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ABSTRACT

Advanced in vitro models of the brain have evolved in recent years from traditional two-dimensional (2D) ones, based on rodent derived
cells, to three-dimensional (3D) ones, based on human neurons derived from induced pluripotent stem cells. To address the dynamic
changes of the tissue microenvironment, bioreactors are used to control the in vitro microenvironment for viability, repeatability, and
standardization. However, in neuronal tissue engineering, bioreactors have primarily been used for cell expansion purposes, while
microfluidic systems have mainly been employed for culturing organoids. In this study, we explored the use of a commercial perfusion
bioreactor to control the culture microenvironment of neuronal cells in both 2D and 3D cultures. Namely, neurons differentiated from
human induced pluripotent stem cells (iNeurons) were cultured in 2D under different constant flow rates for 72 h. The impact of different
flow rates on early-stage neuronal development and synaptogenesis was assessed by morphometric characterization and synaptic analysis.
Based on these results, two involving variable flow rates were developed and applied again in 2D culture. The most effective protocol, in terms
of positive impact on neuronal development, was then used for a preliminary study on the application of dynamic culturing conditions to
neuronal cells in 3D. To this purpose, both iNeurons, co-cultured with astrocytes, and the human neuroblastoma cells SH-SY5Y were embed-
ded into a hydrogel and maintained under perfusion for up to 28 days. A qualitative evaluation by immunocytochemistry and confocal
microscopy was carried out to assess cell morphology and the formation of a 3D neuronal network.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0221911

INTRODUCTION

Traditional preclinical models of the brain, namely, two-
dimensional (2D) in vitro cultures and animal models, have demon-
strated limitations over the years in producing clinically translatable
results.1,2 This is mainly due to the oversimplicity of 2D in vitro cultures
and the interspecies differences between humans and non-human
mammals.3,4 In this context, in the last few years, the need for more
reliable, readily available, and reproducible preclinical models has
emerged. Consequently, a great effort is currently devoted to developing

advanced brain in vitromodels that mimic the in vivo brain microenvi-
ronment.5 Indeed, this is a challenging task due to the high complexity
of the brain and the approach followed is that of developing a specific
model for each specific need. However, some fundamental aspects
must always be considered, such as the use of human relevant cellular
phenotypes, the recapitulation of the cellular micro physiological envi-
ronment, and the adoption of dynamic culture conditions.6,7

In this sense, the advent of human induced pluripotent stem cells
(h-iPSCs) has made possible to generate neuronal cells from donors,
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including patients providing the opportunity to study in vitro physio-
logical processes, such as neurodevelopment, and diseases, such as
neurodegenerative ones.8,9 Moreover, even if 2D in vitro cultures still
remain indispensable to model some aspects of the nervous system,
such as neurite outgrowth, they are widely recognized as oversimpli-
fied. This is because they fail to account for the complex and pivotal
role of the extracellular matrix (ECM) in guiding and influencing cell
differentiation, growth, and communication. The recapitulation of the
cellular micro-physiological environment so far has been achieved by
coupling three-dimensional (3D) scaffolds, based on decellularized
brain ECM or synthetic ECM-like matrix, to nervous cells.10,11

Finally, conventional 2D and 3D cultures are typically maintained
under static conditions, which limit the transport of nutrients, oxygen,
and waste, requiring periodic replacement of the culture media.12–14

This leads to continuous changes in the chemical environment over
time, with nutrients depleting and toxic metabolites accumulating.
This situation does not mimic the in vivo environment, where most
cells are constantly exposed to a fresh supply of nutrients and waste
products are removed via the circulatory system. Additionally, chemi-
cal signaling is essential in stem cell differentiation, meaning that a
constant and homogeneous distribution of signaling molecules is desir-
able.15,16 Another limitation of static cultures is the absence of
mechanical stimulation, such as shear stress, which is essential in vivo
for driving cell differentiation, growth, and tissue maturation.
Mechanical stimuli activate specific ion channels, such as Piezo ones,
regulate gene transcription, and direct the alignment of cytoskeletal
proteins in both healthy and diseased cells.17 In the literature, it has
been reported how neurogenesis and neural regeneration may be also
driven by mechanical factors. In this view, the contribution of flow-
induced shear stress could play a pivotal role in the development of
mature and functional neuronal networks.17–19

To overcome the limitations of static conditions, dynamic culture
protocols based on the use of bioreactors have been developed over the
years. Among the different bioreactors configurations, perfusion sys-
tems are the most utilized in tissue engineering.20,21 With this configu-
ration, the culture is placed directly within the vessel through which
the media continuously flows, with a flow rate determining the shear
forces experienced by the cells. However, bioreactors have been suc-
cessfully used mainly for cardiac, bone, cartilage, and vascular tissues,
as well as for stem cell studies, whereas little attention given to fluid
flow during neuronal cell culture. In this respect, suspension bioreac-
tors, such as stirred tanks, have been used for neural and stem cells
expansion,22 whereas perfusion systems are mainly applied in micro-
fluidic devices for 2D, 3D scaffold based, and organoids cultures.
Indeed, microfluidic devices have been widely used to engineer brain
circuits, support organoid cultures, and develop brain-on-a-chip sys-
tems.23,24 However, microfluidic devices are usually custom made with
specific designs and are made by polydimethylsiloxane, which can
absorb different substances, reducing the reliability and reproducibility
of some tests.25,26 Additionally, microfluidic devices support the cul-
ture of low-density networks, and their coupling with certain experi-
mental measurements could be challenging.

In the view of developing a readily available platform to model
the brain tissue in vitro, we have developed a protocol for the dynamic
culture of nervous cells in both 2D and 3D configurations using a com-
mercial perfusion bioreactor. For this purpose, neurons differentiated
from h-iPSCs, and the human neuroblastoma SH-SY5Y cell line,

commonly used as Parkinson’s disease model,27 were used as physio-
logical and pathophysiological models, respectively. As a first step, the
protocol for the 2D cultures under perfusion was optimized in terms
of flow rates to enhance neuronal growth and maturation compared to
standard static cultures. To carry out this evaluation, the well-
established model introduced by Dotti et al. for the polarization pro-
cess of neurons28 was used. Namely, the number of neuritic processes
including primary, secondary, and tertiary processes, their length, and
the growth rate of the major process were assessed. Moreover, a func-
tional analysis was performed through synaptic counting. Finally, the
optimized perfusion protocol was applied to 3D neuronal cultures,
obtained by encapsulating nervous cells into a chitosan-based thermo-
gel. Both neurons differentiated from h-iPSCs and SH-SY5Y neuro-
blastoma cells were used. The cultures were preliminary characterized
from a morphological point of view in both static and dynamic cul-
tures by immunolabeling and confocal microscopy.

RESULTS

To assess how perfusion affects cell development in human neu-
ronal cells, as a first step, we carried out morphometric and morpho-
logical characterizations under both static and dynamic conditions.
Specifically, 2D cell cultures were exposed to both constant and vari-
able flow conditions during the culture period to evaluate the positive
effect of the perfusion on neuronal cell growth and development.
Constant flow refers to continuous perfusion at a fixed flow rate from
day 0 throughout the culture period. In contrast, variable flow involves
adjusting the flow rate every 24 h during the initial 3 days of culture,
which are critical for early-stage neuronal development.

