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Abstract

There are significant challenges in developing in vitro human tissue and tumor models that can be
used to support new drug development and evaluate personalized therapeutics. The challenges
include: (1) working with primary cells which are often difficult to maintain ex vivo, (2)
mimicking native microenvironments from which primary cells are harvested, and (3) lack of
culture devices that can support these microenvironments to evaluate drug responses in a high-
throughput manner. Here we report a versatile well plate-based perfusion culture device that was
designed, fabricated and used to: (1) ascertain the role of perfusion in facilitating the expansion of
human multiple myeloma cells and evaluate drug response of the cells, (2) preserve the
physiological phenotype of primary murine osteocytes by reconstructing the 3D cellular network
of osteocytes, and (3) circulate primary murine T cells through a layer of primary murine intestine
epithelial cells to recapitulate the interaction of the immune cells with the epithelial cells. Through
these diverse case studies, we demonstrate the device’s design features to support: (1) the
convenient and spatiotemporal placement of cells and biomaterials into the culture wells of the
device; (2) the replication of tissues and tumor microenvironments using perfusion, stromal cells,
and/or biomaterials; (3) the circulation of non-adherent cells through the culture chambers; and (4)
conventional tissue and cell characterization by plate reading, histology, and flow cytometry.
Future challenges are identified and discussed from the perspective of manufacturing the device
and making its operation for routine and wide use.
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Introduction

There is a rapidly growing recognition for critical importance of developing physiologically
relevant human tissue and tumor models, as a new means for: (1) preclinical drug evaluation
to reduce our reliance on animal models that correlate poorly with clinical outcomes and (2)
patient-specific diagnostic screening of therapeutic options, for example, for optimum care
of cancer patients.> Although in vitro tissue models would never be able to fully reproduce
the biological complexity associated with homeostasis and disease progression, the models
are expected to provide “snapshot” replications of authentic phenotypic cell functions of
specific persons and their response to drug treatments. The development and realization of
this exciting new technology will certainly require significant advances on three major
research fronts: (1) ability to work with primary human cells which are often difficult to
maintain ex vivo; (2) mimicking native tissue microenvironments from which primary cells
are harvested; and (3) manufacturing of devices that can be easily used by laboratory
technicians to replicate the microenvironments and evaluate cell response to drugs in a high-
throughput manner.

The use of primary cells is important since immortalizing human cells into cell-lines by gene
transfection perturbs the cells’ gene expression profiles and cellular physiology as well as
physical integrity of their genome.2-* Even if primary cells can be grown and maintained,
resulting gene expression and cellular physiology can be rather different in conventional
versus microenvironment-mimicking culture environments, as shown over two decades ago
by the pioneering work of Bissel.® Since then, research by many investigators has
demonstrated the value of using microenvironment-reconstructed cell culture, often with the
enabling use of biomaterials, for reproducing authentic cell phenotypes and functions.®

Microfluidic-based perfusion culture has also been increasingly used to mimic mechanical
forces and mass transfer conditions associated with in vivo microenvironments.”~2 However,
for practical and wide use, there are considerable engineering challenges. Ideally, perfusion
culture devices should: (1) be constructed with previously proven and well accepted
biocompatible materials, (2) be able to support the replication of various 3D tissue and
tumor types, (3) allow the convenient and spatiotemporal placement of cells and
biomaterials in wells, (4) be able to support several weeks of multicellular culture which
may be required for functional 3D tissue replication as well as monitoring long-term cell
response to drugs, and (5) be compatible for use with conventional tissue and cell
characterization techniques such as well plate readers, histology, polymerase chain reaction
(PCR), and flow cytometry. Ultimately, devices should be commercially available at
reasonable costs relative to those utilized in traditional in vitro cultures. Most importantly,
devices must be easy to use for routine and reproducible laboratory work by technician-level
workforce.

