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Abstract

In the evolving landscape of cancer research, 3D cell cultures, particularly tumor cell spheroids, are increasingly preferred
in drug screening due to their enhanced mimicry of in vivo tumor environments, especially in drug resistance aspects.
However, the consistent formation of uniform spheroids and their precise manipulation remain complex challenges. Among
various methodologies, droplet microfluidics emerges as a highly effective approach for tumor spheroid formation. This paper
introduces a novel, multifaceted microfluidic system that streamlines the entire spheroid cultivation process: (i) generating
tumor spheroids from cell suspensions within individual droplets, (ii) merging these droplets into a continuous aqueous
phase once spheroid formation is complete, and (iii) transferring the spheroids to a specialized cultivation area within the
chip, equipped with trapping elements for extended cultivation in perfusion mode. Remarkably, this process requires no
hydrogel encapsulation or external handling, as all operations are conducted within the microfluidic chip. Fabricated from
the innovative OSTE+ (off-stoichiometry thiol-ene epoxy) polymer, the chip is designed for repeated use. To show its
efficacy, we successfully formed spheroids from MCF-7, GAMG, and U87 cell lines in our system and compared them with
spheroids prepared by a traditional agarose microwell method. Additionally, our methodology has successfully enabled the
in-chip release of spheroids from droplets, followed by their effective trapping for subsequent cultivation, a process we have
exemplified with MCF-7 spheroids. To our knowledge, this research represents the first instance of a fully integrated droplet
microfluidic platform achieving scaffoldless tumor spheroid formation and handling. Our method holds promise for improving
high-throughput, automated procedures in the formation, transfer, and cultivation of tumor cell spheroids.
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1 Introduction

Cancer continues to be a leading cause of death, often
progressing asymptomatically and leading to metastases
that are challenging to cure with current methods [1-3]. As
new anticancer drugs are developed, the need for accurate
and easily obtainable tumor models is critical. Traditional
2D cell cultures, once standard for in vitro testing, have
been found inadequate in simulating real tumors, especially
concerning drug resistance and cell communication [4]. In
recent decades, 3D cell cultures have gained prominence
as more representative tumor models. These cultures, by
incorporating the extracellular matrix (ECM), better mimic
in vivo tumors in drug screening [2], displaying enhanced
resistance and more tumor-like gene expression and
physiological responses [4].

Spheroid formation, a pivotal aspect in tumor model
research, can be achieved through various methods, either
scaffold-based (using support structures from different
materials) or scaffold-free. Prominent techniques include
pellet culture, spinner culture, hanging drop, liquid overlay
on non-adherent surfaces, and approaches leveraging
external forces like magnetic/electric fields and ultrasound.
Additionally, microfluidic and hydrogel-based methods are
widely recognized. Each of these methods has its unique
pros and cons, extensively documented in literature [5, 6].
Notably, these approaches can be integrated, particularly in
microfluidics, enhancing their applicability. Specifically,
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microfluidics in spheroid formation and manipulation shows
promise for the development of high-throughput, automated
systems vital for large-scale drug screening and other
applications. Particularly notable is the droplet microfluidic
technique, which is often enhanced through the integration
of hydrogels for encapsulating spheroids, as evidenced in
several studies [7-10].

Numerous droplet-based microfluidic chips for spheroid
generation and cultivation have been developed, mostly using
PDMS, glass, or their combinations. Yu et al. [11] created a
chip for hydrogel-encapsulated spheroid formation, taking
four days for spheroid formation and subsequent drug testing.
Yoon et al. [12] developed a chip for cell encapsulation with
magnetic nanoparticles in alginate hydrogel, facilitating
spheroid transfer using magnetic force but lacking
in-chip cultivation. In 2015, Kim et al. [7] highlighted the
challenge of cell quantity regulation in alginate hydrogel
droplets for uniform spheroid size, proposing an improved
microfluidic platform. Sabhachandani et al. [13] created a
platform for trapping spheroids from multiple cell types in
alginate hydrogel, enabling medium perfusion and drug
testing, despite the irregular spheroid shape. Cui et al. [8]
introduced a thermoresponsive hydrogel-based droplet
microfluidic platform for easier spheroid harvesting.
Kwak et al. [14] reported a system for uniform spheroid
formation from MCF-7 and MDA-MB-231 cells, requiring
post-chip processing for spheroid cultivation. Sun et al.
[10] developed a chip for co-culture tumor spheroids in
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core—shell alginate hydrogel droplets, performing drug tests
off-chip. Liu et al. [9] showed droplet generation without
oil using hydrogels, focusing on rat pancreatic islet cells.
De Lora et al. [15] created an oil-free acoustofluidic droplet
chip using hydrogels, leveraging acoustic waves for droplet
generation. Lee et al. [16] developed a system for rapid
droplet generation and adjustable spheroid size, using brain
tumor cells for phototherapy tests. Wu et al. [17] fabricated
a chip for breast tumor spheroids with matrigel, enabling
quick formation and drug testing. Zhang et al. [18] designed
a platform for hydrogel-encapsulated tumor spheroids,
transferring droplets to microwell plates for cultivation.

Previous solutions for tumor spheroid generation in
microfluidics, mentioned above, typically fell into two
categories: those designed for creating spheroids from cell
suspensions for external handling post-formation [7, 8,
10-12, 15-18], and those utilizing hydrogels for spheroid
encapsulation and in-chip handling [7-13, 17, 18]. Hydrogel
often extended spheroid formation time (up to 4 days) [12,
13] and yielded smaller spheroids with irregular structures
[7, 8, 10-13]. Handling spheroids outside the chip can be
challenging, potentially causing mechanical stress that
affects the model's quality. Additionally, hydrogel-supported
spheroids may not accurately mimic the natural tumor
microenvironment, thus limiting the biological relevance of
the model.

