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Insight Statement

The cell mixer microbioreactor array (CM-MBA) presented in this paper combines the ability
to rapidly establish co-culture models in a high-throughput, programmable fashion, with the
additional advantage of maintaining mixed cell populations in culture under perfused medium
to explore paracrine factor impacts, representing a promising new tool for directing multi-
cellular tissue formation for tissue engineering applications.
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Introduction

In vivo, cell behaviors within tissues are influenced by dynamic
variations (temporally and spatially) in physical and chemical
cues, derived from the surrounding extracellular matrix (ECM)
and neighboring cells. Tissues are composed of many repeats
of so-called functional units or niches, which themselves are
composed of multiple cell types that engage in highly specific
interactions with each other, through both secreted soluble
factors (paracrine signaling) and direct cell-cell contact
(through cell adhesion
communications play a key role in defining the maintenance of
cell phenotype, the commitment towards specific cell fates L 2,
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Stoichiometric control of live cell mixing to enable fluidically-
encoded co-culture models in perfused microbioreactor arrays
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In vivo, tissues are maintained and repaired through interactions between the present (different) cell types, which
communicate with each other through both the secretion of paracrine factors and direct cell-cell contacts. In order to
investigate and better understand this dynamic, complex interplay among diverse cell populations, we must develop new
in vitro co-culture strategies that enable us to recapitulate such native tissue complexity. In this work, a microfluidic mixer
based on a staggered herringbone design was computationally designed and experimentally validated that features the
ability to mix large, non-diffusive particles (i.e. live cells) in a programmed manner. This is the first time that the
herringbone mixer concept has been shown to effectively mix particles of the size range applicable to live cells. The cell
mixer allowed for sequentially mixing of two cell types to generate reverse linear concentration co-culture patterns. Once
validated, the mixer was integrated into a perfused microbioreactor array as an upstream module to deliver mixed cells to
five downstream culture units, each consisting of ten serially-connected circular microculture chambers. This novel cell
mixer microbioreactor array (CM-MBA) platform was validated through the establishment of spatio-temporally tunable
osteogenic co-culture models, investigating the role of pre-osteoblastic cells (SAOS2) on human mesenchymal stem cells
(hMSCs) commitment to an osteogenic endpoint. An increase on expression of alkaline phosphatase in sequential
(downstream) chambers, consistent with the initial linear distribution of SAOS2, suggests not only osteoblastic cell-driven
hMSCs induction towards the osteogenic phenotype, but also the importance of paracrine signaling. In conclusion, the cell
mixer microbioreactor array combines the ability to rapidly establish cell co-culture models in a high-throughput,
programmable fashion, with the additional advantage of maintaining cells in culture under perfused medium to explore
paracrine factor impacts, representing a promising new tool for directing multi-cellular tissue formation for tissue

engineering applications.

and even the patterning and cell type localization observed
within tissue functional units or niches. Due to the substantial
differences in cellular microenvironments, even within a niche
(for example, the perivascular niche), removing cells from such
a controlled microenvironment and culturing them separately
can lead to substantial differences in behavior and function.

To study the dynamic interplay of diverse cell types and their
respective roles in determining tissue function, responses to
injury and mechanisms of repair in vitro is however difficult, as
we must develop in vitro co-culture strategies that enable one
to recapitulate such native complexity. To date, most co-
culture techniques are based on the use of transwell systems,
which relies on the exploitation of a permeable membrane to
keep cells physically separated, while allowing soluble factor-
based communications. Although exploited in several fields of
cell biology (i.e. osteoblast-stem cellsg, neurons—astrocytes4,

molecules). These inter-cellular
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only a few conditions at a time and offer a limited control over
the dynamics of cell communication processes.

Microfabrication technologies recently been
exploited to downscale co-culture environments to better
match the typical length (10’s to 100’s microns) and timescales
(seconds to minutes) of cellular interactions” ®. A number of

have more

approaches have been utilized to generate highly organized
co-culture models through spatially compartmentalizing
different cell populations within defined microenvironments.
These approaches have relied on the use of geometrical
constraints 9, semi-permeable membranes 10, micropatterning
strategies s or pneumatic/hydraulic valves 78 The
development of microfluidic microbioreactors for cell culture
have enabled the combination of the abovementioned
advantages of miniaturization with innovative, dynamic and
high-throughput strategies for tailoring biomimetic cellular
environments *>. The continuous perfusion of cell culture
media within such devices has indeed demonstrated more
uniform and controlled culture conditions than traditional
static approaches, providing constant dilution of catabolites
and a stable supply of nutrients 616,17, Moreover, the ability to
handle cells and fluids within precise spatial configurations
provides the possibility to screen several culture parameters in
a high-throughput fashion 18

Although many microfluidic strategies have been developed to
generate and deliver temporally and spatially variant mixtures
of soluble factors (e.g. small molecules such as growth
factors)lg'zz, the ability to stoichiometrically mix larger (non-
soluble) particles (e.g. cells) with high fidelity into defined
ratios is limited, due principally to the lack of convective
mixing in standard microchannel flows 3 To overcome the
diffusive mixing limitations of microfluidic devices, a few
technical solutions have been proposed. These are based on
either active approaches, relying on external energy inputs,24'
= 2629 Among the latter,

methods based on ‘split and recombine’ %% and chaotic mixing
27

or passive manipulation of fluid flows

strategies that rely on the consecutive division and
recombination of the fluid streamlines into multiple sub-
portions, thus decreasing the effective diffusion length among
adjacent streamlines, have proven most useful. In particular,
chaotic mixers have become widespread due to their
straightforward implementation on most microfluidic layouts
without the need for significant device redesign, but just the
addition of staggered herringbones (HB) features on top of
rectangular cross-sectional channels 30 However, to date, HB
features have not been utilized to mix large non-diffusive
particles, such as live cells.