Morphometric characterization under constant flow

Neuronal cells, in both static and dynamic conditions at a con-
stant flow rate [100, 120, and 150ll/min; Fig. 1(a)], followed the Dotti
model, and the number of neurites per cell increased during the whole
culture period [Fig. 1(b)]. Four hours after plating, before perfusion,
iNeurons exhibited a cell soma surrounded by lamellipodia. After 24 h,
the lamellipodia of iNeurons transformed into distinct short neuritic
processes. These can be defined as neurites since they are well-
recognizable processes with a length equal to or greater than the diam-
eter of the cell body. By the second day in culture, most cells showed a
significantly elongated process compared to others, though it was not
yet long enough to be identified as an axon. To be classified as an
axon, a neuritic process must have a length equal to or greater than
80–100lm. After 72 h in culture, the major process lengthened fur-
ther; in the meanwhile, secondary processes started to grow, and ter-
tiary processes appeared. This qualitative analysis was confirmed and
further investigated with quantitative evaluation. The first evaluation
took into consideration the average number of total neurites per cell
[Fig. 1(c)]; 4 h after plating, the average number of processes was
found to be 1.556 1.64. After that, in the static cultures, the number of
processes gradually rose over time. In dynamic cultures, at 100ll/min,
the average number of neurites did not significantly show variation
over the time. In dynamic cultures at 120 and 150ll/min, a decrease in
the number of neurites was observed instead with the increase in the
flow rate, Fig. 1(c). In static and dynamic cultures (120ll/min) at 24h,
neurons showed a similar trend, with a number of neurites of
3.606 1.90 and 4.136 2.48, respectively; meanwhile, the number of
neurites for neurons exposed to a flow rate of 120ll/min decreased,
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FIG. 1. Stages of neuronal develop-
ment. (a) Dynamic protocols involving
constant flow at 100, 120, and 150 ll/
min. (b) Optical images of static and
dynamic cultures subjected to con-
stant flow regimes at 100, 120, and
150 ll/min at 4, 24, 48, and 72 h.
Scale bar: 50 lm. (c) Number of total
processes, (d) number of primary pro-
cesses, (e) number of secondary pro-
cesses, and (f) number of tertiary
processes. The morphometric charac-
terization involved the analysis of 100
cells for each condition (�) p� 0.05 s.
(g) Table of the total number of neu-
rites and the number of neurites at dif-
ferent levels of arborization; the red
box highlights the best conditions.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 8, 046102 (2024); doi: 10.1063/5.0221911 8, 046102-3

VC Author(s) 2024

pubs.aip.org/aip/apb


reaching 2.866 1.96 neurites per cell at 72. Finally, cultures exposed to
a flow rate of 150ll/min after 24h showed lower values compared to
static ones, namely, 2.706 1.70; this trend was also observed between
48 h and 72 h. In static cultures, the number of neurites was found to
reach 5.826 3.22 at 72 h, while neurons exposed to 150ll/min reached
a value of 2.106 0.99.

To fully understand the impact of perfusion on the early stages of
neuronal development, a further morphometric analysis was carried
out based on the classification in primary, secondary, and tertiary pro-
cesses. With respect to the effect of constant flow perfusion on primary
processes, it was evident that as the flow increased, the number of pri-
mary processes decreases over time [Fig. 1(d)]. In static cultures, the
number of processes did not show any further changing throughout
the observation period. After 24 h, the number of primary processes
increased in cultures exposed to flow rates of 100 and 120ll/min
compared to static cultures. After 48 h, dynamic cultures (100 and
120ll/min) exhibited a decrease in the number of processes compared
to the static ones (2.406 1.40), reaching then 1.806 1.12 (100ll/min)
and 1.766 0.70 (120ll/min), respectively, at 72h, Fig. 1(d).
Meanwhile, the number of primary processes in cultures exposed to a
constant flow of 150ll/min decreased from 2.106 1.10 to 1.406 0.70,
reaching 1.506 0.70 at 72h, Fig. 1(d). Regarding secondary processes,
as already known from the literature, they are not expressed until the
first 24 h in culture, Fig. 1(e).28 In both static and dynamic cultures at
100 and 120ll/min, the number of secondary processes increased
between 24 and 48 h, with no significant differences, Fig. 1(e). The
secondary processes for dynamic culture at 150ll/min did not show
significant variation. Specifically, at 48h, the number of secondary pro-
cesses for dynamic culture at 150ll/min (0.106 0.31) was significantly
lower than the other conditions. At 72h, the number of secondary pro-
cesses increased under static conditions (3.066 2.33), whereas under
dynamic ones, it decreased. However, at 100ll/min (1.716 1.93), this
number was significantly higher respect to 120ll/min (1.016 1.41),
Fig. 1(e). Finally, concerning tertiary processes, as demonstrated by the
Dotti model, they were absent until 48h, Fig. 1(f). From the table
shown in Fig. 1(g), it is evident that cells cultured under dynamic con-
ditions at a constant flow rate of 100ll/min exhibited a higher number
of total neuritic processes at 24 and 48h compared to static conditions,
which only appeared to represent the best conditions at 72h.
Moreover, when evaluating different levels of arborization, cells
exposed to constant flow rates of 100 and 120ll/min displayed the
highest number of primary, secondary, and particularly tertiary
processes.

Neurites were identified as processes extending beyond 10lm
from the neuronal soma. The neurites branching and the average
length of primary, secondary, and tertiary processes were evaluated to
investigate the effect of perfusion on neurite outgrowth and on the
subsequent polarization. The average neurites length in static cultures
was found to increase over time, Fig. 2(a). A similar growth trend was
observed for the dynamic culture at 100ll/min [Fig. 2(b)], while neu-
rons exposed to higher flow rates (120 and 150ll/min) showed a rapid
increase during the first 48 h, followed by a slight decrease after 3 days
under perfusion, Figs. 2(c) and 2(d). In particular, at 24 h, the average
length of primary processes of neurons in static cultures [Fig. 2(a)] was
found to be 24.526 11.14lm, while neurons at 100ll/min [Fig. 2(b)]
showed primary processes shorter than the control ones
(18.466 9.02lm). At 48 h, the average length of primary processes in