We have approached these challenges by developing a 96-well plate-modified perfusion
culture device for reconstructing several tissue and tumor microenvironments with primary
human and murine cells. The idea of producing microfluidic culture devices to the format of
well plates has been recently pursued by several companies such as Millipore (CellASIC
ONIX) and Fluxion Bioscience (Bioflux) as well as academic researchers.10-13 Advantages
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of using the industry standard well plate format include high-throughput use and
compatibility with plate readers. However, the commercial and research devices are
currently not capable of: (1) placing cells and/or biomaterials conveniently into culture wells
to assemble and modify tissue microenvironments at various time points during culture and
(2) circulating non-adherent cells through a multiple number of tissue culture wells. The
circulation of non-adherent cells is important for: (1) “organs-on-a-chip” applications®
where different tissues interact physiologically through circulating immune cells in the body
and (2) emulating the development of metastatic cancers via circulating tumor cells. These
unmet design attributes were incorporated during our device development in addition to
providing perfusion and plate reading capabilities, as the main design features of our
prototype device.

In this paper, these design features of our prototype device are evaluated and demonstrated
by the exploratory use of the device for three specific cases: (1) evaluation of perfusion
effect on interactions between human primary multiple myeloma cells and osteoblasts, (2)
reconstruction of the 3D cellular network of osteocytes with primary murine osteocytes and
microbeads, and (3) circulation of primary murine T cells through a layer of primary murine
intestine epithelial cells cultured on nanofibrous mesh. Also, through the prism of these case
studies, remaining device design and fabrication challenges are discussed from the
perspective of making devices that can be manufactured and will be easy to use.

Device Design and Fabrication

As illustrated in Fig. 1a, the prototype device was assembled on a commercial polystyrene
(PS) bottomless 96-well plate. In this design, 2 wells were used to produce 1 culture
chamber and 1 outlet chamber (i.e., 48 chambers available for cell culture). The outlet
chamber was used to direct the effluent stream to exit through the top of the device so that
the device bottom could be accessible for plate reading and microscopy. As shown in Figs.
1b and 1c, three polydimethylsiloxane (PDMS) layers were used to: (1) provide a fluidic
channel of 2 mm thick and 5 mm wide between the inlet and outlet chambers and (2) anchor
the placement of transparent polycarbonate (PC) membrane discs in culture wells during the
device assembly. Tissue and tumor microenvironments were reconstructed on the membrane
surface. The bottom of the device was sealed with a glass layer. The device was designed to
have an overall thickness of 13.5 mm (without plugs) to be fit into a plate reader. Details
associated with device fabrication procedures are provided in Supplementary Information 1
and Supplementary Figs. 1 through 3. An example of the actual device is shown in Fig. 1d.

The use of PC membranes enabled the culture medium to perfuse through tissue and tumor
samples while providing optical access through the bottom of the culture chamber. Also,
PDMS plugs were used at the top of the culture wells to enable: (1) the convenient
placement of cells and biomaterials into the culture wells at various time points during
culture when necessary and (2) the external fluidic connection between culture wells to
circulate non-adherent cells such as T cells. For the culture cases described in the next
sections, Table | summarizes specific cell types and seeding numbers, flow rates, and
characterization techniques utilized. Also, materials and methods used for all the culture
experiments are provided in Supplementary Information 2 through 4. Also, Table II
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compares the design features of our prototype device demonstrated through these culture
cases in comparison to those of other well plate-based commercial and research culture
devices.

Perfusion Effect on Interactions between Human Multiple Myeloma Cells

and Osteoblasts

Multiple myeloma (MM), an incurable B cell malignancy, is the second most common blood
cancer in the U.S. with a typical survival of 5 to 7 years.14 Although it has been stipulated
that the stromal compartment of bone marrow offers a supportive milieu for the survival and
proliferation of multiple myeloma cells (MMCs), the study of mechanistic interactions
between stromal cells and MMCs has been previously hindered by the inability of
conventional culture techniques to maintain primary MMCs ex vivo. We recently found®
that co-culture of patient bone marrow mononucleate cells (BMMCs) with an ossified tissue
pre-grown from osteoblasts (OSB) in microfluidic culture wells can enable the ex vivo
preservation and expansion of the MMCs present in the BMMCs population.

This finding is consistent with in vivo observations that have implicated the preferential
adhesive interactions of MMCs with a layer of OSBs residing at the endosteum niche (i.e.,
interface region between bone marrow and bone) while conferring drug resistance and
facilitating the survival of MMCs.16:17 We also observed that MMCs slowly killed OSB in
this platform over a period of five weeks, which in turn causes their own death. The result
suggested that maintaining OSB viability is critical for the long-term maintenance and
expansion of primary MMCs ex vivo.18 Our approach enables mechanistic studies of
adhesive interactions between primary MMCs and OSBs, which have not been previously
possible due to the inability to maintain the viability of primary MMCs during conventional
culture.