In this work, we demonstrate the capability to mix suspensions
of different cell types of varying sizes into predetermined
stoichiometric ratios for subsequent co-culture through the
implementation of chaotic mixing. We have designed and
validated an innovative chaotic-based serial dilution generator
(SDG) — or ‘cell mixer’ - optimized for the programmed mixing
of cells in a linear concentration profile (0% - 100%, with steps
25%). The cell mixer was then integrated into a microfluidic
device to generate spatially controlled co-culture models
within five downstream arrayed culture units. The presented
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cell mixer microbioreactor array (CM-MBA) platform combined
the ability to establish co-culture models in a high-throughput
and fully automated fashion, with the advantage of culturing
cells within a perfused microenvironment for extended
culture. Furthermore, the integration of serially-connected
culture chambers allowed for the investigation of the
dependence of different cell ratios and paracrine signaling on
co-culture outcomes. The versatility and potential of the
detailed CM-MBA platform was validated through the
establishment of an osteogenic co-culture model, aimed at
investigating the influence of pre-osteoblastic cells on human
mesenchymal stromal cell commitment to an osteogenic
lineage.

Materials and methods
Cell mixer: design and computational validation

The cell based on a chaotic SDG element,
implemented to mix cells with a split-and-recombine scheme,
achieving programmed
comprises a symmetric microfluidic network (channel size of
240x100pm in width and height, respectively)lg, integrated
with staggered herringbone (HB) grooves to increase the
mixing through vortex formation®” **. The HB features, having
the same width as the main fluidic channels, were designed to
be 60um long and 36um high and orientated of a 45° angle (y-
angle) with respect to the long axis of the channel. The
elementary mixing building block (HB unit) consisted of a
1.72mm long channel, embedding twelve HB features,
reversing their orientation every half cycle (see Table 1).

mixer, was

concentration ratios. The mixer

Table 1. HB mixing unit dimensions

Channel width [um] 240
Channel height [um] 100
Unit length [um] 1720
Ratio of HB half height (a) 0.18
Degree of asymmetry (p) 2/3
HB width [um] 60

HB height [um] 36
Distance b/w HB [um] 60
HB number 6+6

HB y-angle [°] 45

The minimum number of repeating HB units required to
ensure mixing of both soluble (i.e. growth factors, D=8,4x10-11
m2/sec) and non-diffusive species (e.g. cells) was identified
through finite element analysis-based Computational Fluid
Dynamic models (CFD, Comsol Multiphysics). Analyses were
performed on 3D geometrical models of HB grooved channels
consisting of ten repeating HB units, using rectangular
channels with the same length as controls. Geometries were
discretized through a tetrahedral mesh scheme, consisting of
about 1061x10° and 110x10° elements, in the case of presence
and absence of HBs, respectively (Fig.1a). The flow field was
computed by solving stationary Navier—Stokes equations for
incompressible flow, setting density and viscosity equal to

This journal is © The Royal Society of Chemistry 2015



Integrative:Biology

1000 kg/m3 and 0.890 cP, respectively 31 Uniform velocity

profiles were applied to inlets, corresponding to Reynolds
numbers (Re) ranging from 0.01 and 1 (Qin=0.1-10ul/min),
while a zero pressure condition was set to the outlet. A no-slip
boundary condition was applied to walls. Convergence
criterion was satisfied when the normalized residuals for the
velocities fell below 1x107°.

The mixing efficacy was evaluated along cross sections of
channels by means of the Transport of
Diluted Species application model. Fig.1la and b shows the
trend of concentrations along both HB and control channels
corresponding to Re 0.01 and 1, respectively. A range of Re
between 0.01 and 1 was investigated, as this range was
considered to maximize cell viability in terms of possible
effects of shear stress on cells during seeding procedures.
Starting from concentration values along channels, an index of
mixing efficiency (ME) was computed as it follows 32,

ME =1-

where ¢; is the mass fraction of species at the point ith
belonging to a cross-section of the channel, and ¢ is the
average mass fraction of species. Concentration of species was
allowed to range from 0 to 1, and ¢ was set equal to 0.5. The
ME was evaluated at the outlet of each repeated unit (Fig. 1c
and d). The mixing was considered complete for ME higher
than 0.95, n being the minimum number of repeated units
required for achieving efficient mixing. Considering soluble
factors, the presence of HB structures significantly enhanced
the mixing at both Re numbers (Fig.1c).
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Fig.1 The mixing efficiency of both HB mixer and control units was evaluated through
CFD simulations for both soluble and non-diffusive species. Re=0.01 (a) and 1 (b). An
index of mixing efficiency was calculated (ME) as function of repeated units (c, d). The
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mixing was considered complete for MEn higher than 0.95, n being the minimum
number of repeated units required for achieving efficient mixing.

