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Abstract
Three-dimensional (3D) neural cultures with cells distributed throughout a thick, bioactive
protein scaffold may better represent neurobiological phenomena than planar correlates
lacking matrix support. Neural cells in vivo interact within a complex, multicellular
environment with tightly coupled 3D cell–cell/cell–matrix interactions; however, thick 3D
neural cultures at cell densities approaching that of brain rapidly decay, presumably due to
diffusion limited interstitial mass transport. To address this issue, we have developed a novel
perfusion platform that utilizes forced intercellular convection to enhance mass transport.
First, we demonstrated that in thick (>500 µm) 3D neural cultures supported by passive
diffusion, cell densities �5.0 × 103 cells mm−3 were required for survival. In 3D neuronal and
neuronal–astrocytic co-cultures with increased cell density (�104 cells mm−3), continuous
medium perfusion at 2.0–11.0 µL min−1 improved viability compared to non-perfused
cultures (p < 0.01), which exhibited widespread cell death and matrix degradation. In
perfused cultures, survival was dependent on proximity to the perfusion source at 2.00–
6.25 µL min−1 (p < 0.05); however, at perfusion rates of 10.0–11.0 µL min−1 survival did not
depend on the distance from the perfusion source, and resulted in a preservation of cell density
with >90% viability in both neuronal cultures and neuronal–astrocytic co-cultures. This work
demonstrates the utility of forced interstitial convection in improving the survival of high cell
density 3D engineered neural constructs and may aid in the development of novel
tissue-engineered systems reconstituting 3D cell–cell/cell–matrix interactions.

Introduction

Three-dimensional (3D) cell culture systems allow
investigation of cellular behavior in a more physiologically
relevant state while preserving the primary advantages of
traditional two-dimensional (2D) in vitro systems, such as
control of cellular environment, accessibility for repeated
imaging and elimination of systemic effects. Cells cultured
in a 3D environment have been shown to better represent
in vivo cellular behavior than cells cultured in monolayer
(e.g., osteoblastic cells (Granet et al 1998), fibroblasts
(Grinnell 2000), breast epithelial cells (Wang et al 1998) and

neurons and astrocytes (Fawcett et al 1989, 1995)).
Fundamental differences exist between cells cultured in
monolayer versus 3D configurations in terms of access to
soluble factors and the distribution and types of cell–cell and
cell–extracellular matrix (ECM) interactions (Cukierman et al
2001, Cukierman et al 2002, Schmeichel and Bissell 2003,
Yamada et al 2003). Cell–cell and cell–ECM interactions may
be constrained or completely omitted in planar cultures.
Furthermore, culture models consisting of multiple cell types
closer approximate the heterogeneity of in vivo tissue. With
respect to the nervous system, cellular heterogeneity is
important to represent such interactions as physical support
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and metabolic coupling between neurons and astrocytes
(Tsacopoulos and Magistretti 1996, Aschner 2000,
Tsacopoulos 2002).

Neural cell culture models have been developed to
approximate a 3D orientation by plating dissociated primary
cells above a matrix material (Coates and Nathan 1987, Coates
et al 1992, O’Shaughnessy et al 2003). Such systems may
support high 2D cell densities, although cell–cell and cell–
matrix interactions are constrained as cells are not distributed
throughout the full thickness of the matrix. Reaggregate
neural cultures have been developed by rotation-induced
reassociation (Hsiang et al 1989, Choi et al 1993, Spector
et al 1993). These systems produce 3D spheres at high
cell densities via diffusion with convective enhancement of
circulating medium; however, the volume available for growth
is inherently limited based on required surface area to volume
ratios that permit survival, thus limiting the scope of 3D
interactions. Other systems have been developed with cells
distributed throughout a matrix material (Bellamkonda et al
1995a, 1995b, Woerly et al 1996, O’Connor et al 2000, 2001,
Cullen et al 2006). However, these cultures have relied solely
on passive diffusion for nutrient delivery and waste product
removal, necessitating the use of cell densities much lower
than those found in the brain. Thus, technical limitations have
prevented the development of 3D neural cell culture models
consisting of a high cell density (�104 cells mm−3) with greater
than millimeter scale dimensions and full thickness cellular
distribution.

More biologically accurate 3D cell–cell and cell–matrix
interactions may be represented by thick, high cell density
neural preparations; however, these parameters are in direct
competition with providing a sufficient supply of nutrients
and oxygen to the cells. The most common systems to
address this issue are spinner flasks and rotating vessels;
however, both systems enhance diffusion via increased fluid
flow around a 3D construct, rather than using perfusion for
direct forced convection through a construct. In non-neural
systems, perfusion bioreactors have been developed for a range
of tissue engineering applications. In general, the goals of
these systems are to enhance survival in thick and/or high cell
density systems (e.g., thick osteoblast constructs (Cartmell
et al 2003), high density (105 cells mm−3) hepatoblastoma
cell line (Hongo et al 2005) and hepatocytes (Toh et al
2005)), as a mechanism to improve cell seeding into porous
scaffolds (e.g., bone marrow stromal cells (BMSCs) (Wang
et al 2006)), to introduce hydrodynamic shear stress to enhance
cell differentiation or improve productivity (e.g., BMSCs
(Gomes et al 2003, Holtorf et al 2005), bone marrow-
derived osteoblasts (van den Dolder et al 2003, Wang et al
2003), bovine chondrocytes (Cooper Jr et al 2007)), or some
combination of these general parameters (e.g., hepatocytes
(Chen and Lin 2006), chondrocytes (Saini and Wick 2003)
and NIH/3T3 cells (Kitagawa et al 2006)).

