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Abstract

We present a new microfluidic trapping concept to retain randomly moving suspension cells inside a
cultivation chamber. In comparison to previously published complex multilayer structures, we
achieve cell retention by a thin PDMS barrier, which can be easily integrated into various PDMS-
based cultivation devices. Cell loss during cultivation is effectively prevented while diffusive media
supply is still ensured.
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Microfluidic cultivation (MC) of cells under highly controllable environmental conditions is a well-
established operation in today’s microfluidics®. Here, microfluidic single-cell cultivation (MSCC) with
its focus on analyzing single-cell behavior represents a specific subcategory to the field2. Typically,
MSCC of various single-cell organisms can be realized by the application of cultivation chambers,
where cells are trapped in designated regions and cultivated as monolayer colonies for distinct
analytical investigations®>. Due to the spatial restrictions of the cultivation chambers, cells are
retained inside the desired compartment and can be analyzed by live cell imaging, resulting in a high
temporal resolution of single-cell behavior. With this setting, a broad range of cell types, ranging
from algae over bacteria to fungi and mammalians, can be cultivated**. Commonly, cells inside
these cultivation chambers are supplied with nutrients by diffusive mass exchange. For this purpose,
the cultivation chambers are arranged along supply channels in which laminar flow of cultivation
medium prevails®. At the same time supply channels do not only serve for nutrient supply but also
represent a potential way for cells to escape the cultivation chambers. Therefore, design and
dimension of supply channel, cultivation chamber, and the chamber’s entrance always represents a
tradeoff between optimal nutrient supply and sufficient cell retention. Especially for the long-term
cultivation of slow growing cells!! as well as the microfluidic cultivation of motile cells'?, a reliable cell
retention concept is a fundamental requirement to prevent permanent cell loss, which otherwise
compromises qualitative and quantitative cell studies.

In the last years, MSCC for mammalian cell lines, in particular for Chinese hamster ovary (CHO) cells,
became of increasing interest to investigate growth and robustness of industrially relevant
production cell lines'*!*, Here, especially suspension cells are of industrial relevance, as large-scale
bioproduction processes exclusively use suspension cell lines*>!. In comparison to bacteria and
yeast, which are traditionally kept inside the cultivation chambers by squeezing them tightly into
narrow chamber heights, because of their deformable nature CHO cells cannot be retained inside the
chamber the same way as cells with rigid cell walls. Although they are not able to move actively,
when cultivated in MSCC devices CHO suspension cells also randomly migrate inside the boundaries
of the cultivation chambers>'’. Unfortunately, these random movements frequently lead to cell loss,
as migrating cells leave the chamber through the entrance]. Additionally, squeezing cells inside
narrow microfluidic structures potentially influences cellular behavior because of spatial restriction
and thereby could lead to compromised growth. Thus, other approaches to reliably retain cells must
be established to permit quantitative analysis of single-cell cultivation.

In order to overcome this challenge, a variety of microfluidic devices with different approaches to
retain (motile) cells have been published over the years. Several of these setups rely on PDMS
multilayer chips to either trap cells at the bottom of a cultivation well*®*° or to establish on-chip
valving to lock cultivation chambers after cells have been trapped?®22. Others exhibit cultivation
chambers made of SUS8, that are combined with fluid control layers made of PDMS-membrane
hybrids to ensure supply of the cultivated cells with medium?. Although very sophisticated and
efficient, all these approaches are very complex and are prone to malfunction, since their setup
depends on a multitude of fabrication steps and technical components.

In this respect several microfluidic designs consisting in a PDMS single-layer chip have been
introduced as well. Some rely on dead-end cultivation chambers which are sealed with air after cell
loading, to retain cells inside the chamber?*. While cell retention is highly reliable, environmental
conditions in sealed cultivation chambers resemble a batch-mode cultivation and thus are subjected
to a drastic environmental changes over long-term cultivation and thereby disqualify these designs
for cultivations, where defined environmental control is desired. Other concepts rely on cultivation
chambers with narrow entrances, minimizing the cross section between cultivation chamber and
supply channels and thereby minimizing the probability of cell loss?®.
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Tab. 1: Overview of recently published microfluidic cultivation devices with enhanced cell retention. The listed approaches
are itemized concerning the characteristics of the respective cultivation area, the cell retention method, and the nutrient
supply. Additionally, the cultivated cell type is indicated.