For low Re (0.01), the mixing is achieved in both HB and control
channels, after five and six repeated units, respectively. Conversely,
at Re 1 no mixing occurs in the purely diffusive control channel,
while the addition of HBs allowed for complete mixing after eight
units. Regarding non-diffusive particles (Fig.1d), uniform mixing is
achievable through the inclusion of at least eight HBs units, while
no significant mixing was detectable in corresponding rectangular
control channels at neither Re numbers.

Microfluidic platform design and fabrication

Upon computational optimization, the final chip layout (Fig.2)
was designed, integrating a three-level cell mixer. Due to the
linear flow velocity not being uniform through the levels, the
mixer was first dimensioned considering the lowest flow rate,
namely characterizing the third level. Indeed, chaotic mixing
efficacy has been shown to be higher for higher flow rate.
Given that the minimum number of repeated HB units
theoretically required in this most critical section to achieve
complete mixing of non-diffusive particles (Fig.1d) was eight, a
safety margin was defined and the number of HB units was
further increased at each SDG level, in accord with the
decreases in flow rate along the symmetric network®. In
detail, 17, 21 and 27 HB units were sequentially integrated on
top of the fluidic channel in the three levels of the SDG,
respectively. As described previously, and
geometry of HB features were maintained equal to the

dimensions

computational model and each HB unit consisted of twelve HB
features, changing their orientation every half cycle. Five
downstream independent arrayed culture units were then
implemented, each consisting in ten serially-connected circular
culture chambers (®=1.63mm, h=100pm)22 and integrated
with a lateral seeding channel. Two secondary inlets (B1, B2)
were finally included in the layout to facilitate the medium
change operations”. For preliminary validation experiments, a
supplementary version of the device was developed (see S,
Fig.SI1), in which every outlet of the cell mixer was connected
to a single rectangular culture chamber (w3000 x 16000 x h100

um).

B1 Al A2 B2
._—I_I:‘ Level 1
% % % Level 2
Level 3

Fig.2 A microbioreactor array for culturing cell co-culture models was designed
consisting of (i) the previously validated cell mixer (blue features) and (ii) a
culture chamber array comprising five parallel units. Each level of the mixer was

Integrative Biology, 2015, 00, 1-3 | 3
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dimensioned to ensure efficient cell mixing from the two main inlets (A1, A2). To
this aim, 17, 21 and 27 HB units were sequentially integrated on top of the fluidic
channel in levels 1, 2 and 3 of the SDG, respectively. Stoichiometric mixtures of
cells were generated from two main inlets (A1-A2) and delivered to downstream
culture units (b). Each arrayed culture unit consisted of 10 fluidically connected
culture chambers in series that included a lateral seeding channel. Two
additional inlets (B1-B2), providing a flow by-pass for the device, facilitated the
medium change operations.

Final device layouts (Fig.2 and Fig.SI1) were drawn in CAD
software (AutoCAD, Autodesk Inc.) and consisted of two
layers: (i) a 100um thick layer for fluidic channels and
chambers (Fig.2, black features) and (ii) a 36um thick layer for
the HB structures, positioned on the top of the previous
channel (Fig.2, blue features). Each layer was printed at high
resolution on a chrome mask, subsequently used to prepare
silicon wafer masters using photolithography. SU8-2050 and
SU8-2025 negative tone photoresists were used for the first
and second layers, respectively. Feature height was confirmed
by optical surface profilometry (Veeco NT1100). Modifications
to the master to reduce it to only the 100um thick layer was
also developed to produce control devices.

Microfluidic devices were obtained via soft Iithography33 by
replica molding of the master SU8 mold with
polydimethylsiloxane (PDMS; Sylgard® Dow Corning Midland,
MI). Briefly, PDMS was cast on the master mold in a ratio 10:1
w/w (pre-polymer to curing agent), degassed and cured at
80°C for 3hr. After baking, devices were cut out and peeled off
the SU-8 device master. Input and output ports were achieved
using a 0.75mm biopsy puncher (Harris Uni-Core™). The PDMS
layer was finally plasma treated (Plasma Cleaner, Harrick
Plasma, 20s, 10W, 380mTorr O,) and bonded to a cleaned
(acetone, isopropanol, nitrogen) 50x75x1mm microscope slide
(Proscitech, Thuringowa, Australia). Microfluidic devices were
then sterilized by autoclaving (121°C, 20 min, wet cycle), dried
overnight at 80°C and stored until used.

Soluble species mixing validation

The mixing efficiency of soluble species within the cell mixing
element (HB device) was experimentally validated for Re 1 and
compared to that obtained through the equivalent purely
diffusive SDG (control device featuring non-grooved channels).
In detail, a solution of 20 mg/ml bovine serum albumin (BSA,
Sigma) in dH,0 was pumped from the A2 inlet at a flow rate of
25 ul/min whereas dH,0 was pumped through Al at the same
flow rate. After the establishment of steady state conditions,
samples of each dilution were collected from the outlets (n=3)
and the BSA concentration was measured by means of a BCA
Protein Assay kit (Pierce, Thermo Fisher Scientific), following
the manufacturer’s instructions.