Previous work related to culture perfusion in the field of
neurobiology has focused on maintaining the viability of acute
brain slices during physiological studies using continuous
circulation of the nutrient medium, and diffusion and/or

capillary action-limited mass transport in nutrient delivery.
For example, in one type of system tissue rests on a mesh
at the interface between an open channel flow of perfusate
underneath the mesh and the humidified atmosphere of gases
above the mesh (Li and McIlwain 1957, Haas et al 1979,
Reynaud et al 1995). In these interface-type chambers, only
one side of the tissue is exposed to the media with intercellular
nutrient concentration being limited by capillary action and
diffusion. In another approach, a slice is entirely submerged
in the culture medium and perfused using oxygenated media
(Nicoll and Alger 1981, Zbicz and Weight 1985, Shi and
Bunney 1990). These submerged-type chambers enable
faster diffusion into the slice than interface-type chambers,
where only one side of the tissue is exposed to media.
Both chamber arrangements have practical advantages and
shortcomings; however, submerged tissue generally obtains a
more stable environment as a gas–liquid interface may lead
to discontinuities in the flow of media and gas due to surface
tension-induced pulsations. Accordingly, reduced disruption
of ionic homeostasis by anoxia in rat hippocampal slices
has been reported in submerged slices (Croning and Haddad
1998). However, the transport mechanisms in submerged-
or interface-type chambers inherently restrict the long-term
utility of these devices in meeting cellular metabolic demands;
thus the tissue ultimately decays.

The goal of this study was to develop and validate
a novel engineered neural cell culture system with the
following attributes: (1) the use of 3D cell–cell and cell–
matrix interactions throughout a large, thick, dense neural
culture, (2) control of cell population, ranging from a nearly
pure neuronal population to neurons and astrocytes mixed
in a controlled ratio and (3) the ability to increase 3D
cell density to more realistically approximate that of brain.
The latter point was accomplished using a custom-designed
bioreactor perfusion system utilizing forced convection to
continuously deliver nutrients and withdraw waste from thick
constructs. In the current study, we initially identified neural
cell density ranges where passive diffusion was insufficient to
satisfy cellular metabolic needs. We then demonstrated that
forced convection, interstitial nutrient delivery was sufficient
to meet the cellular metabolic requirements throughout
thick, high cell density neural constructs. This bioreactor
perfusion system maintains sufficiently high concentrations
of nutritive substances throughout thick, high cell density
neural constructs, and thus may be a valuable platform for
a range of neurobiological as well as neural tissue engineering
applications.

Materials and methods

Isolation of neurons (embryonic day 17–18) and astrocytes
(postnatal day 0–1)

Neurons were isolated from timed-pregnant (E17–18) Sasco
Sprague-Dawley rats (Charles River, Wilmington, MA),
which were anesthetized using isoflurane and decapitated.
The uterus was removed by caesarian section and placed

160



Dense 3D neural cultures require perfusion

in Hanks balanced salt solution (HBSS). Each fetus was
removed from the amniotic sac, rapidly decapitated, and the
brains removed. The cerebral cortex was isolated and the
hippocampal formation removed. To dissociate the tissue,
pre-warmed trypsin (0.25%) + 1 mM EDTA was added for
10 min at 37 ◦C. The trypsin–EDTA was then removed and
deoxyribonuclease I (0.15 mg mL−1, DNase) in HBSS was
added. The tissue was then tritutated with a flame-narrowed
Pastuer pipet and centrifuged at 200 g for 3 min after which the
supernatant was aspirated and the cells were resuspended in
neuronal media (neurobasal medium + 2% B-27 + 500 µM
L-glutamine). Similar procedures have previously been
demonstrated to yield a nearly pure neuronal population, with
glial contamination less that 1% (Brewer et al 1993, Brewer
1995).

Astrocytes were acquired from postnatal (day 0–1)
Sasco Sprague-Dawley rats (Charles River) anesthetized using
isoflurane and rapidly decapitated. The brain was removed
and the cerebral cortices isolated as described above. Cortices
were minced and placed in pre-warmed trypsin (0.25%) +
EDTA (1 mM) at 37 ◦C for 5 min. DNase was added and
the tissue was triturated using a flame-narrowed Pasteur pipet.
Medium was added (DMEM/F12 + 10% FBS) and the cells
were centrifuged (200 g, 3 min) after which the supernatant
was aspirated, the cells were resuspended in DMEM/F12 +
10% FBS and transferred to tissue culture flasks. Astrocytes
were passaged to isolate a nearly pure population of type I
astrocytes as previously described (McCarthy and de Vellis
1980). Briefly, at various time points over the first week
post-dissection, the flasks were mechanically agitated to
dislodge less adherent cell types. As the cells approached
∼90% confluency, they were resuspended using trypsin–
EDTA, centrifuged and replated at a density of 300 cells mm−2.
Astrocytes were used in 3D culture between passages 4–12 to
permit cell maturation and to acquire a nearly pure astrocytic
population (>95%, as assessed by glial-fibrillary acidic
protein immunoreactivity). Astrocytes were re-suspended
in co-culture medium (neurobasal + 2% B-27 + 1% G-5 +
500 µM L-glutamine) for plating in 3D culture.

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee of the Georgia
Institute of Technology. All cell culture reagents were from
Invitrogen (Carlsbad, CA) or Sigma (St Louis, MO) unless
otherwise specified.

3D neuronal cultures and neuronal–astrocytic co-cultures

Cultures consisting of a nearly pure neuronal population
(neuronal cultures) or neurons mixed with astrocytes at a 1:1
ratio (neuronal–astrocytic co-cultures) were cultured within
Matrigel R© matrix (final protein concentration of 7.5 mg mL−1;
BD Biosciences; Bedford, MA). Matrigel R© exhibits fluid-like
behavior at 4 ◦C (which permits even dispersion of dissociated
cells throughout the matrix) and subsequent gelation at or
near physiological temperature (which entraps cells in 3D
matrix) (Kleinman et al 1986). Cultures were placed at 37 ◦C
to permit matrix gelation and 3D cell entrapment, after which
0.5 mL of the appropriate medium was added. Cultures

were maintained at 37 ◦C and 5% CO2-95% humidified air.
Neuronal cultures were plated at a cell density range of 1.25–
2.50, 3.75–5.00, 6.25–7.50 and 10.0–12.5 × 103 cells mm−3 in
custom-made culture chambers consisting of a glass coverslip
below a circular (15.7 mm diameter) polydimethysiloxane
(PDMS; Sylgard 184 and 186, Dow Corning, Midland, MI)
mold and fed at 1 and 4 days in vitro (DIV). Culture viability
was assessed at 2 and 7 DIV (n = 4–12 per condition per
time point). Neuronal and neuronal–astrocytic co-cultures
were plated in custom perfusion chambers at 104 cells mm−3

(corresponding to 2 × 106 cells) with viability assessed at 2
DIV (see below). For perfusion studies, culture medium was
supplemented with a 1% antibiotic/antimycotic solution.

