 30, 47 and 65 s,
respectively. The Phrozen Shuffle has a minimum layer
height of 10 μm, but we experimentally determined that
repeatability was poor for layer heights <50 μm and
membranes printed with a thickness of <100 μm were brittle
and difficult to remove from the build plate. Two print layers
were required to repeatably yield complete structures strong
enough for characterisation. Because even under optimized
conditions layers with height >200 μm suffered from
delamination when multiple layers were printed, this was
taken as the maximum layer thickness.

As shown in Fig. 3a, as the layer thickness increased, the
average pore size decreased from ∼450 nm to ∼290 nm and
∼210 nm for layer heights of 100, 150 and 200 μm,
respectively, accompanied by a narrowing in pore size
distribution from 600–400 nm (100 μm) to 400–250 nm (150
μm) and 250–200 nm (200 μm). Similarly, the porosity of
the membranes reduced from 61% to 50% and 45% for
100, 150, and 200 μm layer thickness, while the density
increased to 0.50, 0.63 and 0.70 g cm−3, respectively
(Fig. 3b). As the layer thickness increases, the optimised
exposure time increases, and with that the irradiation dose.
In resins without porogen, thicker layers have been
correlated to increased degree of conversion and reduced
stiffness.52,53 When printing with a PIPS resin, the more
extensive crosslinking led to a denser network with fewer
and narrower pores, as evidenced by the pore size
measurement. For the behavioural studies, the membranes
serve to introduce the chemoattractant in a controlled
manner, without size-selective exclusion of proteins and
other macromolecules from the liver extract; the membrane
of 100 μm was selected because of its high porosity, good
repeatability and symmetrical pore size distribution.

Layer number

When printing voids, resin removal is complicated by
oligomers formed by unwanted exposure doses during the
printing of subsequent layers. To investigate the impact of
additional exposure doses from printing subsequent layers
on the porous properties, membranes were printed with an
individual layer height of 100 μm from 2 layers (the
minimum number required for a stable structure) to 5 layers
(5 × 100 μm).

As shown in Fig. 3c, as the layer number increased from 2
to 5 layers, the average pore size reduced from ∼490 nm (2
layers) to ∼400 nm (3 layers), ∼295 nm (4 layers), and ∼210
nm (5 layers). The pore size distribution gradually reduced
from 620 to 420 nm for 2 layers, 560 to 330 for 3 layers, 410 to
290 nm for 4 layers and 250 to 190 nm for 5 layers. Similarly,
porosity decreased from 61% (2 layers) and 52% (3 layers) to
51% (4 layers) and 47% (5 layers), while density increased from
0.50 (2 layers), 0.60 (3 layers), 0.63 (4 layers), and 0.68 g cm−3 (5
layers) accordingly (Fig. 3b). These data suggest that an
additional light dose is received by a printed layer during the
printing of subsequent layers, leading to more extensive
crosslinking. Characterising this effect by determining the pore
distribution along the z-axis of the prints is challenging, as
characterisation methods typically provide the smallest point
(porometry) or average of a ground sample (porosimetry) pore
size in the sample. No inhomogeneities within layers or
between layers were observed by scanning electron microscopy
of prints in PIPS resins.40

Based on the practical difficulty of handling the device
containing the fragile 200 μm membrane, a 300 μm thick
membrane formed from 3 print layers was selected for
embedding in the chemoattractant induced behavioural
response study device. These membranes with 52% porosity,
average pore size of 400 nm (ranging from 330 to 560 nm) and a
density of 0.60 g cm−3 were robust enough to allow for handling
of the chemoattractant induced behavioural response device.
The pores were sufficiently large to allow for the diffusion of
proteins and macromolecules from the liver homogenate used
in the planarian study while obstructing the transport of cells
and debris from the chemoattractant into the observation
chamber. If smaller pores would be desirable, for example to
have a molecular weight cut-off, the resin formulation can be
changed, for example by decreasing the porogen content.42

While increasing the layer number provides a simple means to
decrease the pore size, it also suggests variations in porous
properties along the z-axis for complex structures. Based on the
successful use of photoabsorbers44 and optical filters54 to
minimise oligomer formation in voids, these approaches may
also be effective ways to minimise the decrease in mean pore
size when printing multi-layer structures.