Non-diffusive particle mixing validation and microparticle image
velocimetry (uPIV) analysis

The partition and extent of mixing of non-diffusive particles
(mimicking a cell) within the cell mixer (HB device) was
evaluated by means of microparticle image velocimetry (uPIV)
analysis, assessing fluid flow profiles at each bifurcation
(Re=1), and the results were compared with the equivalent

4 | Integrative Biology, 2015, 00, 1-3

purely diffusive SDG (control device). For these measurements,
a suspension of red fluorescent particles of mean diameter
2um was seeded from inlet A1, while dH,0 was pumped in A2.
A TSI PIVCAM 13 — 8 CCD (1280 x 1024 pixel resolution) camera
synchronized with a dual-head Nd:YAG pulse laser was used to
obtain sequential images. For each SDG intersection, 50
images were captured at 25fps. As a measurement of the
particle concentration, the intensity of the area occupied by
particle trajectories was quantified in the regions
corresponding to the five SDG outlets. Values were finally
normalized for the 100% inlet intensity (A1).

Cell culture

A mouse embryonic fibroblast cell line (NIH-3T3) and a primary
osteogenic sarcoma human cell line (SAOS2) were cultured
until 80% confluent, according to the recommendation of
the supplier, in Dulbecco’s modified Eagle’s medium, high
glucose (Gibco, Australia) supplemented with 10% Fetal Bovine
Serum (FBS), penicillin (100 units/mL) and streptomycin (100
ug/mL) (Gibco, Australia). Human bone-marrow derived
mesenchymal stromal cells, hMSCs (Donor 8006, Lonza,
Switzerland), were seeded at 4000 ceIIs/cm2 and cultured until
80% confluent in maintenance medium (MM), consisting in
Dulbecco’s modified Eagle’s medium, low glucose
supplemented with 10% Fetal Bovine Serum (FBS), penicillin
(100 units/mL) and streptomycin (100 pg/mL) (Gibco,
Australia). Medium was changed twice a week and hMSCs
were used between P5 and P6 for all experiments.

Cell mixing validation

Cell mixing was assessed by seeding fluorescently labeled NIH-
3T3 cells within both HB and control devices. Before cell
seeding, devices were submerged in sterile PBS enriched with
25 pg/mL of amphotericin B (Gibco, Australia) and degassed34.
Subsequently, the arrayed microbioreactors were surface-
coated with extracted human fibronectin (BD Biosciences,
North Ryde, Australia) at a solution concentration of 25 pg/ml
for 30mins at 37°C.

After expansions, NIH-3T3 cells were fluorescently labeled
through a 10 minute incubation in culture medium enriched
with 5ul/ml of either DiO or DiL Vybrant solution (DiD, DiL and
DiO multicolor kit, Invitrogen Corporation, USA), harvested
from tissue culture flasks with TrypLE Express (Gibco, Grand
Island, NY) and resuspended in MM at a final concentration of
0.5x10° cells/ml. A reverse color gradient was generated by
seeding DiO- and Dil-labeled NIH-3T3 from Al and A2,
respectively, at a flow rate of 25ul/min (Re=1) through each
inlet. After 1 min, the flow was stopped and cells were allowed
to adhere for 4 hours in an incubator (37°C, 5% CO,).
Subsequently, cells were fixed in 4% paraformaldehyde (PFA)
and their nuclei were counterstained with Hoechst. 16-bit,
multi-color montage images of entire microfluidic platform
were acquired using a Zeiss LSM 710 laser scanning confocal
microscope and the number of red and green cells for each
chamber was quantified by means of CellProfiler software™.

This journal is © The Royal Society of Chemistry 2015
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Establishment of perfusion co-culture models of hMSCs and
SAOS2 cells

The CM-MBA platform was utilized to establish hMSCs/SAQS2
osteogenic co-culture models. In detail, two different co-
culture models were generated to exemplify the device: (i) a
reverse gradient of hMSCs-SAOS2 and (ii) a low concentration
gradient of SAOS2 seeded on equally dense monolayers of
hMSCs (see Table 2).

For the first co-culture model, hMSCs (0.5x106 cells/ml in
maintenance medium) and SAOS2s (0.25x106 cells/ml in
maintenance medium) were co-seeded from inlets Al and A2,
respectively, at a flow rate of 25ul/min (Re=1) from each inlet.
For the second model, hMSCs were first seeded at a constant
concentration (0.5x106 cells/ml in MM) through both inlets
and allowed to adhere for 4 hours in an incubator (37°C, 5%
CO,). SAOS2s were then seeded on top of adherent hMSCs, by
introducing SAOS2-laden medium (0.25x106 cells/ml) from A2
and maintenance medium from A1l (flow rates of 25ul/min).
For both co-culture models, cells were allowed to adhere for 4
hours in an incubator (37°C, 5% CO,). Devices were then
either stopped immediately after seeding to assess the
generation of cell ratios or placed in culture under mild
continuous perfusion (2ul/hr to each culture unit36) of either
MM (control devices) or osteogenic medium (osteo devices)
for 7 days. Osteogenic medium (OM) consisted of MM
supplemented with 2 mM L-glutamine,
0.1 uM dexamethasone, 50 uM ascorbic acid, and 10 mM B-
glycerophosphate. Static controls were also established,
consisting of co-cultures of hMSCs and SAOS2s seeded with
proportions matching those achieved within microbioreactors
(see Table 2). Medium was changed every two days in static
control plates.