As illustrated in Fig. 2a, the prototype device was used in this investigation to study the
potential role of perfusion on influencing MMC-OSB interactions. BMMCs isolated from 3
MM patients’ bone marrow aspirate were used. For the BMMC sample used for the results
presented in Figs. 2c, 2d, and 2e, the percentages of MMC subpopulations in BMMC before
culture were: (1) 2.6% of CD38*CD138", (2) 9.3% of CD38*CD56™ and (3) 5.2% of
CD56*CD138*. Human OSB cell line cells (hFOB 1.19) were first cultured for 4 days to
form a confluent layer in the culture chambers, and then BMMCs were seeded and co-
cultured for 7 days. 3 different flow rates (0.25, 0.8 and 2.5 uL/min) were used to evaluate
the perfusion effect on interactions between MMC and OSB. Cells in the culture chambers
were trypsinized, removed from the chambers, and characterized by flow cytometry to
analyze: (1) the proliferation of the MMC subpopulations and (2) the viability of OSB.

As an example of the data obtained, Fig. 2b shows a dot plot of detected CD38*CD138*
MMC subpopulation of the tissue sample cultured at the flow rate of 0.8 uL/min. Fig. 2c
summarizes the effect of flow rate on the expansion of CD38*CD56%, CD38%138", and
CD567CD138* subpopulations. 0.8 pL/min flow rate resulted in the most expansion of all
the MMC subpopulations. For example, CD38*CD138* MMCs were expanded about 7.5
times at this flow rate. Also, as shown in Fig. 2d, OSB viability was the highest at 0.8 pL/
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min. Since it is known that flow-induced shear stress can stimulate OSB proliferation and
differentiation,2%-21 the increased OSB viability at the optimum flow rate of 0.8 uL/min may
be responsible for the highest expansion of MMC subpopulations (Fig. 2c). The result
suggested that appropriate flow-induced shear stress can stimulate the proliferation of OSB
and thus help maintain the viability and expansion of MMCs.

The effect of BMMCs on the viability of GFP-OSBs was evaluated by calculating the
number of viable OSBs after 0, 7 and 21 days using the fluorescence data obtained from a
plate reader (Fig. 2e). The results showed that OSBs, which were modified to express green
fluorescent protein (GFP-OSBSs), proliferated by about 2.8 times in 21 days during co-
culture. However, in comparison to OSB-only culture control, the OSB proliferation was
significantly inhibited by the presence of BMMCs. The plate reading result is consistent
with our previous result obtained using flow cytometry.18

Drug Response Evaluation on OSBs and MMCs

After co-culture for 1 week, the response of OSBs and BMMC:s to carfilzomib (CFZ) was
evaluated at four CFZ concentrations (0 nM, 0.5 nM, 5 nM and 50 nM). CFZ is a selective
proteasome inhibitor which has been recently approved for treating MM patients. Both
clinical and in vitro studies showed that CFZ increases the expression of alkaline
phosphatase (ALP) which is a bone-anabolic marker.1® After dosing CFZ for 6 h and further
co-culture for 1 week, the fluorescent intensity of OSBs and BMMCs were measured by
plate reading (see Supplementary Information 2 for details). The results in Fig. 2f suggested
that CFZ might slightly induce OSB proliferation at the concentration less than 5 nM, but
became toxic to OSB at 50 nM. The relative BMMC fluorescent intensity changes in Fig. 2g
indicated the decreased viability of BMMCs at 50 nM. We are currently developing a
fluorescent-based assay to differentiate MMC populations present in BMMCs.

The results obtained with the prototype device demonstrate the possibility of: (1) replicating
the multi-cellular MM tumor niche with perfusion as an important microenvironmental
factor and (2) characterizing cell responses to drugs using conventional flow cytometry and
plate reading techniques. With this device, we are further developing fluorescence-based
assays for studying the response of MMCs and OSBs to several proteasome inhibitors,
which have emerged as an important therapeutic strategy for MM patients.22 We anticipate
that this ex vivo tumor engineering approach may provide a new avenue for: (1) testing of
personalized therapeutics for MM patients, (2) evaluation of new drugs without the need for
costly animal models, and (3) studying the biology of MM and in particular the mechanisms
responsible for drug resistance and relapse. Beyond multiple myeloma, our ability to
conserve the endosteal niche is expected to be useful in studying solid tumors like breast and
prostate cancers that metastasize to the bone through the same endosteal niche.