Cultivation | Retention method | Nutrient Cultivated cell Author

area supply type

Wells Sedimentation Diffusive Mouse Lecault et al.®®
hematopoietic
cells

Wells Sedimentation Diffusive Mouse ovarian Dadgar et al.?®
cancer cells

Chambers | Quake valves Convective | Chlamydomonas | Eu et al.?°
reinhardtii

Chambers | Quake valves Diffusive Primary murine | Dettinger et al.2!
cells, Murine
embryonic stem
cells

Chambers | Quake valves Convective | Human primary Gémez-Sjoberg et al.??
mesenchymal
stem cells

Chambers | Membrane sealing | Diffusive Dictyostelium Delince et al.®
discoideum

Chambers | Air sealing None Salpingoeca Halperin et al.?*
rosetta

Chambers | Narrow entrances | Diffusive Chinese hamster | Kolnik et al.?®
ovary

In this work, we developed an easy-to-integrate PDMS barrier for our previously developed
microfluidic cultivation device (Fig. 1A)'® that enables enhanced cell retention by introducing a
physical blocking structure into the cultivation chamber’s entrances (Fig. 1B), that only can be passed
by applying pressure during cell loading but does not permit the escape of randomly moving CHO
cells during cultivation (Fig. 1C). Here, pressure-induced deformation of cells is assumed to be the
decisive factor in cell loading, yet slight bending of the PDMS barrier might additionally promote this
process. As can be seen in Fig. 1B, the barrier structure exhibits the same height as the chamber, so
that it fully locks up the entrance and does not function as a movable hatch. With a width of 27 um
the barrier nearly closes the whole entrance except for a 1.5 um wide and 2.0 um high gap (Fig. 1D).
The compatibility of the PDMS barrier with our previously developed MSCC design ensures simple
chip fabrication and easy application for the cultivation of CHO suspension cells. Consisting of four
parallel supply channels, the device exhibits in total 60 cultivation chambers, 30 of them are
arranged in line between two supply channels (Fig. 2A). To ensure monolayer growth of trapped
cells, the modified design holds a limited chamber height of approx. 10 um (Fig. S1A). Based on our
previous design, the ratio between supply channel and cultivation chamber height remained
constant (approx. 2:1) to restrict laminar flow to the supply channels which results in exclusively
diffusive mass exchange between channel and chamber. Likewise, the supply channel width of 200
um and the cultivation chamber’s base area of 200 x 200 um? stayed unchanged since it allows MSCC
experiments for up to 7 days until cells outgrow the limited space (Fig. SIB&C).
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Fig. 1: Structure and trapping concept of the MSCC device for CHO suspension cell lines with enhanced cell retention. (A)
Microfluidic PDMS-glass-based cultivation device (B) Scanning electron microscopy image of the microfluidic structure
illustrating the devices dimensions and trapping barrier. (C) Schematic drawing of the cell trapping concept based on a
PDMS barrier that is traversable by applying pressure during cell loading but non-traversable by random cellular movement
during cultivation. (D) Scanning electron microscopy image of the PDMS barrier located in the cultivation chamber’s
entrance.

Nearly closing the whole entrance of the cultivation chamber makes seeding cells more difficult.
Therefore, we applied air to the microfluidic cultivation device to create a directed flow through the
cultivation chambers (Fig. S2). However, this procedure must be conducted very carefully, otherwise
cells will be sheared when passing through the narrowing between barrier and cultivation chamber
wall. Additionally, no air bubble must remain inside the microfluidic cultivation device during the
subsequent perfusion, or the intended flow profile will be disturbed.