static culture and at 100ll/min was found to be similar. At 72 h,
primary processes reached an average length of 59.526 25.16lm in
static culture and 46.526 22.08lm in cultures at 100ll/min.
Meanwhile, the results showed that the average length of primary pro-
cesses exposed to higher flow rates (120 and 150ll/min) rapidly
increased during the first 48 h, reaching 49.916 26.74lm and
51.016 20.37lm, respectively. After that, a slightly decrease was
observed in both conditions, reaching 48.426 25.27lm (120ll/min)
and 44.96 16.94lm (150ll/min) at 72 h. The average length of sec-
ondary processes was found to be similar in all conditions at 24 h and
48h, while at 72 h in static and dynamic cultures (100 and 120ll/min),
the average length was found to be 15.716 10.17lm, 9.216 8.44lm,
and 6.056 10.04lm, respectively. In dynamic cultures at 150ll/min,
the average length of secondary processes showed a rapid increased
from 1.5 to 7.5lm, between 48 and 72 h. Finally, the average length of
tertiary processes was found to be comparable in all conditions and
with no significant increase observed over time. Moreover, the average
growth rate of the major neurite was determined. From the table in
Fig. 2(e), it is possible to observe that the average growth rate of the
major process was found to be similar between 4 and 24 h in static con-
ditions and in the cultures exposed to the highest flow rate (150ll/min).
Otherwise, the major process at 100 and 120 ll/min showed a similar
elongation. After that, the average growth rate of the major process
increased between 24 and 48 h in all dynamic cultures. Specifically,
the average growth rates at 100, 120, and 150 ll/min were found to
be 0.62, 1.30, and 0.70 lm/h, respectively. Meanwhile, in static cul-
tures, a slowdown in the growth rate was observed, with an average
value of 0.44 lm/h. Between 48 and 72 h, the average growth rate of
the major process showed an increase in static cultures up to
0.86 lm/h. However, in dynamic cultures at 100 ll/min, the average
growth rate decreased 0.53, whereas for those exposed at 120 and
150 ll/min, a retraction was observed, �0.19 and �0.25 lm/h,
respectively. These results indicated no particular increase in the
growth rate in dynamic culture. Moreover, higher flow rates deter-
mined a decrease in axonal growth compared to lower flow rates or
static conditions, confirming thus the results reported before. For
these reasons, variable flow rates were tested, selecting the flows that
provided the best data at different timepoints.

Morphometric characterization under variable flow

Cells exposed to variable flows [protocol 1 and protocol 2,
Fig. 3(a)] followed the stages of the Dotti model, and this behavior was
observed to be similar between static and dynamic cultures [Fig. 3(b)].
Specifically, the number of neurites per cell showed a continuous
increase throughout the culture period in both conditions. After 4 h
from plating, the number of total neuritic processes was 2.776 1.62
[Fig. 3(c)]; as shown in Fig. 3(d), these processes correspond to pri-
mary ones. Instead, secondary and tertiary processes were completely
absent [Figs. 3(e) and 3(f)]. After 24h, the number of processes per cell
under static cultures was lower than that under protocol 1 (stati-
c¼ 3.236 1.81 vs protocol 1¼ 4.866 2.48) and slightly higher than
that under protocol 2 (2.716 1.40). This trend was also confirmed by
the analysis of the different classes of processes. Specifically, after 24 h
under static culture, the number of primary processes was found to be
2.286 1.32 [Fig. 3(d)], while they were found to be 3.516 1.77 under
protocol 1 and 1.976 1.17 under protocol 2. Related to secondary pro-
cesses, after 24 h, a slight increase was observed under protocol 1
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(1.286 1.56), while under static cultures and under protocol 2, a simi-
lar development was observed (0.916 1.22 and 0.716 1.04, respec-
tively). Finally, tertiary processes growth only in cultures exposed to
protocol 1. After 48h, the number of total processes per cell was

statistically higher in static cultures (6.546 1.81) compared to the
dynamic ones under both protocols (protocol 1¼ 2.826 1.31 and pro-
tocol 2¼ 3.486 1.53). Specifically, as illustrated in Fig. 3(d), the num-
ber of primary processes remained quite similar to the ones at 24 h.

FIG. 2. Morphometric characterization. Average length of primary, secondary, and tertiary processes under static (a) and constant flow regimes at 100ll/min (b), 120ll/min (c), 150ll/min
(d) at 4, 24, 48, 72 h. (e) Table of average growth rate of major neurites expressed in lm/h. The morphometric characterization involved the analysis of 100 cells for each condition.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 8, 046102 (2024); doi: 10.1063/5.0221911 8, 046102-5

VC Author(s) 2024

pubs.aip.org/aip/apb


FIG. 3. Stages of neuronal development. (a) Dynamic protocols based on variable flow during the days in culture. (b) Optical images of static cultures and dynamic
cultures subjected to variable flow regimes with protocol 1 and protocol 2, at 4, 24, 48, and 72 h. Scale bar: 50 lm. (c) Number of processes, (d) number of primary processes,
(e) number of secondary processes, and (f) number of tertiary processes. The morphometric characterization involved the analysis of 100 cells for each condition (�) p� 0.05.
(g) Table of the total number of neurites and the number of neurites at different levels of arborization; the red box highlights the best conditions.
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In static cultures, it was 2.286 1.13, while in cultures under protocol 2,
it was 1.976 1.10. However, there was a reduction in the number of
primary processes under protocol 1 (1.826 0.92). On the contrary,
after 48 h in culture, a substantial increase in the number of secondary
processes was observed under static cultures (3.716 2.96), while under
both dynamic protocols, the values remained relatively similar to those
at 24 h, 16 0.9 and 1.346 0.8, respectively. Moreover, tertiary pro-
cesses were only observed under static cultures, Fig. 3(f). The number
of neurites under static culture did not show any further changing
between 48 and 72 [Fig. 3(c)] reaching 6.426 2.85 neurites per cell at
72 h; specifically, primary processes were found to be 2.656 1.57
[Fig. 3(d)], secondary processes were 3.456 2.46 [Fig. 3(e)], and ter-
tiary processes 0.226 0.49 [Fig. 3(f)]. For cultures under the dynamic
protocols, the number of processes per cell increased [Fig. 3(c)]
reaching 4.716 2.09 under protocol 1 and 5.516 2.54 under protocol 2.
In terms of primary processes, the results at 72 h did not show any
statistical difference between static and dynamic cultures (stati-
c¼ 2.656 1.57, protocol 1¼ 2.346 0.92, and protocol 2¼ 2.516 1.06),
Fig. 3(d). Instead, regarding secondary processes, a statistical difference
was observed between static cultures (3.546 2.46) and protocol 1
(2.316 1.85), while no significant difference was observed for
cultures exposed to protocol 2 (2.856 2.03), Fig. 3(e). Similar devel-
opment was observed for tertiary processes. Protocol 2 exhibited
values like the static ones, reaching 0.146 0.43 and 0.226 0.49,
respectively. Meanwhile, as it is shown in Fig. 3(f), the number of

tertiary processes was negligible under protocol 1. From the table
shown in Fig. 3(g), it is evident that cells cultured under protocol 1
exhibited a higher number of processes per cell during the first 24 h
compared to static cultures. After this period, the number of pro-
cesses in cells from static cultures was slightly higher than those
under protocol 1. Meanwhile, cells cultured under protocol 2 showed
the lowest values compared to the other conditions.