Perfusion bioreactor design

Perfusion platforms (patent pending) consisted of an inner,
culture chamber with 3D intercellular nutrient convection;
an outer, inclined collecting pool; inlet and outlet ports
(figure 1) (Vukasinovic and Glezer 2006a, 2006b). Using
a syringe pump having opposing syringes on a single drive
(KdScientific KDS260), continuous infusion of nutrients
through the inlet port was kept in mass equilibrium with
the amount of retrieved perfusate (containing depleted media
and catabolites) from the outlet port. The inner, cylindrical
culture chamber was an aerated and perfused media bath,
bound with perfusion substrate at its base and an optically
transparent membrane at its top. It measured 15.7 mm in
diameter and 3 mm in height. PDMS perfusion substrate
contained an array of nine circular Au grids (PELCO R©).
Grids measured 3 mm in diameter and contained 54 µm ×
54 µm openings to permit medium entry through
approximately 40% of their surface. The culture chamber and
outer pool were connected by peripheral microchannel exits
(starting 300 µm above the perfusing substrate) that enabled
withdrawal of perfusate from the culture chamber. The culture
chamber and collecting pool were encapsulated by a selectively
permeable membrane stretched over a Teflon holder and sealed
by O-rings. The membrane is permeable to gases necessary
for cell metabolism and impermeable to microbes and water
vapor, thereby ensuring that the culture was moist, well aerated
and at physiological pH in a sterile environment at a reduced
risk of cross-contamination (Potter and DeMarse 2001).

Perfusion bioreactor fabrication

Perfusion platforms were fabricated using a simple and
inexpensive method that combines 3D solid object printing
(McDonald et al 2002) and soft lithography (Xia and
Whitesides 1998, McDonald et al 2000, Whitesides et al
2001). Solid object printing (SOP) is an inkjet printing tool that
rapidly produces robust, 3D physical models from 3D CAD
drawings (figure 2(a)) by spraying layers of tiny droplets of a
non-toxic thermopolymer material onto a platform surface. A
solid object printer (ThermoJet 2000, 3D Systems) extruded
disposable masters with a feature resolution of 300 × 400 ×
600 dpi in x, y and z, respectively (figure 2(b)). This printed
disposable template was then used for replica molding of the
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Figure 1. Cultures were contained within custom PDMS culture chambers (580 µL total volume). Perfusion platform with attached FEP
membrane (permitting gas exchange without loss of water vapor) in a Teflon holder that encapsulates the device (a). Cross section view of
the PDMS perfusion platform showing a centrally formed, perfused culture chamber; inlet and outlet ports (b). Cylindrical culture chamber
is comprised of nine Au grids embedded into the base to deliver the nutrient medium, and peripheral microchannel exits through which
spent media and catabolites leave the chamber. Perfusion platform using appropriate fittings and tubing (c), (d).

(b) (c) (d)(a)

Figure 2. Fabrication methodology: CAD design of the perfusion chamber and the perfusing substrate mold (a), printed 3D thermopolymer
molds (b), replica molded perfusion chamber and perfusing substrate in PDMS (c), Au grids sealed to the perfusing substrate, and perfusing
substrate sealed to the perfusion chamber (d).

perfusion chambers using PDMS (figure 2(c)), which was
poured into the template, cured at room temperature for 48 h
and peeled off (figure 2(c)). The use of mold release agents
was deemed unnecessary owing to the favorable surface
chemistries of materials in contact. Separate disposable
molds were fabricated for the replica molding of the 3D
perfusion structure substrate (figures 2(a), (b)). Injection
sites consisted of nine Au grids sealed to the perfusing/cell
attachment substrate via thin layer of contact-sealing PDMS
prepolymer and catalyst mixture yielding a watertight bond,
and the perfusion substrate sealed to the perfusion chamber
using the same approach (figure 2(d)). The perfusion platform

and all associated components were autoclaved prior to cell
culture.

Flow diagnostics

The induced flow within the culture chamber was investigated
experimentally using microscopic particle image velocimetry
(µ-PIV) (Santiago et al 1998, Wereley and Meinhart 2004).
This non-intrusive technique obtains reliable 2D velocity fields
in planes parallel to the perfusing substrate by adjusting
the distance between the perfusion chamber and imaging
optics. Fluid velocity was measured by recording the
displacement of 550 nm fluorescent tracer particles added
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to the fluid under the assumptions that the particle density
was commensurate to that of the fluid and that the particles
were small enough to faithfully follow, but not influence,
the flow. The experimental setup consisted of an upright
microscope in episcopic, darkfield, fluorescence arrangement
and a high-intensity halogen illuminator. Darkfield
illumination improves particle visibility by enhancing particle-
to-background contrast. Particle fluorescence was captured by
an 8-bit CCD monochrome camera upon relevant filtering.