Microfluidic platform endpoint analysis and imaging

At specific time points, immunofluorescence analyses were
performed on the cell populations within microbioreactors.
For evaluating the generation of hMSCs/SAOS2 co-culture
models, six devices (three for each model) were fixed after 4
hours post seeding by applying 4% PFA for 2 min.
Subsequently, a solution of 3% BSA and 0.3% Tween20 (Sigma)
in PBS was injected to permeabilize cells and to block

This journal is © The Royal Society of Chemistry 2015

Table 2. hMSCs/SAOS2 co-culture models

Co-culture model Microbioreactor unit

hMSCs/SAOS2 reverse gradient

hMSCs/SAOS2
4:0
3:1
2:2

1:3

[ N T N

SAOS2 low concentration gradient

uor W N R
00
N

nonspecific binding. To mark the hMSCs population, the
presence of a commonly utilized surface antigen marking
hMSCs, Cluster of Differentiation 73 (CD73) was detected by
applying 10 pg/ml of Mouse Anti-CD73 (Abcam) primary
antibody for 1 hour, followed by the appropriate secondary
antibody. Hoechst was used to stain all cell nuclei, acting as a
counterstain for SAOS2 cells.

At the endpoint of each co-culture experiment (7 days),
devices were washed once with PBS and fixed/permeabilized
with ice cold 70% v/v ethanol for 15 min, then washed once
more with PBS. An ELF97 Endogenous Phosphatase Detection
Kit (Molecular Probes) was used to detect alkaline
phosphatase activity, according to manufacturer’s instructions.
ELF97 working solution was applied until a yellow/green
precipitate was observed for both SAOS2 and hMSC cells
(typically within 5 min), after which the phosphatase activity
was quenched with PBS (pH 8.0) enriched with 25 mM EDTA
and 5 mM tetramisole (Sigma), and washed finally with PBS.
DNA was detected with 2 pug/mL propidium iodide and 100
pg/mL ribonuclease A. Cell proliferation was also evaluated by
applying 10 pug/ml of Rabbit Anti-Ki67 (Abcam) for 1hr and the
corresponding Goat Anti-Rabbit IgG secondary antibody for 45
min. All microbioreactors were then washed 3 times with PBS
before imaging. The same procedure was followed for static
plate controls. 16-bit, multi-colour montage images of entire
microfluidic devices were acquired using a Zeiss LSM 710 laser
scanning confocal microscope system and Zen 2008 acquisition
software (Carl Zeiss).
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Soluble factors mixing validation
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Fig.3 Characterization of HB- (a, d) and CTRL- (b, e) devices. For assessing the mixing of soluble factors, devices were perfused either with different coloured dyes (a, b) or with 20

mg/ml BSA solution and dH20 (c) at Re=1. Quantitative measurement of BSA concentration in the 5-outlet solutions resulted in a linear trend only for the HB device,

demonstrating how the presence of the HB structures significantly enhanced the mixing for high Re numbers (n=3) (c). The partition of non-diffusive particles were further

visualized (d, e) and quantified (f) through microparticle image velocimetry (uPIV) analysis,
non-diffusive particles.
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Fig.4 NIH-3T3 cells mixing validation. DiO- and DiL-labeled 3T3 were perfused from

Chamber 4

again confirming the required presence of the HB features to achieve efficient mixing of
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opposite inlets of devices at Re=1 and the effective mixing was evaluated at the

five outlets. While linear reverse gradients were obtained for the HB device (a, c), no mixing occurred in the control device, characterized by segregation of differently

labeled cells on opposite device sides (b, d). (n=3).

Results

Chaotic mixer validation: linear dilution of soluble factors and
non-diffusive particles

The efficacy of the HB device in mixing both soluble factors
and non-diffusive particles was experimentally assessed and
compared to the control device. To quantify the performance
in mixing soluble factors at high Re (qualitatively visualized by
perfusing colored dyes; Fig.3a and b), bovine serum albumin
(BSA) protein was dissolved in dH,0 and injected into inlet Al.

6 | Integrative Biology, 2015, 00, 1-3

The concentration of BSA contained in the five dilutions
collected from output ports matched the expected linear
distribution for the HB device (R2 = 0.9923) (Fig.3c). In
contrast, BSA concentration measurements obtained for the
purely diffusive SDG demonstrated inefficient mixing.

