Novel designs and technologies

for cell engineering

Karina Ziétkowska, Michat Chudy, Artur Dybko, Zbigniew Brzézka

Department of Microbioanalytics, Institute of Biotechnology, Warsaw University of Technology,

e-mail: kziolkowska@ch.pw.edu.pl

Microfluidic devices, such as lab-on-a-chip systems, are highly advantageous for cell engineering and cell based assays. It is

a particularly useful approach for development of the in vitro cellular systems mimicking the iz vivo environment. In this paper,

a novel lab-on-a-chip device for three-dimensional human cell culture and anticancer drug testing is presented. Cells were cultured
as Multicellular Tumor Spheroids (MCTS) — the best cancer tumor model developed so far. Different designs were tested and
novel technique of microfabrication in poly(dimethylsiloxane) was developed. MCTS were cultured in a system of polymeric

microwells, with the network of microfluidic channels for culture medium flow. Design included optimal shear stress and proper
nutrients supply for cultured cells. Final design provided MCTS culture for four weeks with the homeostasis-like state achievement,

which is characteristic for the iz vivo situation.
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Introduction

One of the major goals of modern cell engineering is
development of cellular systems mimicking the in vivo
environment. The in vivo-like systems are required for
basic studies on mammalian and human physiology as
well as for toxicology and drug development applications.
Nowadays, experiments are performed using simple
in vitro models (such as monolayer cell culture) which
hardly correspond with the in vivo conditions [1-3].
Cells isolated from a body lack specific interactions,
which results in significant differences in morphology,
physiology and gene expression [4, 5]. Therefore novel
techniques of cell culture and testing, more closely
mimicking the in vivo environment, are required.
Different approaches on the subject have been
investigated: (1) texture, structure and chemical
modifications of substrates for cell adhesion [6],
(2) three-dimensional culture using protein or polymeric
scaffolds [7], ECM analogues [3] and spontaneously
formed cell aggregates [4, 8, 9], (3) vascular-like systems
for nutrient and oxygen supply for maintenance of tissue
explants or extended three dimensional cultures [10],
(4) controlling of the hydrodynamic stress [11-13], and
(5) co-culture with the accompanying cells of different

types [5, 14]. Microfabrication techniques were also used
for many of the in vivo-like cellular systems [15].

Lab-on-a-chip microsystems have found widespread
applications in life sciences over the past decade [16-20].
The rising interest is determined mostly by advantages
offered by microfluidic systems: low cost, portability,
possibility of nanoliter sample handling ezc. There are
also a number of factors and phenomena possible to
achieve only in the microenvironment: capillary forces,
laminar flows, diffusion as the major means of mass
transport, high surface area to volume ratio and precise
control over liquid perfusion. The mentioned, unique
properties of a lab-on-a-chip inner environment proved
to be highly advantageous for cell engineering [21-23],
and many solutions for iz vivo-mimicking microfluidic
systems could have been developed [15].

The aim of our project was to develop a novel
integrated system for three-dimensional human cell
culture and anticancer drug testing. The presented
solution couples advantages of lab-on-a-chip systems
with well known, but not widely used, three-dimensional
cellular model: Multicellular Tumor Spheroid (MCTS).
MCTS is considered as the best cellular model for
anticancer therapy testing developed so far [4, 24].
MCTS presents morphology and physiology similar to
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Fig. 1. Outlook of a lab-on-a-chip system for multicellular
tumor spheroid culture.

tumor in vivo with the network of cell-cell interactions
and junctions, presence of extracellular matrix, three-
-dimensional structure and nutrients, metabolites and
oxygen gradients [25]. Widespread use of the MCTS
model is constricted by cultivation limitations. A number
of methods of MCTS formation were described in
literature and several found their final applications [26].
However, most of them cause variation in size or are cost,
labor and energy consuming [27, 28].

We present portable and easy to handle devices for
MCTS formation, culture and analysis. Dimensions of
MCTS (over 150 um) exacted three-dimensional structure
of the microfluidic system. Design of the microsystems
consists of a matrix of microchambers for single spheroid
cultivation connected with a network of microfluidic
channels for media supply and waste removal (Fig. 1). Two
systems were fabricated and tested and long-term culture
of human colon carcinoma cells (HT-29) was performed.