Standard PIV algorithms estimated the local fluid velocity
based on successive images of the seed particles at a known,
sufficiently short time-delay between the captured frames.
For sub-millimeter scale field-of-view, additional routines
were developed to supplement these algorithms to reduce
uncertainties in local velocity measurements due to diffusion,
low particle seeding density and the overall particle ability
to accurately follow the flow (Vukasinovic and Glezer 2006a,
2006b). In µ-PIV, measurement depth depends on the depth of
focus of the diffraction-limited imaging optics, the resolving
power of the detector (pixel size for a CCD chip), and
the finite size of particles, as some out-of-focus particles
were still sufficiently bright to contribute to the correlation
function applied for the PIV interrogation analysis (Meinhart
et al 2000a). To limit the noise associated with non-zero
background intensity in the correlation plane and facilitate the
search for in-focus particles, the background level was brought
close to zero by subtracting the mean background intensity
from all acquired images. A high-pass filter was applied
to threshold such images and reject the out-of-focus, larger,
dimmer particles. True, zero-background images were then
appropriately gained to enhance the visibility of remaining
particles and raise the relative strength of the correlation
peak in subsequent processing (Bolinder 1999). Particle
images, sampled at statistically independent times, were
appropriately overlapped to increase the image seeding density
while maintaining the actual concentration low to prevent the
clogging of perfusion chambers (Meinhart et al 2000b). Such
well-seeded particle image pairs were then fed to the PIV
interrogation software to extract the steady, laminar velocity
distributions. This approach facilitates the search for the
cross-correlation peak by increasing the number of particles
per interrogation window and reduces diffusive uncertainty.
Directionally unbiased error associated with Brownian motion
was therefore negligible for velocity estimates based on about
ten particles per interrogation window and averaging over
hundreds of instantaneous realizations (within 0.3%). Overall,
the estimated velocity resolution is within 5% of the microjet
ejection velocity.

Culture perfusion

Neuronal cultures and neuronal–astrocytic co-cultures were
exposed to continuous medium perfusion at flow rates of
0.30–1.00, 2.00–2.50, 5.00–6.25, 10.0–11.0 µL min−1; non-
perfused control cultures had media changed daily (n =
3–11 per culture type per condition). Flow rates are presented
based on total volumetric flow through a construct; however,
convective exchange rates are presented in table 1 based on

Table 1. Summary of cell culture and perfusion parameters. The
number of complete media changes per day was calculated based on
reservoir volume.

Culture parameters Perfusion parameters

Culture Reservoir mL/ Number of
volume volume µL min−1 µL h−1 day exchanges/day

200 µL 580 µL 1.00 60 1.4 2.5a

2.50 150 3.6 6.2a

6.25 375 9.0 15.5a

11.0 660 15.8 27.3a

a Based on reservoir volume.

complete medium changes of entire culture volume (580 µL;
cellular constructs were 200 µL). The level of the bathing
medium within the culture chamber was controlled externally
by timing the start of suction, ensuring that the entire
volume of the culture chamber (containing the 500–750 µm
thick submerged 3D neural cultures) was bathed in medium
prior to the start of the continuous, closed-loop circulation.
Matrigel R© matrix remained adherent to the perfusion substrate
throughout experimentation. Medium was injected into
the culture chamber normal to the perfusing substrate via
the arrays of microjets. The intercellular convection was
predicted to follow the induced, 3D flow pattern within the
culture chamber through microjet interactions and peripheral
perfusate extraction via 36 microchannels (each measuring
150 µm in width) that were formed in the cylindrical enclosure
bounding the perimeter of the cultures (figure 3). Used media
and metabolic waste leaving the culture chamber through the
microchannels was collected in the outer pool and exited the
perfusion platform through the outlet port.

Viability/cytotoxicity assay, image acquisition and
statistical analysis

Following neural cell density and perfusion studies, cells
were labeled using fluorescent probes for distinguishing
live and dead cells (LIVE/DEAD Viability/Cytotoxicity
Kit; Molecular Probes). Cell cultures were incubated
with calcein AM (2 µM) and EthD-1 (4 µM) at 37 ◦C
for 30 min and rinsed with 0.1 M Dulbecco’s phosphate-
buffered saline (DPBS). Cell cultures were viewed using
a laser scanning confocal microscope (LSM 510, Zeiss,
Oberkochen, Germany). Multiple z-stacks were acquired
across the full thickness of each culture. For statistical
analysis, �3 regions were sampled per culture, except
in cases of complete culture degeneration where a single
representative region was acquired. Images were analyzed
using a LSM image browser (Zeiss). Where observed, live
cells (calcein+; fluorescing green via AM-cleavage) and cells
with compromised membranes (EthD-1+; nuclei fluorescing
red by EthD-1 binding to DNA) were manually counted and the
percentage of viable cells was calculated. Dead cells (EthD-
1+) that exhibited a degenerating morphology consisting of
punctuated body formation and condensed nuclear material
were also quantified as a function of culture height and,
hence, distance from the perfusion source. All confocal
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Figure 3. Schematic of the global, induced flow through 3D neural constructs. Cells in 3D (neuronal cultures or neuronal–astrocytic
co-cultures) were homogeneously dispersed throughout a 500–750 µm thick matrix (not to scale). To simplify the drawing, only three Au
grids are shown at an arbitrary distance from the construct to facilitate the description. Note that the bottom of the construct actually rests on
the perfusing substrate having embedded nine Au grids. Medium issuing closer to the perimeter of the engineered construct begins turning
at lower elevations and vectoring towards the exit microchannels. Medium issuing near the center penetrates deeper into the construct and
starts turning at higher elevations.

photomicrographs from 3D cultures are 50–100 µm thick
reconstructions. General linear model ANOVA was used
followed by post-hoc Tukey’s pair-wise comparisons (p <

0.05 was required for significance in either test). Data are
presented as mean±standard deviation.

Results

Perfusion platform microfluidic characterization

Velocity distributions were measured at the center of the
perfused cell culture chamber (figure 4(a)) at a nominal flow
rate of 11 µL min−1 where the flow was engendered by an
array of microjets that emanate from the grids at the chamber
base (figure 3). Measurements were taken in several planes
that were parallel to the perfusing substrate and normal to
the submerged microjets (and therefore resolve the spanwise
velocity components normal to the axes of the jets). Data
revealed that the dynamics of the induced flow was elevation
dependent (figures 4(b)–(i)).