The characterization of the average lengths of primary, second-
ary, and tertiary neuritic processes was carried out on 2D cultures
exposed to protocols 1 and 2 as well. The results obtained from static
cultures, as described in the previous section ("Morphometric charac-
terization under constant flow"), were considered as the control group,
Fig. 2(a). The length of neuritic processes was found to increase over
time for both protocols (1 and 2). Specifically, after 4 h of perfusion,
dynamic cultures did not show statistically significant differences
between the two protocols (protocol 1: 18.556 9.97lm and protocol 2:
196 9.92lm), Figs. 4(a) and 4(b). However, in both protocols, the pri-
mary processes were slightly longer compared to the control ones
(11.736 5.70lm), Fig. 2(a). Furthermore, the length of primary pro-
cesses in neurons under protocol 1 increased more prominently over
time compared to the ones under protocol 2. Specifically, the length of
primary processes under protocol 1 between 24 and 48 h increased
from 42.476 26.51lm to 67.516 26.51lm, reaching values of
85.466 38.12lm at 72 h, Fig. 4(a). On the other hand, primary pro-
cesses in neurons under protocol 2 showed a slightly increase from

FIG. 4. Morphometric characterization. Average length of primary, secondary, and tertiary processes under and variable flow regimes according to protocol 1 (a) and protocol 2
(b) at 4, 24, 48, and 72 h. (c) Table of average growth rate of major neurites expressed in lm/h. The morphometric characterization involved the analysis of 100 cells for each
condition.
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37.416 24.88lm (24 h) to 49.246 26.03lm (48 h) reaching
69.026 30.33lm at 72h, Fig. 4(b). Both dynamic cultures demon-
strated higher values compared to static ones, as shown in Fig. 4(a).
Related to secondary processes, the results showed that in cultures
under protocol 1, there was a significant extension in the first 24 h
(12.036 14.36lm), followed by a slowdown in development in the
subsequent hours, with values reaching 19.936 13.63lm at 72 hours,
Fig. 4(a). In contrast, cultures exposed to protocol 2 exhibited a more
gradual growth in the first 24 h of perfusion (4.926 7.80lm), followed
by a faster increase between 48 and 72h, from 13.796 11.37 to
19.936 13.63lm, Fig. 4(b). Again, both protocols supported a higher
development of secondary processes compared to static cultures, as
report in Fig. 2(a). As related to the quantification of the tertiary pro-
cesses, this task in the first 48h of culture was challenging due to the
fact that these processes at this time are at the very beginning of their
development.29,30 Nonetheless, the results at 72h showed that tertiary
processes were longer under protocol 2 than those under protocol 1,
Figs. 4(a) and 4(b). Finally, the average growth rate of the major neu-
rite was determined. From the table presented in Fig. 4(c), it is evident
that the average growth rate of the major processes in cultures under
protocol 1, between 4 and 24h, was slightly higher than the ones under
protocol 2. After that, between 24 and 48 h, the average growth rates of
major neurites under protocol 1 were more than twice higher than the
ones under protocol 2 and under static conditions, Fig. 2(e). Moreover,
between 48 and 72 h, the average growth rate of major neurites under
protocol 1 was found to be slightly lower than that under protocol 2
and under static conditions, Fig. 2(e).

Morphological evaluation of 2D cell culture

To further evaluate the effect of perfusion on the early-stage
development, immunofluorescence characterization was carried out
on both constant and variable regime flows, on three independent cul-
tures for each condition. Static cultures were used as control. As a first
step, after 7 days, neuronal cultures under constant flows were fixed
and labeled by b-tubulin III and DAPI. As it can be observed in
Fig. 5(a), neuronal morphologies in static culture revealed a healthy
development, with distinct major and minor neurites, consistent with
the data provided by Banker.28,29 Dynamic cultures under a constant
flow of 100ll/min showed neurons still immature, without any neu-
ritic elongation. In contrast, cultures exposed to higher constant flows,
120 and 150ll/min, showed a neuronal development positively
affected by flows. Namely, neurons grew and developed a dense net-
work that appears to follow the laminar flow direction.31 The immuno-
fluorescence characterization was also carried out onto iNeurons
co-cultured with the astrocyte glial fraction under both protocol 1 and
protocol 2 to assess the morphology of cells exposed to variable regimes
of flow rates. Cells under protocol 1 showed the formation of a 2D
neuronal network, as already observed under static conditions, and
neuronal and glial morphologies revealed no differences for both con-
ditions, Fig. 5(b) and supplementary material, Fig. 1. In contrast, pro-
tocol 2 was not able to sustain the growth and development of cells
over 3 weeks, with the failed formation of a stable network, Fig. 5(b).
Based on the morphological results, the synaptic count was performed
on both static cultures and 2D neuronal networks under protocol 1.

The identification of structurally intact excitatory synapse
markers was carried out by PSD-95 immunostaining, a postsynaptic
scaffolding protein [Fig. 5(c), supplementary material, Fig. 2] to

evaluate the effect of perfusion on synaptogenesis and consequently on
the development of a functional network. PSD-95 shapes a framework
of multiple proteins at excitatory synapses32 that organizes signal
transduction and is central to glutamatergic synaptic signaling.33 Based
on the results obtained from the morphometric analysis, the dynamic
cultures were exposed to a variable flow following protocol 1 up to
25days. The obtained results showed differences between static and
dynamic cultures [Fig. 5(d)], namely, under static culture, neurons
showed 536 40 PSD-95 puncta/100lm, while under dynamic culture,
a PSD-95 puncta density of 886 50 PSD-95 puncta/100lm was
reached. The results obtained for static cultures were perfectly in line
with the ones found in the literature regarding neurons in the second
and third layers of the cortex.10–12

Morphological evaluation of 3D cell culture

A preliminary study on the effect of dynamic culture condi-
tions on cell distribution and network development in 3D was car-
ried out by immunostaining and confocal microscopy. Specifically,
iNeurons, from healthy donor and primary astrocytes embedded in
NeuroGlycoGel, were fixed and immunolabeled by b-tubulin III
(neurons) and GFAP (astrocytes) after 28 days in culture. Confocal
images of 3D cultures under dynamic regimes showed that both
cell populations were uniformly distributed within the hydrogel.
Namely, neuronal (green) and glial networks (red) were densely
developed throughout the 3D structure in both static and dynamic
cultures, Fig. 6(a). No apparently differences were observed
between the two cultures since the 3D networks developed under
protocol 1 were comparable to those in static culture. The same
characterization was also performed on a pathological cell line, spe-
cifically the human neuroblastoma cells SH-SY5Y, which display
catecholaminergic neuronal properties and are commonly used as
a model of Parkinson’s disease (PD). SH-SY5Y were cultured in
NeuroGlycoGel and exposed to dynamic conditions following pro-
tocol 1. Static cultures were used as control as well. SH-SY5Y cells
were differentiated into the neuronal phenotype between 0 and 10
DIV using retinoic acid and brain-derived neurotrophic factor. In
both static and dynamic conditions, cells were well differentiated
with few and short neurites, as expected; moreover, immunostain-
ing of a-synuclein (red) revealed that this protein was significantly
evident in both conditions, Fig. 6(b).