As a result from almost closing the cultivation chamber’s entrance, not only loading characteristics of
our new microfluidic design are drastically changed, but also mass exchange between channel and
chamber is decreased. During MSCC experiments environmental conditions relating to nutrient
concentrations are kept constant due to steady perfusion of the cultivation device. However, as cells
start to fill the chamber, limitations might occur when cellular uptake rate outruns diffusive mass
exchange. Therefore, we quantified diffusive mass exchange as well as glucose concentration profiles
inside the presented device by fluorescein trace substance experiments and computational fluid
dynamics (CFD) simulations according to the model published by Schmitz et al. 20202 for our already
established design (Design 1) and our newly developed design (Design 2) with enhanced cell
retention capability.
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Fig. 2: Microfluidic characterization of the MSCC designs. (A) Individual cultivation array that contains 60 cultivation
chambers with either our previous chamber design (Design 1)3 or the chamber design from this work (Design 2). (B) Image
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sequence of trace substance experiments to quantify diffusive mass exchange for the MSCC device with design 2. Scale
bar=30 um. (C) Medium exchange duration until full equilibrium between channel and chamber is achieved based on rel.
fluorescein signal for both designs. (D) Glucose concentration profile during MSCC cultivation assuming a steady state with
181 cells inside the chamber with a constant glucose uptake rate of 3800 nmol per 10° cells and day for both designs.

Fig. 2B and the respective video (Video S1) show that the fluorescein signal inside the cultivation
chamber of design 2 increases clearly delayed to the fluorescence inside of the supply channels. As
can be seen from the rel. fluorescence level on Fig. 2C it takes 600 s until the same medium
conditions from the supply channels are present inside the cultivation chamber. In comparison to our
previously published MSCC device (design 1), where equilibrium was reached after approx. 300 s
(Video S2, Fig. 2C), this is a delay of 100 %. However, since our device is operated in a static way with
constant cultivation conditions, we do not expect any problems caused by the prolonged medium
exchange duration, since chambers are inoculated with only few cells and cellular growth (tp=15 h) is
slow in comparison to the determined medium exchange duration (texchange=600 s). Additionally, the
CFD simulation indicates that with approx. 180 cells inside a single cultivation chamber, which is a
representative cell number per chamber after 150 h of cultivation, no glucose limitation occurs, given
that the minimal glucose concentration does not drop below 41.5 mmol/L (Fig. 2c).

Multiple cultivation experiments with both cultivation chamber designs were performed to evaluate
the cell retention capacity of the novel trapping concept against the basic design. By quantifying the
cell number during cultivation, we recorded the growth of three microcolonies in both designs. Fig.
3A shows the growth progression of three microcolonies that were cultivated using the novel
trapping concept. As the starting cell number varies between one and three cells, the rise of the
curves is slightly delayed in time but, as Fig. 3B clearly indicates, strictly exponential and the specific
growth rates of the respective microcolonies match. In contrast to that, the growth curves of the
three microcolonies cultivated with the basic trapping concept feature distinct bends, which
correlate with the loss of cells from the cultivation chamber (Fig. 3C). The related semi-logarithmic
plot illustrates the influence of losing cells on the specific growth rate, which is clearly decreased
when determined over the whole cultivation time (Fig. 3D). This difference in cell retention and its
influence on microcolony growth becomes apparent when looking at the corresponding videos
(Video S3 & S4). With design 2 cells only leave the chamber when they are pushed out by other cells
or directly divide throughout the narrow gap between barrier and chamber wall.


https://doi.org/10.1101/2022.01.05.475060
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.05.475060; this version posted January 6, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A 7 Design 1 B Design 1
180 4 100
140 4
'ngoa s 'E 10 ;
£ 100 / 2 - ;/
2 g0 2 —
© 1 ©
O g4 y. O 1
40 y
204 Meoony ' = 0.57 d} R?=0.948
] Heolony ® = 0.53 d! R2=0.951
0 Heolony 4 = 0.63 d?* R2?=0.951
T T T T T T T T 1 01 T T T T T T T T 1
0 20 40 60 80 100 120 140 160 0 200 40 60 80 100 120 140 160
Cultivation time [h] Cultivation time [h]
C #7 Design 2 D 1 Design2 Yo
180 - / 100 4 ) o' //
{ ] vl
180 - { ] /,// /,/
140 eyl
- - //// //
=120 - = 104
g g 105 //:///
§100— E // -
S 80 / g2 17 //
3 3 1
O oA / &) ] /
e _: -
40 4 : g ]
s e
20 ] Meorony = 1.07 d1 RZ=0.993
aad et ] Heolony @ = 1.12 d* R?=0.997
0 - = o Heolony » = 1.10 d* R?=0.999
0 20 40 60 80 100 120 140 160 "o 20 40 60 80 100 120 140 160
Cultivation time [h] Cultivation time [h]