The partition of non-diffusive particles within consecutive
levels of both chaotic- and diffusive- based SDG elements was
evaluated using pPIV analysis. Figures 3d and 3e show the
reconstructed profiles of particle trajectories in the three
levels of SDGs. In the HB device (Fig.3d), particles injected into
inlet A1 were equally split after each level of the gradient,

This journal is © The Royal Society of Chemistry 2015
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giving rise to a final linear concentration gradient at the SDG
outlets. Conversely, in the control purely diffusive device
(Fig.3e), particles remained confined to the injection side of
the device, thus following their original fluidic paths in the
absence of chaotic mixing. These results were confirmed by
quantification of the fluorescence intensity (Fig.3f). It is worth
noting that comparable net concentration values were
obtained at the central outlet (outlet 3) of both devices.
However, this result is a consequence of the integral nature of
the measurement. Indeed, as depicted in the puPIV images, in
the HB SDG particles are effectively spread throughout the
channel width, having a homogeneous concentration
corresponding to half of that upstream, whereas in the control
device the channel is divided in two separated lanes (each
being approximately half of the
width), containing roughly 100% and 0% of the upstream
concentration, respectively.

Cell mixing validation

The ability to automatically mix cells was first investigated
within the microfluidic platform by establishing patterns of
fluorescent-labeled NIH-3T3 cells. As evidenced by
fluorescence images (Fig.4a), linear reverse gradients of red
and green labeled cells were achieved through the HB device.
Conversely, no mixing occurred within the control device,
remaining as two differently labeled cell populations
segregated on opposite sides of the device (Fig.4b). These
results were supported by cell quantification within the
microbioreactor chambers (Fig.4c and d), confirming that only

This journal is © The Royal Society of Chemistry 2015
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the HB device permitted the generation of cell mixing ratios
matching the expected values.

Establishment of defined hMSCs and SAOS2 osteogenic co-culture
models

The cell mixer microbioreactor array platform was exploited to
establish two different osteogenic co-culture models,
generated through fluidically-encoded mixing of hMSCs and
SAOS2 cells. For both models, the effective establishment of
predicted mixing conditions (see Table 2) was assessed at day
0 within all five culture units. To quantify the final cell mixing
ratios, CD73" cells were identified as hMsCs™’. This mixing was
further confirmed using hMSCs pre-labeled with DiD-Vybrant
(see Supplementary Information Fig.S12). In the hMSCs/SAOS2
reverse gradient model, immunofluorescence images of cells
seeded within chambers demonstrated the formation of two
linear patterns within the microbioreactor in opposite
directions (Fig.5a). Cell quantifications showed a good
agreement of experimental ratios with the expected ones in
each condition (Fig.5b). Similarly, within the second model, a
linear increase of SAOS2 cells was generated (Fig.5f), with 2:1
being the highest hMSCs/SAOS2 obtained ratio (Fig.5g). The
achievement of a uniform hMSCs/SAQOS2 ratio within the 10
chambers of each culture unit was also assessed and
confirmed for both models (Fig.5c, d, h, i). The ability to deliver
an initial constant number of cells in each bioreactor chamber
was also assessed. In the reverse gradient model, cells were
uniformly  distributed throughout the entire device

Integrative Biology, 2015, 00, 1-3 | 7
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Fig.5 Establishment of fluidically-encoded hMSCs-SAOS2 osteogenic co-culture models within the microfluidic platform. Two different models were generated: (i) a
reverse gradient of hMSCs-SAOS2 (a-e) and (ii) a low concentration gradient of SAOS2 on a constant pre-established monolayer of hMSCs (f-j). Immunofluorescence
images of resulting mixing ratios were acquired (a, f), in which hMSCs were identified as CD73+ cells. Quantification of cell partitioning for each culture unit confirmed
the achievement of predicted mixing ratios (b, g), matching for the first model, a reverse linear gradient (from 100%MSCs to 100%SA0S2, with steps of 25%) and for
the second model, a linear concentration increment of SAOS2 (from 0% to 50% at constant hMSC). In both models, cells were confirmed to be uniformly distributed

throughout the entire bioreactor (g, j). (n=2).

(Fig. 5e) with an average seeding density of 59 (+20)
cells/chamber. Regarding the second model, a uniform cell
distribution was achieved in the whole microbioreactor post
the establishment of the hMSCs monolayers, with each culture
chamber containing an average of 65 (+17) cells. The achieved
cell densities were 2830 (+860) ceIIs/cm2 and 3145 (+818)
ceIIs/cmz, respectively, thus roughly matching the static
controls (set to 3000 ceIIs/cmZ), and being comparable with
preceding cell commonly used in osteogenic
differentiation studies

densities
38,39

hMSCs-SAOS2 perfusion co-culture models: impact of SAOS2
concentration on alkaline phosphatase expression and cell
proliferation

The second co-culture model, exploring the introduction of a

linear increment of SAOS2 cells on a constant hMSCs

8 | Integrative Biology, 2015, 00, 1-3

monolayer, was then used to investigate the effect of pre-
osteoblastic cells on hMSCs differentiation towards the
osteogenic lineage for up to 7 days. After 7 days in culture,
under continuous perfusion (2ul/hr each column) of either
maintenance or osteogenic medium, microbioreactors were
fixed and analyzed in situ both for alkaline phosphatase
activity (using an ELF97 endogenous phosphatase detection
kit) as a marker for early osteogenic differentiation, and Ki67
as a proliferation marker. Nuclear DNA staining (propidium
iodide) was used to quantify cell number. Representative
fluorescence images acquired from one entire bioreactor are
shown in Figure 6, where ELF97 and Ki67 expressions are
reported for both MM and OM conditions. Corresponding
fluorescence levels of ELF97 (normalized for culture area) and
Ki67 (normalized for the total cell number) are shown in Figure
6b, d, f, and h for each considered hMSCs/SAOS2 co-culture
ratio. Both the presented images and their quantification