DISCUSSION

The advancement of in vitro models for the central nervous sys-
tem (CNS) is rapidly evolving, offering the opportunity to investigate
both physiological and pathological brain conditions, significantly con-
tributing to enhance the precision of preclinical research.5 It is nowa-
days recognized that more elaborate designs are needed to accurately
recapitulate human physiology/pathophysiology;5–7,23 2D in vitro
models provide an overly simplified representation of the human
body’s responses, while animal models often do not adequately repre-
sent human conditions. In this respect, indeed 3D culture systems
have demonstrated the ability to better replicate tissue architecture and
complexity, particularly in terms of cell–ECM interactions and cell–
cell communication.34 To better mimic the in vivo conditions, bioreac-
tors have gained increasing significance in recent decades due to their
ability to regulate the biological and physical conditions of cell and tis-
sue cultures at both macro and, more recently, micro levels.
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Bioreactors have proven to be valuable tools for enhancing in vitro cul-
ture conditions, creating standardized, scalable, and secure systems for
tissue growth.14 Bioreactors replicate the dynamics of the natural body
environment by circulating fluids in vitro, making them valuable for

testing regenerative therapies under conditions closer to those encoun-
tered in vivo. Moreover, bioreactors can provide a useful screening tool
for the evaluation of various cell types, biomaterials, drugs, or tissue
engineered products prior to animal testing. Compared to static

FIG. 5. Optical images of 2D neuronal cultures. (a) 2D static cultures and 2D dynamic cultures perfused with constant flows at 100, 120, and 150ll/min labeled for b-tubulin III
(green), GFAP (red), and DAPI (blue) at DIV 7; scale bar: 50lm. Static (b) and dynamic cultures perfused with variable flows according to protocol 1 and protocol 2 at DIV 21; scale
bar: 10lm. (c) Representative optical images 2D neuronal cultures, labeled for PSD-95 (red) and DAPI (green), at DIV 25. (d) Quantification of PSD-95 puncta in iNeurons in static
culture and dynamic culture perfused with protocol 1. The PSD-95 puncta quantification involved the analysis of 100 neuritic processes for each condition (�) p� 0.05.
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cultures, bioreactors offer higher mass transfer coefficients, which helps
reduce the formation of necrotic centers due to oxygen and nutrient
deficiencies in the inner layers.23 While this conventional system may
seem straightforward, it remains highly advantageous for modern

applications in neural tissue engineering as well as to model and study
acute trauma and degenerative diseases affecting the nervous system.
Up to now, bioreactors have been employed to expedite processes and
scale up cell cultures, while recent efforts have focused on the

FIG. 6. Morphological characterization of 3D neuronal cultures in both static and dynamic conditions at DIV21. (a) 100 lm z-stack of 3D iNeuronal culture labeled for b-tubulin
III (green) and GFAP (red). (b) 80 lm z-stack of 3D neuroblastoma culture labeled for MAP-2 (green) and MJF (red). Scale bars are 20 lm.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 8, 046102 (2024); doi: 10.1063/5.0221911 8, 046102-10

VC Author(s) 2024

pubs.aip.org/aip/apb


development of devices that replicate the natural microenvironment of
the central and peripheral nervous system for in vitro experimentation.
Culture systems based on circulating fluids have effectively demon-
strated their ability to facilitate the differentiation of human neural
stem cells (hNSCs) from neurospheres into fully developed and func-
tional neurons, astrocytes, and oligodendrocytes;20–23 they have also
proven capable of accelerating peripheral nerve regeneration and axo-
nal outgrowth within 3D scaffolds.24 For instance, Sun et al. engineered
a specialized bioreactor designed to simulate peripheral nerve regener-
ation within conduits of varying injury gap sizes.35 The study show-
cased Schwann cell adhesion and alignment along the longitudinal axis
of the conduits, closely mimicking natural 3D conditions.25,35

In this work, the use of a commercial bioreactor system, LiveFlow
PRO (IVTech S.r.l), has been explored to create a more physiological
in vitro brain tissue model. We developed and validated a dynamic cul-
ture protocol able to sustain both 2D and 3D neuronal cultures based
on neurons differentiated from h-iPSCs. Moreover, the dynamic pro-
tocol was further characterized with a 3D model based on SH-SY5Y
cell line expressed a-synuclein aggregates, aiming to validate it as an
alternative platform for studying neurodegenerative diseases like PD.
First, the protocol for the 2D cultures under perfusion was optimized
by adjusting flow rates to enhance neuronal growth and maturation
compared to standard static cultures. To evaluate this, the well-
established model introduced by Dotti et al. for the polarization pro-
cess of neurons28 was used. The shape and structure of neurons are
crucial for understanding action potential transmission, information
processing, and overall neuronal function, while neurite branching
influences how individual neurons integrate synaptic inputs27,28 and
communicate within networks.31 Specifically, we assessed both con-
stant and variable flow regimes because, as documented in the litera-
ture, cells exposed to hydrodynamic shear forces develop in response
to local changes in fluid velocity.31,36 Our findings indicated that differ-
ent constant flow rates had a negligible effect on neuronal develop-
ment. During the initial 48h in culture, the number of neuritic
processes and branching was enhanced under dynamic conditions,
particularly at low flow rates. However, after 72h, static cultures
appeared to provide the best conditions. Further analysis revealed that
different dynamic culture conditions had variable effects on the length
of neuritic processes. High flow rates (120 and 150ll/min) supported
longer neuritic processes during early development, which then atten-
uated or showed a retroactive behavior at 72h, while a flow rate of
100ll/min provided consistent growth over time. Based on these
observations, variable flow protocols were developed and characterized
to improve dynamic culture conditions. The positive effects of
dynamic flow were primarily observed in the average length and aver-
age growth rate of neuritic processes rather than in the number of pro-
cesses and branching. In particular, neurons exposed to both dynamic
culture protocols exhibited longer lengths of individual processes at
different time points compared to those in static culture. This was par-
ticularly evident in cultures exposed to protocol 1, where, after 24 h in
culture, primary, secondary, and tertiary processes showed signifi-
cantly greater lengths compared to those in protocol 2 (Fig. 4).

To evaluate neuronal differentiation and 2D networks develop-
ment under perfusion at constant flow, immunostaining for the neuro-
nal marker b-tubulin III was performed. On day 7, the results
indicated that extensive neurite outgrowth and long processes were
observed only in dynamic cultures exposed to high flow rates of 120

and 150ll/min [Fig. 5(a)], while static cultures and those exposed to
lower flow rate (100ll/min) exhibited few neurons with shorter neuro-
nal processes [Fig. 5(a)]. Under higher flow rates, the spatial organiza-
tion of neuronal networks appeared to align with the direction of the
flow. This directional flow is consistent with the computational model
of the bioreactor, where the flow across the cell culture membrane is
laminar, free from turbulence or vortices.37 Additionally, to investigate
the effect of variable flows on the maturation process of neuronal and
glial cells, a sequence of immunostaining experiments was carried out.
These experiments aimed to highlight the presence of mature neurons
and astrocytes, as well as to assess the development of synaptic connec-
tions. Double immunostaining for b-tubulin III and GFAP of 4-week-
old cultures showed that protocol 1 sustained the development of 2D
co-culture of astrocytes (GFAP) and neurons (b-tubulin III) with
extensive neurite outgrowth similar to the static ones, while dynamic
conditions based on protocol 2 did not support the network develop-
ment [Fig. 5(b)]. Based on the morphometric and morphological find-
ings, the synaptic count was performed on both static cultures and 2D
neuronal networks exposed to protocol 1. Neurons under dynamic
conditions based on protocol 1 gave rise to longer neurites and had
more abundant synaptic vesicles than those derived under static condi-
tions. These findings suggest that, after an initial period of slow neuro-
nal development, the laminar flow microenvironment, provided by
protocol 1, which maintains consistently low levels of hydrodynamic
shear over long-term cultures, offers substantial benefits for the growth
and development of neural cells in vitro. These results align with obser-
vations reported for neural stem cell differentiation in bioreactors.38,39