Immediately downstream of the grid (figure 4(b)), the
flow was characterized by discharge of discrete, submerged,
laminar microjets each having a nominal speed of 12 µm s−1

(Reynolds number Re = 6 × 10−4). The magnitude of the
induced spanwise velocity was the lowest near the jet axes
where their streamwise momentum peaked. With increasing
distance from the grid openings, microjets began to interact
with the lower momentum medium within the chamber. The
momentum exchange through these shear-driven interactions
induced motion and improved mixing in the surrounding
fluid. Jets spread out laterally (broadened) and the magnitude
of the induced spanwise velocity increased with elevation
(figures 4(b), (c)). The broadening of the microjets was
accompanied by a decrease in their streamwise momentum.
Farther downstream from the perfusing substrate, broadening
jets began to interact laterally with each other resulting in the
overall reduction in their spanwise momentum (figures 4(d),
(e)), the merging of jets and the loss of their coherence

(figures 4(e)–(g)). By exploiting low Re jet-to-jet interactions,
mixing within the chamber intensifies as the motions in
surrounding fluid were effectively, convectively induced.

At higher elevations, peripheral perfusate withdrawal
created significant 3D convection. Merged jet outflows
began vectoring towards and leaving the chamber through
microchannel exits (figures 4(h), (i)). This turning took
place at higher elevations for the merged jet outflow near
the center of the chamber than for the merged flow from the
jets discharged closer to the chamber perimeter (figures 4(h),
(i)). At sufficiently high flow rates, fluid near the center of
the chamber that propagated deeper actually impinged on the
membrane at the top of the chamber and formed a stagnation
point. Developing wall jet (along the membrane surface) from
that point on facilitated the radial turning of peripheral merged
jet outflows towards the exits.

In summary, these observations support the truly 3D,
theoretical flow profiles through the engineered cellular
constructs previously shown (figure 3). Specific topologies
of both the inflow and the outflow convectively augment
mass transport through momentum exchange between the
incoming (fresh), withdrawn (depleted), and medium within
the chamber. Significant mixing enhancements were
achieved through small-scale jet interactions and fluid
shear.

Limitations in 3D cell density reliant on passive diffusion

We choose to establish viable cell density ranges and other
culture parameters using neuron-only cultures based on the
assumption that with the absence of glial support, neurons
will require a more tightly regulated microenvironment
(unpublished observations), thus being a more sensitive marker
to establish effective fluidic parameters. Accordingly, we
assessed neuronal survival in passive diffusion 3D culture for
a range of cell densities (1250–12 500 cells mm−3) at 2 and 7
DIV. Overall, cell viability depended significantly on plating
density (p < 0.001), DIV (p < 0.05) as well as interactions
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Figure 4. µPIV measurements at different elevations in planes parallel to the perfusing substrate: the field of view measures 450 × 457 µm
and covers the central region of the center Au grid with an array of ∼5 × 5 square openings in focus (a); radial spreading of discrete,
submerged, laminar microjets upon their discharge (b); microjet broadening upon their interaction with the low momentum medium within
the chamber (c); a reduction in magnitude of the radial microjet velocity with further, increasing distance from the perfusing substrate (d);
jet-to-jet interactions with the loss of symmetry (e)–(g); microjet outflows merge and begin vectoring towards the exit microchannels with
peripheral microjets beginning to turn at lower elevations (h), (i).

between these factors (p < 0.01) (figure 5). Specifically,
at 2 DIV, cells plated at �5000 cells mm−3 demonstrated
relatively high viability; however, there was a significant
reduction in survival at cell densities �6250 cells mm−3 (p <

0.05), suggesting that passive diffusion was insufficient to
satisfy neuronal metabolic requirements at these increased cell
densities. Interestingly, a parabolic response was observed in
neuronal viability at 7 DIV, with cultures plated at �2500
cells mm−3 demonstrating poor viability in addition to higher
cell density populations (�6250 cells mm−3) exhibiting poor
viability (<50% for each). The delayed neuronal death in
low cell density 3D culture was likely independent of mass
transport limitations. However, passive diffusion cultures
plated at 3750–5000 cells mm−3 presented significantly higher
viability than other cell density ranges (p < 0.05) at this
time point. Moreover, this cell density range yielded
cultures with extensive neurite arborization, demonstrating
neuronal survival and active outgrowth under these culture
parameters.

Continuous medium perfusion improves survival in neuronal
cultures and neuronal–astrocytic co-cultures

The effects of continuous medium perfusion on the survival
of high cell density, 3D neuronal cultures and neuronal–
astrocytic co-cultures were assessed in comparison to non-
perfused cultures. Survival depended significantly on culture
type (p < 0.01) and perfusion rate (p < 0.001), with
no significant interactions between these factors (figure 6).
Specifically, by 2 days post-plating there was widespread
degeneration and cell death in the majority of the non-perfused
cultures, corroborating previous results demonstrating that
passive diffusion-driven mass transport was not sufficient to
support viable neural cultures at this combination of culture
thickness (�500 µm) and cell density (�104 cells mm−3).
As degeneration in the non-perfused cultures progressed,
there became clusters of live and dead cells, although the
majority of the cells and matrix were completely degraded.
In non-perfused neuronal cultures and neuronal–astrocytic co-
cultures, the remaining cell density was <20% of the initial
cell density, and the mean thickness of the remaining matrix
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Figure 5. Neuronal survival depends on 3D cell density. Fluorescent confocal reconstructions of representative neuronal cultures plated at
various cell densities. Cells were stained to discriminate live cells (green) and the nuclei of dead cells (red) at 2 DIV (a)–(c) and 7 DIV
(d)–(f). The percentage of viable cells in 3D neuronal cultures varied significantly based on plating density; densities ranging from
6.25–12.50 × 103 cells mm−3 had significantly reduced viability versus 3.75–5.00 × 103 cells mm−3 at 2 and 7 DIV (∗ p < 0.05) (g), likely
due to mass transport limitations in passive diffusion cultures. Also, the viability was significantly reduced at 7 DIV versus 2 DIV for
cultures plated at 1.25–2.50 × 103 cells mm−3 (∗∗∗ p < 0.001); this second wave of cell death may be due to insufficient neuron–neuron
interactions. Scale bar = 50 µm; each reconstruction was from 100 µm thick z-stack.

was 52.7 ± 32.3 µm and 142.3 ± 93.1 µm, respectively,
underscoring the extent of the cellular/matrix degradation.
Additionally, this effect was particularly pronounced in the
neuronal cultures compared to the neuronal–astrocytic co-
cultures, as both viability and the cell density of remaining
cells were significantly reduced (p < 0.05).

