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ABSTRACT

We report undifferentiated culture or differentimtiof mouse embryonic stem cells (MESCs) in a manmdbased two-
chambered microbioreactor (MB) by maintaining smallme in the top chamber while providing enoughume in the
bottom chamber to maintain nutrient level. We obsdrthat upregulated BMP4 in the MB regulated btih
undifferentiation and differentiation behaviorsfeiently as compared with the 6-well plate (6WPjures where BMP4
was downregulated. In addition, by utilizing matleical model of the undifferentiated cultures, wewed that volume
of the MB was suitable to activate BMP4 signalingeneas that of the 6WP was not.
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INTRODUCTION

Soluble factors in the microenvironment play an am@nt role on ESC undifferentiation and differatitn behaviors.
For establishing ain vitro differentiation system, it is essential to considdgluence of exogenously added soluble
factors as well as cell-secreted ones (i.e. endngesoluble factors) on cell behavior [1].

In enclosed micro-scale static culture systems;seeireted soluble factors can accumulate in alsroalme as well as
remain in the cell neighborhood for long-time besmwf the diffusion dominant nature of the micraemwment [2].
These capabilities of the micro-scale culture systgrovide opportunity to study influence of cedkrgeted soluble
factors on cell behavior in @n vivo relevant dimension and manner. However, previoigsafabrication based studies
primarily focused on flow and size (diameter of E@@gregates i.e. EBs) dependent modulation of #olub
microenvironment to direct ESC behavior [3-6]. Nady focused on the influence of cell-secreteddiagcin a small
culture volume, which might strongly influence E®@havior. Characterization of this influence is ontpnt for
developing robust culture systems to control ESkaki®r through a better understanding of solubtéofasignaling.

In this context, we were interested to study ESBabmr in anin vivo mimicking microenvironment which can realize
accumulation and retention of the cell-secretedofacaround the cells. In fact, pluripotent sterfiscare enclosed by
trophectoderm and extra-embryonic pitvivo. Early fate change of the stem cells occurs inffusion dominant
microenvironment of the enclosure while nutrierpsy to the enclosed cells is provided by matesidé. Therefore, to
culture and differentiate mESC in an in vivo mimigk microenvironment, we are interested in utiligia membrane-
based two-chambered microbioreactor (MB).

EXPERIMENT

In the MB, mESCs were cultured (undifferentiatetture) and differentiated on a polyester membrauétfre area 2.27
cnt) sandwiched between two chambers made of PDMS (A} Height and volume of each chamber were 560 p
and 114ul, respectively. During the culture, we maintairsadall culture volume in the top chamber to formdiféusion
dominant microenvironment (Fig. 1A) while culturelyme in the bottom chamber was adjusted to proedeugh
nutrient supply for static culture. In the MB, weaimtained undifferentiated culture of mESCs for &ys] and
differentiated mESCs for 8 days by using chemicd#fined medium with and without leukemia inhibjtdactor (LIF),
respectively. To determine the undifferentiatedddferentiated state of mMESCs, we evaluated redaéxpression of
various genes by gPCR. To elucidate role of calteted soluble factors, we did inhibition experinsein the cultures.

To understand how physical aspects of a culturéesyscan influence cell-secreted soluble factor &igg, we
developed mathematical models of the undifferestiatultures of mESCs in the MB and 6WP by using Sam
Multiphysics 4.1 software program (Comsol, Inc.heTmodels quantified autocrine activity of BMP4q(portional to
concentration of BMP4-bound receptors) in the caltsystems by considering diffusion of BMP4 in atdt volume;
diffusion and secretion of BMP4, binding of BMP4it®receptor, etc. in mESC aggregates.

RESULTSAND DISCUSSION

In both undifferentiated and differentiated culsyrenESC and differentiated cell morphology differedrkedly between
the MB and 6WP cultures (Fig. 1B). In the undiffgiated culture, mMESCs maintained dome-shaped @&sdm the MB,

whereas colonies were extensively merged in the g 1B). In case of the differentiated cultures]ls formed

epithelial sheet-like morphology in the MB, whereadls in the 6WP formed aggregate having neurertansions (Fig.
1B).
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Figure 1. (A) Schematic showing cross-section @f mhembrane-based two-chambered microbioreactor (MB)
Morphology of undifferentiated mESCs (LIF+ culture day5; (a) and (b)) and differentiated cells (Ligulture on day
8; (c) and (d)) in the MB ((a) and (c)) and 6WP)(é&md (d)).