Chemoattractant induced behavioural response study

The experimental station for the chemoattractant induced
behavioural response study using zebrafish embryos and
planarians is shown in Fig. 4a; the devices were positioned on
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graph paper to provide a grid reference as detailed in Fig. 4b.
The device was designed to prioritise a large (6 mL) observation
chamber with relatively small (600 μL) reservoirs; depletion of
the source reservoir was not a concern as the response study
does not require an extended time frame. The experimental
period is defined by the interval the chemical gradient is present
in the observation chamber. The liquid levels in all chambers
were matched to prevent hydrodynamic flow and the device was
placed on a level surface, making the transport of the fluorescein
through the small pores a diffusion-based process; based on a
small molecule diffusion constant of 4.10−6 cm2 s−1, fluorescein
will cross the 300 μm thick membrane in 2 min. In the open
observation chamber its distribution in the chamber is expected
be the result of diffusion and convection. Using fluorescein (100
mM) as a visual marker for small molecule transport, the time-
lapse images presented in Fig. 4c confirm that after 15 min, the
dye can be observed at the top of the observation chamber,
making this a good starting point for release of the organisms.
After 45 min, the fluorescein reached the middle of the
observation chamber, and after 1 h, the fluorescein was
distributed across the chamber. Both the fast progression of
fluorescein into the chamber (small molecule diffusion in 45
min is ∼1.5 mm) and the uneven appearance of the fluorescein
front confirm that its transport in the observation chamber is a
combination of diffusion and convection. More information
including the diffusion distance over time and a colour contour
plot of the observed spread of fluorescein are provided in the
ESI,† Fig. S1. The interval between 15 and 45 min after
introducing the chemoattractant was selected as an experimental
window for studying the chemotaxis-induced response from the
centre of the observation chamber.

Zebrafish embryos

Six zebrafish embryos were placed in the movement-
restricting ring positioned in the centre of the observation

chamber of each device (Fig. 5a), and the amino acids and
spring water were loaded in the chemoattractant and blank
reservoir, respectively. After de-stressing for 15 min in the
dark, the restricting ring was slowly removed using needle
nose forceps, taking care to minimise fluidic disturbances in
the study chamber. Immediately, migration of the embryos
towards the attractant was observed. The average time spent
in the chemoattractant side of the chamber was significantly
higher compared to that in the blank side of the chamber
(non-chemoattractant side), with 25.63 ± 3.64, 21.77 ± 3.34,
24.83 ± 4.00, 25.93 ± 4.06, 28.13 ± 3.44, and 27.09 ± 2.12 min
for devices D1 to D6, respectively (Fig. 5b). Control
experiments confirmed no directed migration in the absence
of the chemoattractant. With a coefficient of variation of
10%, device to device repeatability was good. Combining the
results from each device also demonstrated that zebrafish
embryos spent a significantly greater amount of time in the
chemoattractant side of the devices (25.53 ± 3.58 min)
compared to that in the blank side (4.47 ± 3.58 min; Fig. S1a,
ESI†). The significantly greater presence in the attractant side
of the chamber confirmed that the chemical gradient was
generated through the membrane in the device and the
zebrafish embryos recognized the concentration gradient of
chemicals, moving to a higher concentration of the
attractant. This result correlates well with previously
published work.43