Continuous medium perfusion was found to attenuate
culture degeneration and significantly enhance survival over
a range of flow rates (2.0–11.0 µL min−1) versus non-
perfused cultures in both neuron-only cultures and neuronal–
astrocytic co-cultures (p < 0.01) (figure 6). This range of
perfusion rates produced neural cultures with the remaining
cell density being >104 cells mm−3, and these cultures

exhibited widespread process outgrowth and the formation
of 3D connectivity. Additionally, the highest perfusion rates
evaluated (10.0–11.0 µL min−1; corresponding to 25–27
medium exchanges per day) maintained overall culture
viability at >90% in both neuron-only and neuronal–astrocytic
co-cultures, demonstrating that convective enhancement in
nutrient delivery substantially increased survival in high cell
density 3D neural cultures.

Proximity to perfusion source influences survival

In high cell density, 3D neuronal–astrocytic co-cultures,
viability was assessed as a function of distance from perfusion

166



Dense 3D neural cultures require perfusion

(a)  

0

10

20

30

40

50

60

70

80

90

100

0.0 0.3-1.0 2.0-2.5 5.0-6.25 10.0-11.0

Perfusion Rate (uL/min)

C
el

l V
ia

b
ili

ty
 (%

)

Neuron-only

Neuron:Astrocyte (1:1)

(b)  

(c)  (d)  

** *** 

*** 

Perfusion Rate (µL/min) 

(e)  

Figure 6. Neuronal and neuronal–astrocytic survival with continuous medium perfusion. Representative confocal reconstructions of 3D
neural cultures stained to denote live cells (green) and the nuclei of dead cells (red). Increased cell density (104 cells mm−3), thick
(�500 µm) 3D neural cultures were plated with or without continuous medium perfusion. Neuronal cultures in 3D at 2 DIV either
non-perfused (a) or perfused at a rate of 10.0–11.0 µL min−1 (b). Neuronal–astrocytic (1:1 ratio) co-cultures in 3D at 2 DIV either
non-perfused (c) or perfused at a rate of 10.0–11.0 µL min−1 (d). Passive diffusion was insufficient to support thick 3D neural cultures at
such high cell densities, as non-perfused (0.0 µL min−1) cultures had widespread cell death and matrix degradation. Relatively high
perfusion rates of 10.0–11.0 µL min−1 (corresponding to 25–27 medium exchanges per day) maintained culture viability at >90% in both
neuron-only and neuronal–astrocytic co-cultures, demonstrating that convective enhancement of nutrient delivery can increase survival in
high cell density neural cultures. Specifically, there was significant improvement in survival for perfusion rates of 2.0–2.5 µL min−1

(∗∗ p < 0.01), 5.0–6.25 µL min−1 (∗∗∗ p < 0.001), and 10.0–11.0 µL min−1 (∗∗∗ p < 0.001) compared to non-perfused cultures in both
neuron-only cultures and neuronal–astrocytic co-cultures (e). Scale bar = 50 µm; reconstructions are from the middle of the cultures
(50 µm thick z-stack).

source at perfusion rates of 2.50, 6.25 and 11.0 µL min−1

(figure 7). Across these perfusion groups, there were no
significant differences in culture thickness or cell density,
which were 498.0 ± 16.7 µm and 11.4 ± 4.8 × 103 cells mm−3,
respectively. However, cell survival was found to depend
significantly on proximity to perfusion source (p < 0.05).
Specifically, for lower flow rates of 2.5 and 6.25 µL min−1,

there was a significant reduction in viability at the top of
the culture versus the bottom of the culture (closest to the
perfusion inlet) (p < 0.05). However, this was not the case
for the highest flow rate evaluated, 11.0 µL min−1, where
viability was constant across the thickness of the culture. A
morphological analysis of cells in perfused cultures revealed
stark morphological abnormalities based on perfusion rate
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Figure 7. Culture viability as a function of distance from perfusion source. Representative confocal micrographs of a neuronal–astrocytic
co-culture perfused at 6.25 µL min−1 with reconstructions from the bottom (closest to the perfusion source) (a), middle (b) and top (closest to
the media bath) (c) of the co-culture. Survival depended on proximity to the perfusion source for lower flow rates (∗ p < 0.05); however, this
effect was abolished at 11.0 µL min−1, the highest perfusion rate evaluated. Scale bar = 50 µm; reconstructions from 50 µm thick z-stacks.

and distance from perfusion source, observations that may
provide insight into cell death in this system (figure 8).
Cells were observed to exhibit a degenerating morphology
in the 2.5 µL min−1 and 6.25 µL min−1 cultures, most
notably at the top of the cultures, as there were cells with
punctated body formation and condensed nuclear material.
The percentage of dead cells (EthD-1+) exhibiting this specific
degenerating morphology was quantified, revealing that neural
cell degeneration depended significantly on the perfusion rate
and distance from the perfusion source in the system (p <

0.01 and p < 0.05, respectively). There was a significant
increase in the presence of this degenerating morphology at
perfusion rates of 2.5 µL min−1 and 6.25 µL min−1 compared
to 11.0 µL min−1 (p < 0.05 each). Additionally, within
cultures perfused at 6.25 µL min−1, there was a significant
increase in the percentage of degenerating cells at the top
versus the bottom of the culture (p < 0.01); however,
this was not the case at 11 µL min−1, where there was a
paucity of degenerating cells, or at 2.5 µL min−1, where the
presence of degenerating cells was more consistent across
the culture thickness. Thus, at lower flow rates or further
distances from the perfusion source, the presence of such
morphological alterations may indicate regions still lacking
a sufficient amount of nutrients. However, these degenerating
morphologies were rare in cultures perfused at 11.0 µL min−1,
providing further support that this perfusion rate was sufficient

to satisfy the metabolic requirements for 3D neural cultures at
this cell density across the full culture thickness.