This journal is © The Royal Society of Chemistry 2015
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Fig.6 hMSC-SAOS2 perfusion co-culture model: impact of SAOS2 concentration on alkaline phosphatase expression and cell proliferation. Fluorescence images
showing ELF97 (a, c) and Ki67 (e, g) expressions for each considered hMSC/SAOS2 co-culture ratios (8:0, 8:1, 8:2, 8:3 and 8:4), after 7 days under either maintenance
(a, e) or osteogenic (c, g) medium (each column perfused at 2ul/hr). The shown results correspond to one bioreactor run and five representative chambers are
showed for each bioreactor unit (scale bars=1mm). Corresponding fluorescence levels of ELF97 normalized for culture area (b, d) and Ki67 normalized for the total

cell number (f, h) are also shown for each chamber in the bioreactor.

demonstrate the translation of the SAOS2 concentration
gradient to a corresponding gradient of alkaline phosphatase
expression (column groups of the bioreactor). Indeed,
incremental increases of the percentage of pre-osteoblastic
cells in a co-culture unit resulted in significantly higher levels
of expression of ELF97, especially in the case when OM was
perfused through the device, although a similar trend was
observed even under MM conditions (Fig.6a). Moreover, the
presence of a slight increase in ELF97 expression in subsequent
downstream chambers of the same column suggest a
paracrine effect from upstream chambers, as we have
previously observed in our factorial microbioreactor array for
screening  soluble  factor mixtures™’. Regarding cell
proliferation (Fig.6e-h), the number of Ki67* cells increased
with the increase in the hMSCs/SAOS2 ratio in maintenance
medium, in accordance with a higher proliferation rate of the
SAOS2 cell line compared to hMSCs. Conversely, the
introduction of osteogenic medium under perfusion led to a
plateau in cell proliferation in all co-culture conditions with
SAOS?2 cells (Fig.6g-h).

Individual results from the other two technical repetitions of
the experiment (n=3) are also reported in Fig.SI3. Results
obtained in the three replicates showed the same trend
described previously for ELF97 expression, even though
exhibiting differences in the absolute values mainly ascribable
to variability during the staining procedures.

Discussion

In the last decade, microfluidic methodologies have been
increasingly applied to the design and development of in vitro

This journal is © The Royal Society of Chemistry 2015

models able to integrate several stimuli to better represent
the cellular microenvironment, with the aim of investigating
cell behavior in a controlled and reproducible wayls’ “a Indeed,
through the reduction of dimensions down to typical cellular
size-scales, fluid and mass transport phenomena become easy
to control within microfluidic channels. Moreover, the length
scales typical of microfluidic devices lead to highly predictable
fluid dynamics, governed by a rigorous laminar flow regime“.
These characteristics have been successfully exploited in the
design of microfluidic networks able to modulate the chemical
environment around cells, generating spatially defined
chemical patterns by mixing soluble factors'® 2. In this study,
we offered a strategy to extend the potentiality of this
technology to the controlled mixing of different cell types,
aiming at providing a versatile and robust tool for the
establishment of fluidically-encoded or programmed
multicellular patterns. In this work, to overcome the diffusion
limitation imposed by the absence of convective flow at the
microscale, we integrated chaotic mixing features within a
microfluidic resistive flow network?’ designed to linearly mix
input fluid streams. Such grooved herringbone (HB) structures
have been demonstrated to induce chaotic mixing at low Re
(0<Re<100)27 by division and recombination of the flow
streams, thus decreasing the effective diffusion length among
adjacent  streamlines. Although computationally and
experimentally demonstrated to provide an efficient mixing
solution at the microscale®® ** 44, the exploitation of HB-based
microchannels has not been previously considered for mixing
live cells into defined ratios for downstream co-culture
experiments. An HB mixing unit was thus designed and
optimized to achieve cell mixing. By means of CFD analyses,
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the mixing efficiency was correlated to the length of HB-
grooved channels. CFD results demonstrated that the inclusion
of HBs effectively enhanced the mixing of soluble factors
within microchannels over a wide range of Reynolds numbers.
The presence of HB grooves was then demonstrated to be a
strict requirement for the achievement of mixing of large
(microns in size) non-diffusive species, with our CFD results
estimating eight as the minimum number of HB repeated units
required to achieve uniform mixing in such scenarios.
Considering these requirements, a cell mixer was implemented
as a stand-alone tool for generating linear patterns of non-
diffusive particles in a highly controlled and automatic fashion.
The efficiency of the cell mixer in sufficiently generating
desired dilutions of non-diffusive particles was experimentally
investigated for Re 1. This Re was indeed considered a suitable
compromise to achieve rapid cell seeding, thus avoiding
undesired cell sedimentation or aggregation within the
channels, whilst also maintaining the shear rate under a safe
margin so as not to affect cell survival. pPIV permitted
visualization of the effective partition of microspheres (2um in
diameter) within the entire element, showing an effective
equipartition of particles at each intersection. As confirmed by
the quantification of particle trajectories flowing through the
five outlets, the proposed technical solution permitted linear
dilutions of non-diffusive species in a fast and repeatable way.
As a first proof of principle, linear cell patterns were thus
generated, diluting differently fluorescently labeled NIH-3T3
cells, underling the ability to obtain fluidically-encoded mixing
ratios with a precision difficult to achieve through standard
manual pipetting.