Design and fabrication

Poly(dimethylsiloxane) (PDMS) was chosen as a material
for fabrication of cell culture systems. PDMS exhibits
a number of properties advantageous for cell culture

devices: biocompatibility and lack of toxicity,
transparency enabling observation, and gas permeability
for culture oxygenation and buffering [29, 30]. The
hydrophobicity of its surface prevents cell adhesion and
therefore promotes spontaneous aggregation and
spheroid formation. Moreover, replica molding technique
provides fast and cheap prototyping of microstructures
in PDMS with a submicron resolution [31, 32]. Two
different techniques of microfabrication in PDMS were
applied for MCTS culture microdevices manufacturing.

Photolithography and replica molding

Among the techniques of micromachining of a master
for PDMS replica molding, photolithography is the
most widely used [33]. Our group optimized the
technology of master fabrication by photolithography
using a capillary film [16]. This technique provides
fabrication of two-dimensional structures of uniform
depth (corresponding with a thickness of a photoresist).
The capillary film used for cell culture device fabrication
was 50 pm thick so the multi-layered system was required
for achievement of a structure compatible with MCTS
dimensions. Three-dimensional structure was obtained
by combining of three layers of two-dimensional PDMS
structures (Fig. 2).

First, geometry of the structure was designed using
AutoCAD software. A photomask was obtained by high-
-resolution print on the transparent foil. Then
a photoresist (a capillary film) was placed on a glass wafer
(Fig. 2: 1) and exposed to the UV light through the
photomask (Fig 2: 2). Unexposed areas of the photoresist
were rinsed away and a master was obtained (Fig. 2: 3).
PDMS pre-polymer was mixed with the curing agent in
10:1 weight ratio. Liquid mixture was poured over the

Fig. 2. Fabrication of a multi-layered microsystem using photolithography and replica molding — see text for details.
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master and left for cross-linking for 2 hours in 70°C
(Fig. 2: 4). PDMS was peeled off from the master and
a 50 um deep microstructure was obtained (Fig. 2: 5).
Elements of PDMS, frozen in liquid nitrogen were
drilled through to obtain cell culture microchambers and
inlets and outlets (Fig. 2: 6). Elements of the microsystem
were adjusted and bonded using oxygen plasma
treatment. Three-dimensional structure was obtained by
two step bonding of three layers of PDMS (Fig. 2: 7;
dashed circles correspond to spheroid cultured in the
microchambers). Finally, an array of perfusion
microchambers 700 pm wide and Imm deep, and
network of channels 300 pm wide and 50 um deep was
obtained (“Sphero I” microsystem).

Double casting using thermal aging

Multi-layered three-dimensional PDMS systems meet
some limitations. First of all, dimensions of such
structures are dependent on photoresist or PDMS layer
thickness. On the other hand, manual adjustment of
many layers is problematic and mismatching can lead to
perfusion disturbances. Therefore other techniques of
fabrication of three-dimensional PDMS structures are
required.

Micromilling is a technique suitable for fast three-
-dimensional microfabrication in thermoplastic materials
(poly(methyl methacrylate), polycarbonate etc.) [34].
Unfortunately, it is not suitable for fabrication in PDMS.

To fabricate a copy of micromilled poly(methyl metha-
crylate) (PMMA) structure, double casting of PDMS
was utilized. Double casting of PDMS is a two-step
process, where first PDMS replica is a master for second
replication step (Fig. 3). Due to strong adhesion and
partial cross-linking between PDMS master and PDMS
cast, demolding led to the microstructure damage
(Fig. 4). The possible solution for this problem is
covering of a PDMS master with hydrophilic polymers
[35-37]. However, chemical modification can effect the
microstructure geometry and may influence biocompa-
tibility of the device [38]. We developed an alternative,
low-cost, non-chemical method of enhancing efficiency
of double casting prototyping by thermal aging of
PDMS master. Thermal aging, also known as extended
curing, leads to crosslinking of low molecular weight
chains remained in a PDMS bulk and changes its surface
from hydrophobic to more hydrophilic [39].