Fig. 3: MSCC of CHO cells and cell retention assessment of the MSCC designs. (A) Growth of three CHO-K1 microcolonies
cultivated applying design 1. (B) Semi-logarithmically plotted growth profile of the microcolonies cultivated applying design
1. (C) Growth of three CHO-K1 microcolonies cultivated applying design 2. (D) Semi-logarithmically plotted growth profile of
the microcolonies cultivated applying design 2.

Cell loss during long-term cultivation leads to a distinct underestimation of specific growth rates u
when determined on colony level and thereby results in immense differences between growth rate
estimation on single-cell level Wsingie-ce and on colony level peoiony . In order to have a closer look on
this discrepancy, we additionally analyzed growth on the single-cell level by determining the doubling
time tp of cellular division events during the cultivation. Here, the comparison between cells
cultivated with both designs shows no significant difference (Fig. 4).
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Fig. 4: Comparison of single-cell division behavior between the two microfluidic trapping concepts. Depicted are the single-
cell doubling times tp of cells cultivated in chambers with both designs. The colored segment marks the interquartile range
from 25% to 75%, the horizontal lines show the median. The whiskers represent the 10% and 90% percentile and the tilted
squares mark rare cellular events.

By assuming exponential growth, tp can be converted into p applying equation (1):

_ In (2) (1)

b M

Comparing the above determined pcolony With the average Wsinge-cel Of the same microcolonies, it is
clearly noticeable that these two values show only small variations when cells are cultivated in the
cultivation chambers design 2. However, cultivating cells under reoccurring cell loss with design 1
leads to a significant difference (Tab. 2).

Tab. 2: Comparison of the single-cell growth rate data Wsingle-cel, Calculated from the geometrical mean of the determined
single-cell doubling times tp, with the colony growth rate data W colony, determined graphically based on the cell number, for
both designs.

tD, geom lalsingle—cell U-colony

Design 1 Chamber1 | 16.88h | 0.99 h'! 0.57 ht
Chamber2 | 16.81h | 0.99 h! 0.53 h'!
Chamber3 | 16.07h | 1.04 ht 0.63 ht
Design 2 Chamber1 | 14.83h | 1.12h? 1.07 ht
Chamber2 | 14.52h | 1.15h? 1.12 ht
Chamber3 | 14.34h | 1.16 h?! 1.10 ht

Owing to the modular structure of our novel trapping concept and its simple way of retaining
(motile) cells, the trapping principle can be transferred to other cultivation chamber-based designs
and thus be applied for the cultivation of other organisms in general. Furthermore, not only single-
cell growth studies might be feasible but also a broad variety of taxis or migration studies in
restricted compartments is conceivable?. Therefore, we believe that our trapping concept can have
a wider field of application than just the cultivation of cells.

Conclusions

The non-invasive single-cell trapping and cultivation of motile cells in microfluidic devices always
represents a difficult challenge. Especially when coupled with live cell imaging, cellular growth and
movement must be spatially restricted, otherwise single-cell cultivation and analysis is not feasible
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due to constant loss of individual cells. As CHO suspension cells show random movement inside a
microfluidic cultivation chamber, we tackled the challenge of cell loss by proposing a novel trapping
concept based on the introduction of a physical blocking structure into a previously published MSCC
device®®. During cell loading the barrier can be passed by cells, afterwards the barrier prevents cells
from escaping the cultivation chamber. At the same time, single cells can be cultivated for multiple
days without any nutrient limitations, although diffusive cross section between supply channel and
cultivation chamber was decreased.

By introducing our novel trapping concept to the field of microfluidic single-cell cultivation,
systematic studies of cellular behavior can be performed in a reproducible way without decreased
significance due to constant loss of analyzed cells. Yet, we believe that our cell retention approach
will not only proof valuable in the field of bioprocess microfluidics but will also pave the way for
future cellular migration assays in the context of basic or biomedical single-cell research.
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