Discussion and conclusions

We have developed a system for the support of thick,
high cell density, 3D neuronal cultures and neuronal–
astrocytic co-cultures using continuous medium perfusion.
We initially established cell densities where passive diffusion
was insufficient to meet cellular metabolic needs; however,
it should be noted that limitations for passive diffusion to
support cultures will likely depend on geometry as well (e.g.,
thickness, surface area to volume ratio). In our system, non-
perfused neural cultures at this thickness (�500 µm) and cell
density (�6.25 × 103 cells mm−3) were found to undergo
widespread degradation by 2 days post-plating, suggesting that
cellular metabolic needs were not met by passive diffusion.
Additionally, we observed a delayed cell death in low density
3D neuronal cultures (between 2 and 7 DIV), most likely
not due to mass transport limitations but rather insufficient
cell–cell support (Wang and Cynader 1999). The scope
of the current work was to use convective intercellular
enhancement to improve mass transport in high cell density
3D neural cultures; however, the mechanism of neuronal death
in low density cultures merits follow-up. Additionally, in
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Figure 8. Morphology of dead cells. Top sections of perfused 3D co-cultures subjected to a flow rate of 2.5 µL min−1 (a), 6.25 µL min−1

(b) or 11.0 µL min−1 (c). Cells exhibiting a degenerating morphology were apparent for the 2.5 µL min−1 and 6.25 µL min−1 cultures (note
punctated body formation and condensed nuclear material) ((d), (e)) in comparison to a healthy cell (f) or a dead cell without a swollen
nucleus (g). The presence of degenerating cells may indicate inadequate nutrient delivery, and were most notably observed at positions
furthest from the perfusion source. Conversely, such cells were rare in the 11.0 µL min−1 cultures, suggesting that metabolic requirements
were satisfied at this highest flow rate. The percentage of dead cells (EthD-1+) exhibiting this specific degenerating morphology was
quantified (h). The percentage of dead cells presenting a degenerating morphology was significantly reduced at 11.0 µL min−1 compared to
2.5 µL min−1 and 6.25 µL min−1 perfusion rates (∗ p < 0.05). Additionally, within cultures perfused at 6.25 µL min−1, there was a
significant increase in the percentage of degenerating cells at the top versus the bottom of the culture (∗∗ p < 0.01); however, at the lower
flow rate of 2.5 µL min−1, degeneration did not vary with position from the perfusion source.

passive-diffusion cultures, survival was enhanced in neuronal–
astrocytic co-cultures versus neuronal cultures, suggesting that
there is an astrocytic role in improving neuronal survival
and/or a broader range of parameters permitting astrocytic
survival (Wang and Cynader 1999). Using our custom-made
convective bioreactor system, continuous medium perfusion
at flow rates in the range of 2.0–11.0 µL min−1 was found
to attenuate culture degeneration and significantly improve
survival in both neuronal cultures and neuronal–astrocytic co-
cultures. Furthermore, the highest medium flow rates of 10.0–
11.0 µL min−1 (corresponding to ∼15–16 mL/day or ∼25–27
exchanges/day) was found to maintain culture viability to a
greater extent than the other flow rates evaluated.

The availability of nutrients via intercellular mass
transport must surpass specific metabolic thresholds for 3D
culture systems to support viable cells constructs (Cartmell
et al 2003, Hongo et al 2005, Toh et al 2005)). The absence
of functional vasculature to supply oxygen and nutrients to the

tissue limits normal diffusion rates of metabolites, especially
in thicker cultures. Functional replacement modes of mass
transport depend on the cell density and culture geometric
parameters, in addition to the diffusion/consumption
characteristics of a particular compound (amongst potentially
other factors). When characteristic culture dimensions exceed
characteristic diffusive length scales, concentrations can differ
drastically between regions of the 3D culture system. This may
cause the part of the culture with the lowest concentration of
nutrients to decay. When the dominant mode of mass transport
is pure diffusion the extracellular concentrations of nutrients
and other relevant agents may never reach equilibrium with
the intercellular environment, and cultures eventually die.
In acute slices, for example, the tissue decay rate may be
slowed down by the use of commercially available incubation
baths (Langmoen and Anderson 1981). However, inadequate,
diffusion-limited nutrient availability and tissue oxygenation
eventually leads to time-dependant metabolic run-down. The
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quality of tissue perfusion, therefore, becomes the most
important parameter limiting the survival of 3D in vitro neural
preparations, whether slice or dense cultures. The goal
of our system was to extend the viability of 3D cultures
by maintaining high intercellular concentration of nutrients
and gas, uniformly throughout the culture. Our approach
was to provide convective enhancement in nutrient delivery
to the culture by forcing the flow through the intercellular
space. Although mass transport across the cellular membranes
seemingly remains inherently diffusive, forced convection of
the nutrient medium may obtain sufficiently high concentration
of nutrients in the extracellular space throughout the culture
thickness. That is, at high enough flow rates forced convection
enables facile aerobic metabolism and eliminates temporally
invariant concentration gradients otherwise associated with
diffusive nutrient delivery. Even in the presence of convective
pathways, however, low perfusion rates were found to
be insufficient to overcome the concentration gradients as
neural cells in dense 3D culture began to die. In the
disclosed perfusion platform this was observed through lower
culture viabilities with increasing distance from the perfusing
substrate. However, at sufficiently high exchange rates,
cultures remained healthy, while non-perfused cultures or
cultures perfused at lower flow rates were shown to decay,
thus corroborating the utility of forced convection perfusion
over a purely diffusive intercellular transport mechanism.