Reconstruction of 3D Cellular Network with Primary Murine Osteocytes and

Microbeads

Osteocytes are the most abundant cells (>90%) that reside in mineralized extracellular
matrix cavities (“lacunae™) in bones. Neighboring osteocytes are interconnected by
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extending dendritic processes through smaller channels (“canaliculi”) and forming gap
junctions. Osteocytes in the resulting 3-dimensional (3D) cellular networks are known to
function as mechanotransduction sensors and master regulators of homeostatic bone
remodeling.23:24 It is known that the perfusion of lacunar and canalicular fluids and the mass
transfer of molecules occur, as a result of compressive mechanical loading of bones which
behave as “poroelastic sponges.” Osteocytes respond to perfusion-induced shear on cell
membrane surfaces by activating neighboring OSBs to form new bone. Also, osteocytes
have also been implicated with regulative contributions in metabolic demands for minerals2®
and hematopoiesis.?% Despite these important roles of osteocytes, a significant challenge
remains for in vivo studies of osteocytes due to difficulties in accessing and characterizing
osteocyte networks deeply embedded in hard structures of mineralized bones. Furthermore,
for in vitro studies, the in vivo phenotype of primary osteocytes could not have been
maintained as they differentiate back to osteoblasts during conventional culture.27-28

As illustrated in Fig. 3a, we recently found?® that a 3D osteocyte network can be
reconstructed by the biomimetic assembly of early osteocytic cell line (MLO-A5) cells and
microbeads within the physical confine of PDMS-based microfluidic culture wells
fabricated on a glass slide. In this previous study, we used 25 um microbeads of biphasic
calcium phosphate (BCP) to: (1) allow a single cell to be placed within the interstitial space
between the microbeads, (2) mitigate the proliferation of the entrapped cell due to its
physical confinement in the interstitial site, and (3) control cell-to-cell distance to be 20-25
um as observed in murine bones. The entrapped cells formed a 3D cellular network by
extending their processes through openings between the microbeads and forming gap
junctions within 3 days of culture. We also observed that the time-dependent osteocytic
transitions of the MLO-AS5 cells exhibited trends that were consistent with in vivo
observations, particularly the expression of SOST gene which is the key osteocyte-specific
marker and produces sclerostin as a major signaling molecule for the mechanotransduction
function of osteocytes. In contrast, cells cultured in 2D well plates did not replicate in vivo
trends.

In the present study, the prototype device was used to further demonstrate the microbeads-
guided reconstruction approach with primary murine osteocytes. Primary osteocytes were
isolated from murine long bones (see Supplementary Information 3 for details). Isolated
cells and BCP microbeads were mixed and placed into the culture wells to form ~200 pm-
thick tissue sample. After 13 days of culture, the tissue samples were removed from the
culture wells as mechanically integrated structures as shown in Fig. 3b. The cross-section
histological image of the tissue with hematoxylin and eosin (H&E) staining in Fig. 3c
suggested that cells were relatively evenly distributed throughout the tissue structure without
proliferation, and thus emulating the lacunae-like structure of bones. Moreover, cells were
attached and spread onto the surface of BCP microbeads. Neighboring cells became
interconnected through developing their processes and thus forming a 3D cellular network.

The immunofluorescence staining of tissue samples cultured for 13 days showed that: (1)
some cells inside of the 3D tissue structure produced sclerostin (Fig. 3d) and (2) some cells
located on the outer tissue surface produced ALP as indicated by the arrow in Fig. 3e. It is
well established that sclerostin can only be produced by mature osteocytes while ALP is an
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osteoblastic phenotypic marker. Therefore, our results suggested that the osteocyte
phenotype of the harvested cells could be preferentially preserved inside of the tissue
structure due the 3D confinement effect of microbeads as mentioned earlier. As it is beyond
the scope of this device-centric paper, we report elsewhere30 in details that these
reconstructed osteocytes express SOST gene which produces sclerostin, as determined by
both PCR and histological immunostaining. In contrast, this key osteocytic gene expression
is lost within a few weeks of conventional 2D culture, as the osteocytes differentiate to
osteoblasts.