The cell integrated within a
microbioreactor array. The ability to establish co-culture
models in a high-throughput and fully automated fashion was
thus combined with the advantage of culturing cells under
perfusion in serially-connected micro-culture
Ten serially-connected chambers (creating a
column) were integrated at each of the five outputs of the cell
mixer to create a microbioreactor array, capable of being
inoculated with controlled cell-mixing ratios into each of the
five columns.

mixer was thereafter

continuous
chambers.

Results obtained seeding different combinations or
concentrations of hMSCs and SAOS2 demonstrated the
capability of the proposed chaotic mixing SDG element to
provide programmed and reliable linear patterns of cells. In
particular, the establishment of two different models
exemplified the versatility of this simple approach. The
generation of a reverse gradient of hMSCs-SAOS2
demonstrated the ability to combine two different cell types,
spatially tailoring their mixing ratios to match the specific
application requirements. Furthermore, the ability to timely
guide the evolution of co-culture models was also shown by
delivering a linear pattern of SAOS2 on previously seeded
monolayers of hMSCs.

In both hMSCs-SAOS2 models, a homogeneous cell distribution
after the seeding throughout each of the microbioreactor
chambers within each column ensured consistent initial
culture conditions for further investigating the evolution of

10 | Integrative Biology, 2015, 00, 1-3
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these co-culture models. Proliferation and osteogenic
differentiation studies were thus conducted to assess the
possibility of pre-conditioning hMSCs with pre-osteoblastic
cells to enhance their osteogenic regenerative potential. An
increase in the activity of alkaline phosphatase (an early
osteogenic marker), consistent with the linear
distribution of SAOS2, detected throughout the
microbioreactor array, independently of the presence of
osteogenic factors. Moreover, a slight increase in ELF97

expression was observed in successive downstream chambers

initial
was

of each microbioreactor column, suggesting the accumulation
of paracrine factors induced by the continuous mild perfusion
from upstream chambers. These results were also supported
by the assessment of the number of proliferative cells, which
was found to have an opposite trend with respect to the
expression of the early osteogenic differentiation marker. A
plateau in Ki67" cells was indeed detected for the OM culture
condition, consistent with the tendency of cells to
differentiate. In the absence of osteogenic factors, on the
other hand, a slight decrease in proliferating cells number was
evident in successive downstream chambers of each
microbioreactor column, in line with the opposite increase in
ELF97 expression. Interestingly, the maximum concentration of
SAOS?2 tested in this model (hMSCs/SAQOS2 ratio of 2:1) was
enough to induce alkaline phosphatase activation after only
seven days in culture, whilst expression was only slightly
evident in the static macroscale control (Fig.S14). These results
suggest that the presence of small (relative) numbers of pre-
osteoblastic cells could be sufficient for priming or biasing
hMSCs for an osteogenic endpoint. In addition, it is worth
noting that the use of a low concentration gradient of SAOS2,
justified by the interest in investigating the role of small
numbers of pre-osteoblastic cells on hMSCs osteogenic
differentiation 45'47, highlighted the suitability of the system in
handling low numbers of living cells with high precision and
fidelity, far beyond that possible with macroscale (pipette-
based) limiting dilutions.

The establishment of the presented osteogenic hMSCs/SAQS2
co-culture models served to exemplify the potential of the
detailed cell mixer microbioreactor array as a promising tool
for investigating cell-cell interactions and even the dynamics of
tissue patterning. It is however worth noting that whilst we
have used only two cell types at five ratios, the presented
platform by design
generating controlled co-culture models for any cell type

is highly scalable and suitable for

(mammalian or otherwise (e.g. bacterial cells)) and for more
than two cell types.

Conclusions

In this work, we presented a novel cell mixer microbioreactor
array platform for establishing spatio-temporally tunable co-
culture models through the implementation of a chaotic-based
cell mixer upstream of a array. The
computational optimization of the staggered herringbone cell

microbioreactor

mixer allowed for the effective design of a microfluidic
network able to generate linear dilutions of large non-diffusive
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particles, as experimentally demonstrated by means of puPIV
analyses. Upon the integration of the validated element within
array of serially-connected culture chambers, the capability to
split suspensions of cells into defined linear concentration
patterns was confirmed, exemplifying the versatility of the
system. As a final proof of principle, the validated platform
was exploited as a tool for studying the interaction between
pre-osteoblastic cells (SAOS2) and hMSCs through the
establishment of different osteogenic co-culture models for up
to seven days, providing new insight into the impacts of
paracrine factor secretion and signaling on hMSCs phenotype.
By design, this scalable, cell mixing, perfused microbioreactor
array has the potential to be applied to study co-culture of
many cell types over a broad range of mixing ratios.
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A Cell Mixer MicroBioreactor Array platform that permits the rapid establishment of perfused cell co-culture
models in a high-throughput, programmable fashion.
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