In conclusion, our results pointed out that neuronal development
is favored by dynamic culture conditions with respect to the static
ones. The mechanisms underlying this behavior should be character-
ized in order to fully take advantage of these culture conditions.
Indeed, it is nowadays well recognized that mechanical stimulation
due to fluid shear forces has an important impact on the reorganiza-
tion of the cytoskeleton, which in turn controls cell proliferation,
migration, and differentiation through different signaling pathways.
Moreover, consistent nutrient supply and effective waste removal
could contribute to guide neurite outgrowth.19

Furthermore, a preliminary 3D brain-on-chip model was devel-
oped using both human healthy neurons and a human neuroblastoma
cell line, often used as the PD model. Neurons derived from h-iPSCs
and human neuroblastoma SH-SY5Y cells were encapsulated within
NeuroGlycoGel, a thermosensitive chitosan-based hydrogel, and
exposed to protocol 1 for 21 days. The effects of perfusion were assessed
through morphological characterization using confocal microscopy. In
static 3D cultures, cell growth and neural development were sustained
although the delivery of nutrients and oxygen to cells may have been
limited by the static microenvironment. This positive outcome may be
attributed to the well-suited thickness and microporosity of the scaf-
folds, which supported effective mass transfer. Under dynamic condi-
tions, laminar flow enhanced the growth and development of neural
cells without compromising scaffold stability. Specifically, neurons
derived from h-iPSCs, co-cultured with astrocytes, showed a homoge-
neous distribution and the formation of a dense 3D network in both
static and dynamic conditions. No differences in neuronal and glial
morphologies were observed between the two conditions. Both neuro-
nal and glial cells showed a typical in vivo morphology [Fig. 6(a)],
rounding shape for neuronal somata and thin morphology for
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astrocytes.40–43 These results highlight that the combination of differ-
ent factors, including physical and chemical cues, substrate stiffness,
and 3D arrangement, collectively contributes to supporting an in vivo-
like growth of the neuronal network.44

Finally, a preliminary morphological characterization was carried
out on SH-SY5Y cells encapsulated in NeuroGlycoGel and exposed to
protocol 1. This preliminary characterization aimed to assess the impact
of dynamic conditions on neuronal differentiation by comparing the
morphology of SH-SY5Y cells treated with RA in static vs dynamic 3D
cultures. The results obtained through the integration of scaffolds and
the bioreactor demonstrated that this system effectively sustained cells
growth and differentiation in a dynamic flow environment, Fig. 6(b).
Similar observations have been reported in previous studies.45,46

To fully understand the influence of perfusion in 3D neuronal
models, further analysis will be essential. Specifically, the influence of
perfusion on spontaneous electrophysiological activity should be eval-
uated also in relation to the presence of an artificial extracellular
matrix.47,48 These additional studies will help establish this technology
as a viable platform for investigating neurodegenerative disorders and
conducting pharmacological screening.

CONCLUSION

The use of bioreactors to recreate a more physiologically relevant
in vivomicroenvironment for neuronal differentiation and maturation,
both in 2D and 3D configurations, has gained growing interest in the
field of neuroengineering. Importantly, the adoption of a perfusion
operation mode allows a stable flow of nutrients and differentiation/
neurotrophic factors while removing toxic by-products.

In this study, cells in 2D and 3D configurations were exposed to
constant and variable fluid flows for up to 28 days in recirculation bio-
reactors. First, 2D cell cultures demonstrated improvements in cell
growth, expression of neural differentiation markers, and neurite mor-
phological development under variable flow regimes compared to
static 2D systems. These results indicate that laminar flow at low levels
of hydrodynamic shear over long-term culture offers advantages for
in vitro neural cell growth and network development. Furthermore, a
preliminary 3D brain-on-chip model was developed, encapsulating
both human neurons and pathological Parkinson’s disease (PD) cells,
specifically SH-SY5Y cells, within a chitosan-based thermogel. The
integration of scaffolds and the bioreactor effectively supported the
long-term development of cells and tissues within a dynamic flow
environment. Overall, the research aligns with 3R (replacement, reduc-
tion, and refinement) principles by proposing alternatives to tradi-
tional animal testing. It uses human cells and refines conditions to
create more representative and ethically sound preclinical models. This
culture system shows promise for generating human 3D neural in vitro
models, which can serve as valuable tools in preclinical research. They
bridge the gap between human clinical studies and animal models,
enabling the study of disease onset and progression as well as the pre-
clinical evaluation of new therapeutics and toxicological studies.

METHODS
h-iPSCS and neuronal differentiation

Human induced pluripotent stem cells (h-iPSCs) were generated
through lentiviral transduction of fibroblasts obtained from a healthy
donor. These cells were generously provided by Frega et al. The com-
plete methodology for generating and maintaining the rtTa/NgN2

positive cell line has been previously described.49 The differentiation
into excitatory cortical layer 2/3 neurons through the overexpression
of the neuronal determinant Neurogenin 2 (NgN2) factor started by
introducing 4lg/ml doxycycline (Cat. D5207, Merck Life Science) into
Essential 8 Flex Medium (Cat. A2858501, Gibco Themo Fisher) sup-
plemented with 1% pen-strep, 50lg/ml of G418 (Cat. G8168, Merck
Life Science), and 0.5lg/ml of puromycin (Cat. P8833, Merck Life
Science) defining the step as Day After Differentiation 0 (DAD 0). On
DAD 1, medium was changed using DMEM/F12 supplemented with
1% N2-supplement 100� (Cat. 17502048, Gibco, Thermo Fisher), 1%
MEM non-essential amino acid solution (Cat. 11140050, Gibco,
Thermo Fisher), 1% pen/strep, 10lg/ml human BDNF, 10lg/ml
human NT-3 (Cat. SRP312, Merck Life Science), and 4lg/ml doxycy-
cline. At DAD 3, neurons were detached and collected in a 15ml tube
with Neurobasal medium supplemented with 1% pen/strep, 2% B27,
1% glutamax, 10lg/ml human BDNF, 10lg/ml human NT-3, and
4lg/ml doxycycline (Neurobasal-iN). After centrifugation (1200 rpm,
5min), cells were resuspended in 2ml Neurobasal-iN.

Astrocytes

Astrocytes were obtained by brain cortices collected from E18
Sprague-Dawley rat embryos.50,51 Astrocytes were cultured in T-75
flasks containing DMEM High Glucose (Cat. 41965039, Gibco,
Thermo Fisher), supplemented with 10% FBS and 1% pen/strep. The
flasks were placed in incubator at 37 �C with a 5% CO2 atmosphere,
and the culture medium was refreshed every 3 days.