First, the geometry of the structure was designed
using AutoCAD software and micromilled in a PMMA
plate (Fig. 3: 1, 2). Then, standard PDMS replica
molding was performed (Fig. 3: 3, 4) and a convex
PDMS microstructure was obtained. The PDMS replica
was thermally aged in a laboratory dryer set for 100°C
for 48 hours (Fig. 3: 5). Thermally modified PDMS
structure was a master for second replica molding (Fig. 3:
6, 7). After second replication, an accurate copy of
a PMMA structure was obtained (Fig. 4). Three-
-dimensional PDMS structure was bonded with another
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Fig. 3. Fabrication of a three-dimensional structure in PDMS using micromilling and double casting with thermal aging

step — see text for details.
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PDMS plate, and a microfluidic system was obtained
(Fig. 3: 8, 9). Final device consisted of 1 mm and
50 pm deep wide microchannels and 200 pm wide and
200 pm deep cell culture microwells (“Sphero II”
microsystem).

During our investigations optimal conditions for
effective fabrication were found. Stiffness of PDMS was
modified by its composition: 8:1, 9:1 and 10:1 pre-
polymer to curing agent weight ratios were considered.
8:1 PDMS was rigid but breakable and 10:1 PDMS was
too soft and elastic. Therefore 9:1 PDMS was chosen for
the fabrication of both: master and replica. Time of
thermal aging was also optimized. PDMS masters were
exposed to thermal aging (100°C) for 24, 48 and
72 hours. Hydrophobicity and accuracy of replication
were measured for those masters. It was found that after
48 hours of aging contact angle of a water drop on
PDMS surface changes from 97° to 85°, which means

Double casting of
untreated PDMS
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that it turns more hydrophilic. This modification was
efficient enough for successful replication (Fig. 4). 9:1
PDMS master aged for 48 hours can be used for at least
three sequencing replications.

Cell culture
Petri dish spheroid culture

The biocompatibility of PDMS surface was verified by
cell culture on PDMS-covered plates. 35mm polystyrene
Petri dishes were covered with thin layer of PDMS and
left for cross-linking under dust-free conditions. Next,
plates and covers were exposed to UV light for 20 minutes
for sterilization, closed and sealed with a Parafilm foil.
HT-29 human colon carcinoma cells were suspended
in RPMI medium supplemented with 20% of fetal
bovine serum (FBS). Approximately 2-10° cells in 2 mL
of medium were seeded on each plate. Culture was

Double casting of
thermal aged PDMS
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Fig. 4. Verification of accuracy of replication using scanning electron microscope: (A) microstructure micromilled in PMMA;
(B) damaged untreated PDMS master and (C) replica; (D, F) thermally aged PDMS master used for replication and (E, G)

PDMS replica. Structures B-G were made of 9:1 PDMS.
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Fig. 5. Culture of HT-29 cells on two substrates: polystyrene
and poly(dimethylsiloxane) (PDMS).

carried both on non-adhesive PDMS-covered plates and
strongly adhesive polystyrene plates.

Results of the culture are presented in Fig. 5. There
are significant differences in affinity between cells and
substrates, visible within the first hours of the culture.
Cell cycle of HT-29 cells depends on the adhesive
proteins (i.e. integrin). Therefore possibility of adhesion
is essential for cell growth. Surface of polystyrene
promotes adhesion of individual cells and monolayer is
created during following hours of the culture. Adhesive
proteins are bonded to the artificial polymer.

Cells cultured on the PDMS surface act in a different
way. Hydrophobicity of the surface prevents cell
adhesion. Therefore cells aggregate during first hours of
culture via integrin interactions. Then, proteins of extra-
cellular matrix (ECM) are secreted and form a natural
scaffold for cell adhesion. During next hours cadherin
expression is observed and compact spheroids are formed
(24 h). Further cell growth is dependent on proliferative
layer of the spheroids. The spheroid model closely
mimics the iz vivo environment, because of the three-
-dimensional architecture of tissue and presence of ECM.