The real-time position of the embryos was recorded in
one-minute intervals, and the frequency at each position
was visualized as a heat map (Fig. 5c). The red/yellow colour
near the chemoattractant reservoir indicates that the
embryos spend more time in the region with higher amino
acid concentration than in the region with low or no amino
acids, with a strong preference of residing close to the
source near the membrane. After 30 min, the migration
returned to a random pattern also observed during control
experiments with only spring water (no chemoattractant).
This agrees with the increasing homogeneity in the yellow
colour observed using fluorescein to visualize small
molecule transport (Fig. 4c), anticipating that convective
mixing in the observation chamber may be enhanced by the
swimming of the zebrafish embryos. During the control
experiment spring water was dispensed in both side
chambers, demonstrating non-directional and random
movement of the embryos from t = 15 min (results not
shown). The difference in response in the presence and
absence of the chemical stimulus demonstrates that
zebrafish embryos as young as four days post fertilization
(dpf) have developed chemosensory response elements,
which is consistent with other previous studies.16

Planarians

Planarians are known to respond to chemical stimuli even
when combined with other stimuli such as light and
temperature.19 In this study, a beef liver homogenate was
used to study response of the planaria. Akin to the zebrafish

Fig. 4 (a) The experimental station for the chemotaxis response study
using zebrafish embryos and planaria in the 3D printed device. (b)
Amplified image for the device arrangement on the graph paper for
the quantificational analysis. (c) Fluorescein transport study to
determine the effective chemotaxis-induced response period.
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embryos, the planarians were introduced in a movement
restricting ring in the centre of the observation chamber, and
the homogenate was introduced into the attractant chamber
with spring water dispensed into the bottom chamber as
control. After 15 min of de-stressing, the restricting ring was
slowly removed using needle nose forceps, taking care to
minimise fluidic disturbances in the study chamber. The
migration of the released planarians was recorded for the

following 30 min. The average time spent in the
chemoattractant side of the chamber by planaria was
significantly higher compared to that in the blank side of the
chamber (spring water), with 24.45 ± 4.83, 25.89 ± 4.94, 25.20
± 3.78, 22.59 ± 3.91, 28.56 ± 1.8 and 27.29 ± 1.2 min for
devices D1 to D6, respectively (Fig. 6b). Combining the
results from each device also demonstrated that planaria
spent a significantly greater amount of time in the

Fig. 5 (a) Schematic representation and photographic images of the 3D printed device used for the chemotaxis response study using zebrafish
embryos. (b) Average (mean ± standard deviation) cumulative time spent in the chemoattractant side in rows A–D (blue) or at the blank side in rows
E–H (red) for the six embryos per device for six devices (D1–D6) and control (position of rows A–G indicated in the grid reference in Fig. 1d). Dashed
line represents total experimental time. Asterisks (*) denote significant differences between time spent in the chemoattractant side vs. the blank
side (two-way ANOVA, Tukey's multiple comparisons test) in each device and the hash signs (#) denote significant differences between devices
(two-way ANOVA, Sidak's multiple comparisons test). Values are mean ± standard deviation and each experiment was repeated 6 times (n = 6 for
each data point). (c) Heat map of the position frequency distribution for six embryos during the 30 min chemotaxis observational study.

Fig. 6 (a) Schematic representation and photographic images of the 3D printed device used for the chemoattractant response study using
planarians. (b) Average (mean ± standard deviation) cumulative time spent in the chemoattractant side in rows A–D (blue) or at the blank side in
rows E–H (red) for the three planarians per device for six devices (D1–D6) and control (position of rows indicated in the grid reference in Fig. 1d).
Dashed line represents total experimental time. Asterisks (*) denote significant differences between time spent in the chemoattractant side vs. the
blank side (two-way ANOVA, Tukey's multiple comparisons test) in each device, and hash signs (#) denote significant differences between devices
(two-way ANOVA, Sidak's multiple comparisons test). Values are mean ± standard deviation and each experiment was repeated six times (n = 3 for
each data point). (c) Heat map of the position frequency distribution for three planarians during the 30 min chemoattractant response study.
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chemoattractant side of the devices (26.01 ± 3.31 min)
compared to that in the blank side (3.99 ± 3.31 min; Fig. S1b,
ESI†). Control experiments confirmed no directed migration
in the absence of the chemoattractant.