SH-SY5Y

Human neuroblastoma SH-SY5Y cells were cultured in T75
flasks in incubator at 37 �C with 5.5% CO2. Cells were kindly provided
by Schapira’s Lab. SH-SY5Y cells were grown in neuroblastoma
medium based on DMEM/F12 (Cat. 11320074, Gibco, Themo Fisher)
supplemented with 10% fetal bovine serum (FBS, Cat. 10270106,
Gibco Invitrogen), 1% penicillin–streptomycin (pen-strep, Cat.
15140122, Gibco. Thermo Fisher), and 1% glutamax (Cat. 35050038,
Gibco, Thermo Fisher). For the neuronal differentiation, cells were
exposed to Neurobasal media (Cat. 21103049, Gibco, Thermo Fisher)
supplemented with 1% B27 (Cat. 17504044, Gibco, Thermo Fisher),
1% glutamax, 1% pen-strep, 10lg/ml human BDNF (Cat. PHC7074,
Gibco, Thermo Fisher), and 10lM all-trans-retinoic acid (RA, Cat.
554720, Merck Life Science) for 10 days (Neurobasal-SH); after that,
samples were exposed toNeurobasal-SH without RA until DIV21.

2D cell culture

The day before plating, cover glasses were functionalized by 1%
w/v chitosan solution as reported in the literature.52 Chitosan (low
molecular weight, 88.3% DDA, lot 281219, from ChitoLytic) 1% (w/v)
was dissolved in 0.1 M acetic acid solution (Cat. 695092, Merck Life
Science), then sterilized in autoclave at 120 �C for 20min. Cover
glasses were assembled with donuts-shaped Poly-dimethyl-silox-
ane (PDMS) structures with external diameters of 22mm and
with two different internal configurations: two microchambers
for separate cultures [2-MC, Fig. 7(a)] and 1 microchamber for
co-culture [1-MC, Fig. 7(b)], and both configurations had an
internal diameter of 5mm. Cover glasses (assembled as explained
above) were sterilized in the oven at 120� for 2 h. At the end of the
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sterilization process, the culture supports were treated only on the area
delimited by the PDMS structure, with 1% w/v chitosan solution and
left in the incubator overnight at 37 �C. The coating solution was
removed from the cover glasses, which was then washed twice with
water and left to dry under the laminar hood until the plating took place.
For neurite outgrowth evaluation, 2-MC configuration was used to plate
neurons and astrocytes separately. Specifically, astrocytes were plated at
a cell density of 1500 cells/mm2 while neurons at 28–30 cells/mm2. For
morphological characterization and synaptic count, the neuronal and
glial (ratio 1:1) co-culture was plated onto 1-MC configuration with a
cell density of 1000 and 260–300 cells/mm2, respectively. After plating,
the samples were incubated in a 37 �C, 5% CO2 incubator for 4h to
ensure proper cell adhesion.

3D cell culture

NeuroGlycoGel (Bio3Dmatrix Srl, Italy), a thermosensitive hydrogel,
was used to encapsulate cells in 3D. NeuroGlycoGel consists of two main
components: component A, which is the polymeric matrix based on chi-
tosan, and component B, which is the cross-linking solution. Both com-
ponents are provided in powder form. For preparation, component A is

dissolved in a 0.1 M acetic acid solution, while component B is dissolved
in a culture medium. Component A has been autoclaved at 120 �C for
20min, and component B was filtered using a 0.22lm syringe filter.
NeuroGlycoGel was prepared by slowly adding component B drop by
drop to component A. To prevent premature or complete gelation, these
two components are mixed for 15min at a temperature of 4 �C. The
resultant mixture is then stored in fridge until use. iNeurons, co-cultured
with astrocytes (ratio 1:1), and SH-SY5Y cells were suspended and mixed
using a positive-displacement pipette directly in NeuroGlycoGel solution.
Neuroblastoma 3D cultures were obtained with a cell density of 6� 106

cells/ml. iNeurons 3D cell cultures were obtained with a cell density of
14� 106 cells/ml. Then, 30ll of cells/NeuroGlycoGel solution mix was
poured into a PDMSmold (internal diameter: 5mm and external diame-
ter: 22mm) previously placed onto cover glass. All the samples were
placed in incubator at 37 �C for 35min to ensure complete gelation
before the addition of culture medium.

IVTech LiveFlow1 and LiveBox1

The bioreactor used is the LiveFlow PRO (IVTech s.r.l.). This
setup consists of the LiveFlow control unit and the LiveBox1 (LB1)

FIG. 7. The IVTech system settings and cell culture protocols. (a)–(b) Cell culture setup: (a) 2-MC configuration for separate culture and (b) 1-MC configuration for co-culture.
(c) The fluidic pathway: the peristaltic pump establishes connections with the reservoir and the LB1 bioreactor via silicone tubes. This enables the culture medium to flow
through the tubing within the bioreactor, establishing a self-contained fluidic loop. (d) Example of basic system with four LB1: (1) LiveFlow, (2) pumping heads, (3) reservoir for
culture medium, and (4) LB1 bioreactor. (e) Dynamic protocols involving constant flow at 100, 120, and 150 ll/min. (f) Dynamic protocols based on variable flow during the
days in culture.
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culture chamber [Fig. 7(c)]. The system is designed to replicate the typ-
ical volume of a single well in a 24-well plate. The bioreactor is
equipped with two automated peristaltic pumps that work indepen-
dently, enabling flow rates ranging from 100 to 500ll/min. Flow rates
below 500ll/min lead to shear stress levels of 10�5Pa or less at the cell
culture surface. These levels represent physiological shear stress, which
has been extensively documented in the literature as not impacting cell
viability, representing physiological shear stress levels not affecting cell
viability as well documented in the literature.31,36 Each culture cham-
ber has a wet volume of 1.5ml and is equipped with both an inlet and
an outlet for introducing and removing cell culture media [Fig. 7(d)].
The chamber incorporates a Luer-locking system, ensuring a tight seal of
the system under both static and dynamic conditions (up to 1ml/min).
Samples, specifically arranged on circular cover glasses (Ø22mm), can be
placed in the bioreactor chamber. A S-shape clamp fixation system guar-
antees an airtight seal for all components. The culture medium flow
within the chamber is characterized as laminar and tangential to the cul-
ture contained within it.31 All the components of the IVTech bioreactor
were autoclaved before experiments.

Considering the maximum limit of 200ll/min to ensure laminar
flow;31,53,54 different constant flow rates were tested on both separated
and mixed dynamical cultures: 100, 120, and 150ll/min. Constant
flows were maintained throughout the culture period [Fig. 7(e)].

Variable flows were tested to evaluate the effect of perfusion on
neuronal growth and maturation. Specifically, two protocols were
developed and tested based on the results obtained from constant flow
experiments, selecting the optimal flow rates in terms of average
growth rate of neuritic development. In both protocols, the flow rate
was modified every 24 h during the first 3 days in culture [Fig. 7(f)]. As
related to protocol 1, on day 1 the samples were exposed to a flow of
100ll/min, on day 2, the flow rate was increased to 130ll/min, and on
day 3, it was brought back to 100ll/min. As relates to protocol 2, on
day 1 the samples were exposed to a flow of 150ll/min, on day 2, the
flow rate was lowered to 120ll/min, and on day 3, it was further
reduced to 100ll/min. Starting from day 4, a constant flow rate of
100ll/min was maintained until the end of culture.