Significance of these results is that, for the first time to our best knowledge, we demonstrate
the possibility of preserving the SOST gene expression of primary osteocytes ex vivo. For
clinical relevance, the SOST expression is important since it produces sclerostin which is a
major signaling molecule for mechanotransduction in bones.31:32 Also, it is an important
new drug target for treating osteoporosis33 and osteolytic lesions caused by bone
metastases.34 We are currently working on: (1) extending the biomimetic assembly approach
for use with primary osteocytes harvested from discarded human bones from orthopaedic
implant surgeries and (2) characterizing the mechanotransduction function of the
reconstructed osteocyte network by applying perfusion-induced shear stress. From the
device point of view, the above results demonstrate that the prototype device can be used to
generate 3D tissue structures that can be characterized by conventional histology.

Circulation of Primary Murine T Cells through Primary Murine Intestine

Epithelial Cells Maintained on Nanofibrous Mesh

Adoptive T cell therapy in the form of allogeneic blood and marrow transplantation (allo-
BMT) has proven to be one of the few curative treatments for patients suffering from a
number of drug-resistant hematological malignancies. However, the full exploitation of this
clinical intervention is greatly limited by graft versus host disease (GVHD), as one of the
major BMT complications. This disease is characterized by severe and potentially lethal
tissue damage to skin, liver, and gut tissues of transplanted patients, mediated by donor T
cells responding to host alloantigens.3>-37 In particular, GVHD of the gastrointestinal tissues
is closely associated with non-relapse mortality following allo-BMT.38 Currently, there is no
way to predict which patient-donor pairs will develop GVHD after BMT. Our long-term
interest is to explore the possibility of emulating the potential killing of patient-derived
intestinal epithelial cells (IECs) by donor T cells, where IECs are the primary population
targeted in GI GVHD.3940 |n native tissues, IECs reside on a thin fibrous basement
membrane (BMa) consisting of the intermingled networks of laminins and collagens and
provides cell anchoring and barrier functions. The membrane networks interact with cells
through membranous integrin receptors and other plasma membrane molecules, influencing
cell differentiation, migration, adhesion, phenotype, and survival.

As an initial step towards this application, we used the prototype device to: (1) culture and
maintain primary murine IECs isolated from the small intestine of a C57BI/6-Tg(CAG-
OVA)916 Jen/J mouse (B6-SIINFEKL) and (2) assess the device’s capability in supporting
the circulation of primary murine T cells through the IECs (see Fig. 4a for conceptual
illustration of the experimental approach and Supplementary Information 4 for experimental
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details). As shown by the scanning electron microscopic (SEM) image in Fig. 4b, nanofiber
mesh was used to mimic the BMa of the epithelial tissue as well as to support the long-term
viability of IECs. The latter role is particularly important, since primary IECs cannot be kept
viable during conventional culture. The nanofiber mesh was produced by electronspining
polycaprolactone (PCL)/type | collagen onto the PC membrane surface prior to the device
assembly. The average open space in the nanofiber mesh was controlled to be about 6 pm
(Fig. 4b) since the average diameter of T cells is about 5 pm. For the same reason, we also
selected the average pore of the PC membrane to be 10 um (Fig. 4b). With the use of
nanofiber mesh, IECs was able to develop into a confluent layer and exhibit cobblestone
morphology while remaining viable in the perfusion device for up to 7 days (Fig. 4c).