Comparison of gene expression between the MB ang &\Vealed that mMESCs maintained a high pluripctete (Fig.
2a) and differentiated towards meso- and endo-d&ig 2b) in the undifferentiated and differentiteultures in the
MB, respectively. In case of cell-secreted solufaletors, expression of BMP4 was remarkably upregdlan the
undifferentiated and differentiated cultures in kB than the 6WP (Fig. 2).

@ (b)
Relative gene expressionlevel (-) Relative gene expressionlevel (-)
0.25 0.5 1 2 4 0.01 0.1

1 10 1
Octa | ®6WP ﬂ - Map2 | mewp *,*-«
uNMB
EMB

o - Tubb3 o

Nkx2.5 4 H—«
Rex1 |

pdgfrb o —
FoFs s Foxad o —

00 1000

BMP4

Figure 2. (a) Expression of pluripotency markerst Sox2, Rex1 and Nanog) and cell-secreted sofalstors (FGF4
and BMP4) in mESCs cultured for 5 days in the ME &6VP with LIF. (b) Expression of neuronal mark@vkap2,

Tubb3), mesoderm markers (Nkx2.5, Flk1), endodemmaakers (Sox17, Foxa2) and cell-secreted solwddtofs (FGF4,
BMP4) in differentiated cells on day 8 in the MBda@WP.Expression level one represents gene expressithe
undifferentiated mMESCs cultured for 2 or 3 dayati&illy significant difference is indicated by tsymbol “*”.

Inhibition of BMP4 signaling by its antagonist Noggcaused downregulation of pluripotency markers tlie
undifferentiated culture (Fig. 3b) and meso- andoederm markers in the differentiated culture ia MB (Fig. 3b). In
contrast, in the 6WP, BMP4 was not upregulated.(Ba@nd had negligible effect on mESC behavioasgdhot shown).
Therefore, cell-secreted BMP4 controlled mESC biravn the MB but not in the 6WP.

By using mathematical model of undifferentiatedtund in the MB or 6WP, we determined the time (wehollture
period) and volume averaged BMP4-bound recegocentration to represent the signaling activitp imESC colony at
various values of culture volume height. The sigiphctivity changed as an inverse function of heigrig. 4). When
the culture medium height wasl mm, signaling activity changed little with thariation of height (Fig. 4). However,

1067



the signaling activity increased sharply when teght was below 1 mm (Fig. 4). The height of théure medium in
the 6WP (2 mm) was in the flat region of the cuvig. 4). In contrast, the height (each chambeglite 0.5 mm) of the
MB was in the sharply increasing region of the eurherefore, the size of the MB, but not of theF§Wras associated
with upregulated BMP4 signaling, as observed ingtkgerimental results.
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Figure 3. (a) Expression of pluripotency markers{@ Sox2, Rex1 and Nanog) in undifferentiated m&8tored for 5
days and (b) Expression of neuronal markers (Mapthb3), mesoderm markers (Nkx2.5, FIk1), endodemaakers
(Sox17, Foxa2) in differentiated cells on day &he MB with and without the inhibition of BMP4 kg antagonist
Noggin. Expression level one represents gene esipresn the undifferentiated mESCs cultured for r23odays.
Statically significant difference is indicated letsymbol “*”.
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CONCLUSION

In this study, for the first time, we showed thatraall-scale membrane-based two-chambered biorg@dR) facilitated

enriched soluble factor signaling environment thi@ conventional large-scale culture systems. M@emwing to the
membrane-based design, long-term culture in the W possible by maintaining small culture volumethe top

chamber while maintaining enough culture volumerfotrient in the bottom chamber. This is not pdssib a single-
chambered microbioreactor thereby limiting theie uis long-term culture study. By mathematical modgl we also
estimated appropriate range of height of the celtuedium in a culture system to activate cell-gedrsoluble factor
signaling. Therefore, this study will be helpful fstudying EB differentiation, other stem cell beloa and in designing
advanced microfluidic cell culture systems.
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