In forced convection perfusion, cellular attachment to the
perfusing substrate plays a pivotal role in the success and
repeatability of viability measurements in perfused constructs.
Poor adhesion creates pockets of low resistance domains that
may hinder the media supply towards the interior of the
culture where the resistance to the flow would be much higher,
thereby depreciating the impact of predominantly convective
mass transport. For our conditions, however, neural cultures
adhered well to the perfusing substrate over time, even with
the highest exchange rates examined. In addition to potential
problems with adhesion, prohibitively high exchange rates
can also lead to a reduction in concentration of substances
secreted by the cells into their microenvironment, such as
neurotrophins. Although this can be mitigated by the partial re-
use of collected, spent perfusate, further increase in exchange
rates, beyond minimum necessary to obtain >90% viability
throughout the culture, is not only redundant in terms of
expenses associated with the amount of spent media, but could
potentially harm the cultures long-term. Specifically, high
pressure gradients across the culture and/or high values of
fluid shear stress exerted upon the cellular membranes could
change morphology and ultimately injure the cultures (LaPlaca
and Thibault 1997). Increases in 3D cell density raise nutritive
and oxygen requirements, and demand an efficient removal
of catabolic waste products. These requirements can only
be met by the use of convective circulation to augment the
cellular viability, but at higher values of the intercellular flow
resistance. Therefore the limiting factor in neural construct
cell density or thickness may be the magnitude of pressure
gradient across the culture. Although cell density in the
present experiments remains an order of magnitude lower than
that found in various cortical regions (Gabbott and Stewart

1987, Braitenberg 2001), the utility of forced convection
perfusion in permitting the survival of increased cell density
engineered constructs was demonstrated. Perfusion chambers
were optimized to support high density, 3D cultures while
exceeding the available exchange rates of commercial devices
by several orders of magnitude. Additionally, flow through the
cells/matrix construct may create a distributed fluidic network
for nutrient delivery that mimics a circulatory network. This
microvasculature-like network, in combination with efficient,
intercellular forced convection, may eliminate the need to
microfabricate 3D scaffolds to support the construct and inject
the nutrient medium at different elevations.

The results of these studies warrant follow-up using higher
flow rates and longer experimental time points. Higher flow
rates may further improve culture survival initially; conversely,
the ability of the cells to regulate their microenvironment
may decrease for high convective rates. Furthermore,
neuronal maturation may influence optimal exchange rates
over time. Neurons may better autoregulate at later time
points, requiring lower convection rates to sustain high
concentration of substances secreted by the cells to regulate
their microenvironment. Long-term studies may therefore
require temporal tuning of the cellular feeding schedule as a
function of maturity and functional requirements, all features
that are controllable with the perfusion system developed here.

The dynamics of the flow within the perfusion
chambers was elevation dependent and changed from
free flow of discrete jets upon their discharge from the
openings to interactions among decelerating, broadening
jets in peripherally biased perfusate extraction. Peripheral
withdrawal created favorable, forced convection, intercellular
circulation at higher elevations. This can be further improved
by reducing the chamber height to match that of the actual
culture thickness and/or by carefully adjusting the base
position of the peripheral microchannel exits to promote
cellular viability at higher elevations via significant convective
enhancement in stagnation and wall jet regions.

The utility of forced convection perfusion and disclosed
perfusion platform can be expanded beyond neurobiological
applications. Simple fabrication methodology enables
application-specific changes in the design and in the
integration of additional functionalities (e.g., multielectrode
arrays, biosensors, mixers, cell sorters) with a minimum
turnaround time. Devices can be made as disposable
cellular essays for use in pharmacological or biochemical
analyses, cytophilic biomaterials research, haptotaxis or
chemotaxis chambers (e.g. Dertinger et al (2001)).
Microfabrication compatibility enables the development of
specific cellular environments having adjustable shape,
texture, protein adsorptivity, surface chemistry or tunable
topography of extracellular matrices and chemically patterned
microfabricated scaffolds that can only be realized in dynamic
perfusion platforms utilizing forced convection to augment
cellular viability. This custom neural bioreactor system may
be utilized to controllably release modulatory compounds or
inject selected agents in time-periodic or aperiodic fashion.

This work demonstrated the utility of forced convection
perfusion to support thick, high cell density, 3D neuronal
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cultures and neuronal–astrocytic co-cultures. We found
that continuous nutrient delivery in custom-made perfusion
chambers extends the viability of neural engineered constructs
plated at 104 cells mm−3. Extensive decay in non-perfused
cultures corroborates the nutrient deficiency associated with
purely diffusive intercellular mass transport. Perfused culture
viability increased with the increase in convective exchange
rates confirming that indeed convective intercellular mass
transport ensures high nutrient concentration throughout the
cultured construct, thus meeting or exceeding the metabolic
thresholds at sufficiently high exchange rates. Specifically,
at 25–27 convective exchanges per day, culture thickness
was preserved with >90% viability throughout the thickness.
In vitro models of neural cells have proven effective in
the systematic identification of a range of neurobiological
phenomena. The 3D model presented here maintains the
advantages of traditional in vitro systems while more closely
approximating the in vivo environment including but not
limited to 3D cytoarchitecture, distribution of cell–cell/cell–
matrix interactions and multicellular composition at a cell
density approaching that of brain tissue. Next generation
engineered 3D neural cell culture systems inspired by the
CNS, which include heterogeneous cell populations, high
cell densities and ECM constituents, may provide a powerful
experimental framework for the systematic elucidation of
neurobiological function in a controlled setting.
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