After IECs became confluent (approximately 4 days post seeding), T cells harvested from an
eGFP transgenic C57BI6/J mouse were introduced and circulated through the culture
chambers (2.5x10° cells per the chamber). As illustrated in Fig. 4a, a peristaltic pump was
used to circulate T cells in RPMI complete medium. Visually, we did not see the entrapment
of T cells in any part of the culture device and external circulatory pathways. T cell viability
was quantified by sampling the culture medium at various time points and counting live and
dead T cell numbers suspended in the medium. As shown in Fig. 4d, the overall viability of
T cells decreased during the 72 h culture period. This was expected since it is well known
that the viability of T cells cannot be maintained in vitro unless they are stimulated by
antigen-presenting cells or maintained via the addition of cytokines like 1L2.41 However,
interestingly, there were more viable T cells when they were circulated through the IEC
layer. The results suggest that T cells were activated by IECs, resulting in the increased
viability of T cells. Although both B6-SIINFEKL IECs and T cells were of B6 background,
it is likely that minor antigen differences between the B6-SIINFEKL and the eGFP-B6
strains could have elicited activation of the T cells. Fig. 4e shows that IECs were spreading
on the nanofiber mesh surface, and were in physical contact with T cells. Since the
membrane pores (10 um) and opening spaces (>6 um) between nanofibers were larger than
T cells (5 um), they were able to go through the IEC layer without getting trapped in the
culture chamber.

These results suggest that the device can be used to: (1) support long-term culture of primary
murine 1ECs through the enabling use of PCL/collagen nanofiber mesh and (2) circulate and
maintain viable T cells without entrapment. With this initial basis, we plan to further
optimize the use of the device in replicating the ex vivo alloreaction of T cells initially using
established murine models and later using biospecimens obtained from patient-donor pairs.
Furthermore, the ability to mimic the circulation non-adherent cells, as presented here, is a
unique feature of the device that is paramount to studying the role of immune cells and other
potentially circulating cells in health and diseased states. For example, beside the GVHD
application, this approach may have an overarching application to other important immune
related research areas such as autoinflammatory diseases that target gastrointestinal tissues,
the interaction of circulating tumor cells with the bone marrow niche, and the interactions of
T cells with tumors.

Lab Chip. Author manuscript; available in PMC 2015 July 07.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 9

Considerations for Future Device and System Development

Through the above case studies, we demonstrate the prototype device’s design attributes for:
(1) replicating 3D tissue and tumor microenvironments with appropriate biomaterials,
stromal cells, and perfusion, (2) circulating non-adherent cells through the tissue culture
wells, and (3) compatibility with common biological readouts. One of the novel features of
the current design is the use of the membrane to hold the tissue structures while its
transparency allows optical access for plate reading and the average hole size of the
membrane could be varied for the specific applications (see Table 1). We used PC
membranes mainly because of their commercial availability with various pore sizes that we
have exploited in our case studies and while being biocompatible. Another practical feature
is the use of removable plugs at the entrance of the culture wells to allow convenient and
temporal placement of cells and biomaterials. In future, we can consider vascularizing 3D
tissue structures. However, for applications not involving endothelium niches, perfusion
through 200 pm thick tissues may be sufficient to replicate interstitial flow and mass transfer
effects in tissue spaces between blood and lymphatic capillaries since average separation
distance between these capillaries is 200 pm.

The current device, as a custom-made laboratory device, takes about two days to make.
Also, at the current stage, device fabrication is quite laborious as described in detail in
Supplementary Information 1 and Supplementary Figs. 1 through 3. The future device for
wide use purposes should obviously be mass produced using standard industry practices
while eliminating labor-intensive steps through automation and large-scale operation.

There are also concerns for the use of PDMS parts although they are not in direct contact
with cells in our current design. First, PDMS has been reported to: (1) leach hydrophobic
components from cell culture media including drugs, antibodies, growth factors, and lipids
and (2) store them within the bulk structure of PDMS.#2 This issue can potentially
complicate the system reproducibility required to support the clinical trial and regulatory
validation steps. Second, an industrial base does not exist yet to support manufacturing of
PDMS-associated devices. For these reasons, it may be important to replace the PDMS parts
in the current design with PS parts since PS has been the most accepted and widely used
material for cell culture. The replacement is certainly feasible since the fabrication of
entirely PS-based microfluidic devices has been previously demonstrated#344 with the
combination of photolithography and hot embossing capable of generating devices with
feature sizes down to 10 nm.4546 For our current device design, the minimum feature size is
2 mm in the thickness direction and 6 mm in the lateral directions (See Fig. 1b). These
dimensional requirements can certainly be achieved even conventional PS molding, cutting,
and bonding practices that are used today to manufacture well plates.