Experiments of Petri dish culture of spheroids also
revealed disadvantages of this type of culture. First of all,

there is no possibility of medium exchange during
culture. While monolayer cultured cells stay adhered to
the culture dish during medium exchange, it is not
possible for suspended spheroids. Attempts of
centrifugation at different parameters have been
performed, however hydrodynamic stress led to
spheroids’ disintegration. Therefore, only medium refill
is possible, but accumulation of metabolites disables
culture longer than 5 days. Another issue, which is
problematic, is monitoring of cell growth. There is no
possibility of single spheroid observation. Also connecting
of spheroids disables estimation of a growth rate. Our
microsystems are potential solutions to the mentioned
issues.

Microsystem spheroid culture

Fabricated microsystems were sterilized by exposition to
UV light (20 min) and following perfusion of 70% ethyl
alcohol (30 pL/min, 20 minutes). Next, they were filled
with RPMI medium supplemented with 20% FBS and
left in the CO, incubator (37°C) for an hour. HT-29 cell
suspension (1-10° cells/mL) was introduced into each
microsystem at a maximum flow rate of 20 pL/min.
Microsystems were sealed and placed into the incubator
for culture.

Spheroid culture in the microfluidic systems consisted
of four stages (Fig. 6): (I) seeding, (II) aggregation, (III)
unaggregated cells’ removal and (IV) spheroid formation.
First, cells were introduced to the whole volume of the
microsystem. Within first 16 hours of incubation cells

“Sphero 11"

Fig. 6. HT-29 spheroid culture in two types of microsystems:
() cell seeding, (ll) cell aggregation after 16 hours of
culture, (Ill) medium exchange washing away unaggregated
cells and (IV) spheroid formation within following 24 hours.
Scale bars stand for 100 um.
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aggregated, because microsystem’s building material
(PDMS) prevents cell adhesion. Then medium perfusion
was applied for two reasons: to remove unaggregated
cells and exchange medium to a fresh one. The flow rate
was selected to effectively remove cells from microchannels
and minimize hydrodynamic stress affecting remained
cells. Within next 24 hours cells remained in the
microchambers formed spheroids. Medium was
exchanged every 48 hours during culture.

HT-29 multicellular tumor spheroid formation and
cultivation using developed microfluidic systems were
very effective. Spheroids were cultured for over two
weeks in both types of the devices. Medium exchange
every second day provided nutrients supply and
metabolites removal, which is a significant advantage
over a batch, Petri dish MCTS culture. Another
important issue is a possibility of single spheroid
observation. Construction of both devices disables
translocation of spheroids exceeding 50 pm. In practice
— it means that all aggregated cells remain in the initial
microchamber/microwell for the whole period of culture.
Therefore direct observation of spheroid growth was
possible. It was observed that after 7-10 days of culture
spheroids’ diameters reached 200-250 pum in “Sphero I”
microsystem and 150-200 pm in “Sphero II”
microsystem. Then, a growth rate slowdown was
observed. It is expected that this slowdown is dependent
on nutrient and oxygen diffusion limitations. Spheroids
reached their maximum diameters and this state was
maintained for the rest of the culture. High viability was
confirmed at the endpoint of every culture by the
viability assay using Calcein-AM and Propidium Iodide
fluorescent dyes. Lack of proliferation and stable viability
may be symptoms of homeostasis-like state achievement
in the microenvironment.

Perspectives

Developed lab-on-a-chip systems proved to be highly
advantageous for three-dimensional carcinoma cell
culture. This is a prospective solution for cancer research
and anticancer drug screening. Cell culture microarray
can be easily coupled with other microfluidic geometries
such as concentration gradient generator [29]. It is
a solution for automation of the assays and a step towards
high-throughput screening using three-dimensional cell
culture.

Another challenge is quantitative data obtainment
from three-dimensional culture. There are a lot of assays
and techniques for monolayer cultured cells’ analysis.
Unfortunately, few are compatible with the spheroid
model [26]. Our efforts are now focused on development
and adaptation of analytical methods for multicellular
spheroid testing.

Conclusions

In this paper, two novel devices for three-dimensional
cell culture were presented. The geometries of perfusion
microchambers and microwells were tested. During the
investigations, a novel technology of microfabrication
was developed and successfully applied. HT-29 cells were
cultured as multicellular tumor spheroids for over two
weeks and high viability was observed within this time.
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