The real-time position frequency demonstrated that the
planaria had a greater tendency to move towards the region
with the highest chemoattractant concentration as shown by
the heat map in Fig. 6c. In Fig. 6c, the red and yellow
colour near the chemoattractant chamber visualize this
higher frequency of the planarians present in that area,
suggesting that the planarians detect the concentration
gradient of compounds present in the homogenized liver
and move towards the higher concentration. The control
experiment conducted with water in both chambers showed
random movement within the observation chamber,
confirming that the behavioural difference was caused by
the chemical stimulus.

The proposed method is cost-effective and provides
flexibility in design by employing a print-pause-print
approach using a PIPS resin to print nanoporous membranes
directly into the device. This eliminates the need for manual
alignment and additional processing for sealing/bonding
typical for the incorporation of commercially sourced
membranes into a fluidic device.32 The porous properties of
the membrane tailor its transport behaviour, and here the
insight is provided that the mean pore size and porosity
decrease with increasing layer height and layer number,
allowing for adjustment of porous properties using the
printer settings. The membrane-integrated devices were used
to generate a repeatable chemical gradient to study the
chemoattractant induced response of free-swimming animals
such as zebrafish embryos and planaria. The chemoattractant
enters the study chamber from the source chamber and is
distributed through the chamber by diffusion and
convection. The membrane-integrated device provides a
significant experimental advance in comparison with the
manual transfer of chemoattractant-infused agar into the
study chamber containing the planarian19 or zebrafish. It
should be noted that the current system has a limited
experimental window of 30 min before the gradient is
dissipated, which is shorter than the time frames used to
study behaviour in static gradients.55 However, static systems
require continuous replenishment of source and sink, which
adds complexity to the experimental setup.

Conclusions and future outlook

The printing of 3D objects in a layer-by-layer manner is
fundamental for 3D printing. The porous properties of
materials printed from porogen-containing resins depend on
the exposure dose. The height of each printed layer as well as
the printing of subsequent layers impact on the exposure
dose. Characterisation of nanoporous membranes printed
from PIPS resins with increasing layer height and layer
number showed a significant decrease in mean pore size,
porosity and density with increasing layer thickness and

number of layers. The average pore size decreased from ∼450
nm to ∼290 nm and ∼210 nm for layer heights of 100, 150
and 200 μm, respectively, with corresponding decreases in
porosity of 61% to 50% and 45%. Increasing from 2 to 5
layers, the average pore size reduced from ∼490 nm to ∼210
nm, while porosity decreased from 61% to 47%. The
membranes for the chemoattractant induced behavioural
response study were printed using three 100 μm layers to
enable diffusion-driven transport of small and large
molecules while preventing particulate matter from the
nutrient source from obscuring observation. Chemoattractant
induced behavioural response studies were conducted over
30 min, and the devices allowed for quantitative evaluation
of the response with good repeatability between devices and
minimal manual handling. Combined results from six
devices demonstrated that zebrafish embryos spent a
significantly greater amount of time in the chemoattractant
side of the devices (25.53 ± 3.58 min) compared to that in the
blank side (4.47 ± 3.58 min). Similarly, planarians spent a
significantly greater amount of time in the chemoattractant
side of the devices (26.01 ± 3.31 min) compared to that in the
blank side (3.99 ± 3.31 min). Using the optimized
manufacturing method, 12 devices were fabricated in 45 min
without the need for manual alignment. With the printer cost
of ≪US$1000 and a material cost of <US$1 per device, in-
house manufacturing of custom membrane-integrated fluidic
devices is accessible to most laboratories, enabling novel,
exploratory sensory–motor response studies using
sophisticated designs. Future applications of custom
membrane-integrated devices are anticipated to range from
early-stage pre-clinical drug discovery and toxicology studies
to environmental research.
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