From the user perspective, a significant challenge remains with the need to use as many as
48 syringe pumps to apply and control flow to all 48 culture wells in the device. When
precise flow control is not critically needed, we may need to consider gravity-based medium
flow approaches that have been reported in the literature?’ as part of our future device
design. Also, we will need to consider automation of fluid and cell handling through
integration with plate dispensers and washers. Also, 3D printing of multi-cellular tissue and
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biomaterial structures may be important in obtaining spatial control to replicate
heterogeneous tissue and tumor structures.

Conclusions

The well plate-based perfusion culture device was designed, fabricated, and used to: (1)
ascertain the role of perfusion in facilitating the expansion of human multiple myeloma
cells, (2) preserve the physiological phenotype of murine osteocytes by reconstructing the
3D cellular network of murine osteocytes, and (3) circulate T cells through murine intestine
epithelial cells. Through these case studies, we demonstrate the versatility of the device’s
design features to support: (1) the convenient and temporal placement of cells and
biomaterials into the culture wells of the device, (2) the replication of tissue and tumor
microenvironments with perfusion, stromal cells, and biomaterials, (3) the circulation of
non-adherent cells through the culture wells, and (4) conventional tissue cell
characterization by plate reading, histology, and flow cytometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Well plate-based perfusion device: (a)-(c) schematic illustrations of device and fabrication

and (d) actual device.
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Expansion and drug response of primary human MMCs: (a) schematic illustration of the
device configuration and use; (b) flow cytometry dot plot of CD38* CD138" MMCs
cultured at 0.8 uL/min flow rate; (c) flow rate effect on the expansion of CD38* CD56*,
CD38* 138", and CD56* CD138* MMC populations, as determined by flow cytometry; (d)
flow rate effect on OSB viability, as determined by flow cytometry; and (e) effect of
BMMCs on the cell number of GFP-OSBs, as determined by plate reading. Response to
drug (CFZ) of (f) OSBs and (g) BMMCs, as determined by plate reading. *p<0.05
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Figure 3.

3D cellular network reconstruction with primary murine osteocytes: (a) schematic
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illustration of the device configuration and use, (b) tissue sample after 13 days of culture; (c)
cross-section of the tissue with H&E stain showing the network formation of a 3D network
of osteocytes after 13 days, and (d) cross-section of the tissue with immunofluorescence
staining showing sclerostin production (red) by osteocytes (nucleus blue, DAPI) after 13

days, and (e) ALP immunofluorescence staining (red) after 13 days.
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Circulation of primary murine T cells through primary murine IECs: (a) schematic

LY

Membrane
Pore

20 ym

B

Membrane
Pore

7 4 020 pnw

Page 16

illustration of the device configuration and use; (b) SEM image showing collagen/ PCL
nanofiber mesh on PC membrane with 10 um pores; (c) merged fluorescent image showing
IEC cytoskeleton (red, ActinRed) and nucleus (blue, DAPI) after Day 7 on collagen/PCL
nanofiber mesh; (d) effect of IEC presence on T cell viability; and (e) bright field image

showing IECs and T cells cultured for 6 h on nanofiber mesh.
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Basic features of the prototype device specifically utilized for three case studies.

Table 1

MMC Expansion Osteocyte Network T Cell Circulation

Cell Types &
Seeding Number

Biomaterials

Membrane
Pore Size (um)

Flow Rate (uL/min)

Readouts

104 Patient BM cells  10° Primary murine

10* OSB cell line osteocytes

- Microbeads

1 3

0.25-2.5 1

Flow cytometry Histology

Plate reader Immunostaining

105 Primary murine T cells
10* Primary murine 1ECs

Nanofiber mesh

10

7.6

Cell count
Optical microscopy
SEM
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Table 2

Major design features of the prototype device demonstrated through culture case studies in comparison to
those of other commercial and research devices

>

Features C10  Prototype

Well plate based Y
3D tissue architecture
>10° cells
Perfusion
Non-adhering cells
Biomaterials inclusion
Recirculating cells
Interactive culture chambers

Real-time imaging

z2 X 2 Z2 Z2 2 Z2 < < <
Z2 X Z2 Z2 Z2 Z2 Z2 Z2 Z2 <X|w
Z < zZ < < < < < < <
< < < < < < < < <

Plate reader

B: CellASIC™ ONIX Microfluidic Platform, Y (Yes), N (No)

Lab Chip. Author manuscript; available in PMC 2015 July 07.