Dynamic 2D cell cultures

For dynamic cultures, both cell culture configurations (1-MC and
2-MC) were prepared and incubated for 4 h before perfusion. All sam-
ples were observed 4 h post-plating and then placed inside the LB1.
LB1 was filled with 1ml of culture medium and sealed with clamps.
The fluidic circuit was assembled as shown in Fig. 7(d). After filling
the circuit with 15ml of culture medium, the peristaltic pumps were
activated at different speeds. Constant and variable flow rates were
tested. The culture medium in the reservoir was partially changed
every 72h. The whole setup was placed in incubator at 37 �C, 95%
humidity, and 5% CO2. Moreover, both cell culture configurations
were prepared, transferred into a 12-well plate, and placed in incubator
at 37 �C, 5% CO2, and 95% humidity, to be used as static control.

Dynamic 3D cell cultures

3D cultures of both cell populations were placed into LB1. LB1
was filled with 1ml of culture medium and sealed with clamps. The
fluidic circuit was assembled as already explained in Fig. 7(c). After fill-
ing the circuit with 15ml of culture medium, the peristaltic pumps

were activated. Based on preliminary results obtained from the 2D
dynamic cultures, protocol 1 was selected as the best dynamic condi-
tion able to improve growth and maturity compared to static culture
condition without compromising cell viability. For human derived
neurons co-culture with astrocytes, Neurobasal-iN into the reservoir
was partially changed every 72h. For SH-SY5Y samples, Neurobasal-
SH was partially changed every 48 h. In parallel, as static control, 3D
cultures were transferred into 12-well plates and placed in incubator at
37 �C, 5% CO2, and 95% humidity.

Morphometric characterization

To assess neuronal development and polarization, a morphometric
study was conducted on the 2D model, both in static conditions and
under perfusion, using the classification model proposed by Dotti
et al.28,29 Neuronal polarity is defined as neurons developing two distinct
types of extensions: axons and dendrites. The model identified five well-
defined stages of morphological development. Recently, this model,
which is based on the use of poly-lysine and poly-ornithine as adhesion
factors, was used to validate chitosan as an alternative adhesion factor for
primary and iNeurons cultured under static conditions.52 The morpho-
metric characterization was carried out focusing on cells that were not in
contact with other cells. The classification involves different stages: stage
1, cells without neurites, stage 2, cells with some neurites lacking axonal
markers, indicating no axonal differentiation, stage 3, cells with an axon,
stage 4, cells with growing dendrites, and stage 5, mature cells. From the
morphometric analysis, the following parameters were extracted:

• the number of neuritic processes;
• the number of primary, secondary, and tertiary processes;
• the length of primary, secondary, and tertiary processes;
• the growth rate of the major process.

Neurites were defined as processes extending over 10lm from
the cell body, with a length of at least one cell body diameter.
Furthermore, with respect to the number of neurites and to the average
neurites length, extensive analysis was carried out to differentiate neu-
ritic process into primary, secondary, and tertiary ones on the basis of
their branching order.55 Primary processes are the initial extensions
that originate from the cell body, secondary processes branch out from
primary ones, and tertiary processes further branch from secondary
extensions. Additionally, neuritic processes can give rise to dendritic
spines, which establish synaptic connections with other neurons.55 All
neuritic processes were considered minor except for the longest one,
the axon. Major neurites were those with the greatest length compared
to other neurites of the cell, being at least 10–20lm longer. In the
experiments, an Olympus IX-51 inverted microscope with a DP70 dig-
ital camera and a CPlan 10N.A. 0.25 PhC objective was used to
acquire phase contrast images. For each condition, 100 cells were
acquired and analyzed using ImageJ with the NeuronJ plugin for trac-
ing, analyzing, and measuring neuritic processes. All graphs presented
in the study were based on data obtained from three separate experi-
ments. Both static and dynamic neuronal cultures were observed at 4,
24, 48, and 72h after plating.

Immunocytochemistry

Both 2D and 3D cell cultures under static and dynamic condi-
tions were fixed with 4% paraformaldehyde at room temperature for
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10 and 30min, respectively. Cell permeabilization was carried out with
Triton X-100 (Cat. X100, Merck Life Science) at 0.1% (2D) and 0.3%
(3D) for 10 and 30min, respectively. Cultures were rinsed three times
with phosphate-buffered saline solution (PBS, Cat. 18912014, Gibco,
Thermo Fisher) and then were incubated with blocking buffer solution
composed of 0.3% bovine serum albumin (Cat. A9418, Merck Life
Science) and 0.5% FBS at 4 �C for 45min (2D) and 2h (3D) to block
nonspecific binding of antibodies. Cultures were exposed to a primary
antibody for 90min (2D) and overnight at 4 �C (3D). Specifically,
b-tubulin III (1:200, microtubules, Cat. 60100, Voden medical instru-
ments), MAP-2 (1:500, dendritic microtubule-associated protein, Cat.
188 002 and 188 011, Synaptic System), MJFR-14–6–4–2 (1:250, anti-
Alpha-synuclein aggregate antibody, Cat. b138501, abcam), GFAP
(1:500, glial fibrillary acidic protein, Cat. 173 002 and 173 01, Synaptic
System), PSD-95 (1:200, postsynaptic density, Cat. MA1-046,
Invitrogen, Thermo Fisher), and DAPI (1:10000, nuclei, Cat. 75004,
Voden medical instruments) were used as primary antibodies. Cultures
were exposed to the secondary antibodies: Alexa Fluor 488 and Alexa
Fluor 549 Goat anti mouse or Goat anti rabbit (Cat. A11001, A11003,
A11008, A11035, Gibco, Thermo Fisher) diluted 1:700 and 1:1000.
Postsynaptic density puncta were calculated by SynapCountJ, an
ImageJ plugin that counts puncta and returns puncta density value in
100lm. The analysis was carried out on 100 neuritic processes ran-
domly chosen, with a length of at least 20lm and considering the pro-
cess from 10lm distance from the soma. 2D samples were observed
using the Olympus BX51M fluorescence microscope, equipped with
the Hamamatsu ORCA-ER C4742-80 digital camera driven by Image
ProPlus software (Media Cybernetic). 3D samples were observed by a
confocal imaging Leica STELLARIS 8 Falcon s-STED inverted confo-
cal/STEDmicroscope (Leica Microsystems, Mannheim, Germany).

Statistical analysis

Statistical analysis was carried out using MATLAB (The
MathWorks, Natick, MA, USA). The significative differences between
experimental and control values were analyzed by the statistical non-
parametric Kruskal–Wallis’s test, since data do not follow a normal
distribution (evaluated by the Kolmogorov-Smirnov normality test).
Differences were considered statistically significant when p< 0.05 (�).

SUPPLEMENTARY MATERIAL

See the supplementary material for details of both optical contrast
phase and fluorescence images of a 2D neuronal network under static
and dynamic conditions, perfused with variable flows according to proto-
col 1 at DIV 25 (Fig. S1) and fluorescence images of synaptic puncta of
2D neuronal cultures at DIV 25 under static and dynamic conditions,
also perfused with variable flows according to protocol 1 (Fig. S2).
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