Addressing the limitations of existing microfluidic
technologies, our research was focused on refining the
droplet microfluidic approach for generating uniform,
scaffoldless 3D cell cultures (spheroids), with an emphasis
on complete in-chip handling. We developed a microfluidic
chip comprising integrated droplet generator, reservoir, and
cultivation sections, functioning as an integrated system.
This design enabled the formation of spheroids from three
distinct cancer cell lines (MCF-7, GAMG, and U87) within
aqueous droplets, followed by in-chip droplet coalescence
and subsequent transfer of spheroids to the chip’s trapping/
cultivation section for additional processing. We also
explored the use of a novel material, OSTE+ polymer
(off-stoichiometry thiol-ene epoxy) [19-22], for chip
fabrication, offering several advantages over traditional
PDMS, which could not be used for such purpose. The
use of OSTE+ polymer was necessary mainly due to
its resistance to the oil phase and necessity to introduce
different surface modifications/properties in some parts of
the chip based on their different functionality. Further on,
the technical solution of droplet coalescence channels and
hydrodynamic solution of a cultivation part enabling the
automatic immobilization of spheroids in chambers with low
probability of non-homogenous distribution was proposed
and tested with success.

To the best of our knowledge, this study is the first to
accomplish all necessary steps for scaffoldless tumor

spheroid formation and cultivation within a fully integrated
droplet microfluidic platform. We also discuss the potential
of this innovative approach for advancing high-throughput,
automated methods for the formation, transfer and
cultivation of cancer spheroids.

2 Materials and Methods
2.1 Design of the Microfluidic Chip

The microfluidic chip was designed with the help of CAD
(Computer-Aided Design) software Autodesk Fusion 360
(Autodesk Inc., USA). The chip can be used for the genera-
tion of aqueous phase cell suspension droplets in the high-
density oil phase, coalescence of droplets with formed sphe-
roids, and their subsequent trapping in the cultivation part.
For this purpose, the chip consists of three functional parts:
(1) the droplet generator, (ii) the droplet reservoir, and (iii)
the spheroid cultivator (Fig. 1). The droplet generator is a
microfluidic cross-junction with lateral oil phase channels of
800x 800 um square profiles and center aqueous phase chan-
nel of 200X 200 um square profile at the intersection area
(Fig. 2a). These dimensions were adjusted for generation
of aqueous droplets with a diameter of around 800 um with
our specific oil phase and surfactant. The size of the drop-
lets can be regulated, to a certain extent, by adjusting the
oil and water flow rates. The droplet reservoir part provides
space inside the chip where the generated aqueous droplets
with cell suspension can be stored before the spheroids are
formed. It contains lateral branched channels (Figs. 1 and 2a,
b) that can be used to wash the content of the reservoir with
any aqueous or oil phase solutions, with the main purpose of
coalescing the droplets once the spheroids are formed. After
coalescing the droplets, the spheroids can be transferred in
the aqueous phase into the spheroid cultivation part of the
chip. This part has a sieve structure (Fig. 2e) that allows the
trapping of individual spheroids. The spheroids are trapped
in separated chambers, with medium perfusion through each
of these chambers. The design of the spheroid cultivation
part and its trapping mechanism were step-by-step optimized
by CFD simulations and experiments. It reflects the require-
ment of being able to trap the spheroids, which behave as
macroscopic (relative to the molecules of the liquid) solid
spheres, and the requirement to have the liquid flowing
through all the trapping chambers, in the ideal case with an
equal flow rate through each chamber.

2.2 Fabrication of the Microfluidic Chip
The chip was fabricated from off-stoichiometry thiol-

ene epoxy-based polymer (OSTE+) (OSTEMER 322
Crystal Clear, Mecrene Labs AB, Sweden). To achieve the
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Droplet generator

Spheroid cultivator ‘

Fig.1 Overview of microfluidic chip design. 1-Oil phase inlet;
2-aqueous phase inlet; 3-cross-junction; 4-connecting channel
between droplet generator and reservoir; 5-droplet reservoir area;
6-reservoir side channel inlet; 7-reservoir side channel outlet; 8-res-
ervoir outlet channel; 9-reservoir outlet; 10-channel connecting drop-

required structure from OSTE+ polymer, we first used a
DLP (Digital Light Processing) 3D printer Perfactory® IV
LED (Envisiontec GmbH, Germany) to create a primary,
positive molding master. The material of the master
was a methacrylic/acrylic based polymer HTM 140 v2
(Envisiontec GmbH, Germany). We poured vacuum-
debubbled PDMS (Sylgard 184, Dow Corning, USA) 10:1
w/w base:initiator mixture into this master and incubated on
a hot plate at 65 °C for 24 h, to create a secondary, negative
master, which was later used for molding of the OSTE+
polymer. After pouring the OSTE+ monomer mixture into
the PDMS master, bubbles were removed using vacuum,
following a manual removal with a small steel spoon (to
move the bubbles up to the surface) and a medical syringe
(to suck the bubbles out from the surface). The master filled
with the debubbled OSTE+ monomer mixture was carefully
covered with a 1 mm thick glass (Corning) to remove excess
liquid material, while not letting air get inside during this
process. Another glass layer was put under the master, to
prevent the PDMS master from deforming during handling.
The OSTE+ monomer mixture was then illuminated with
a UV source (1000 W, lithograph SUSS MICROTEC SE,
Germany) through the 1 mm thick glass top layer and
also through a light scattering glass, which was a part of
the lithograph. This scattering glass helped to prevent the
OSTE+ mixture from polymerizing too quickly, which
could otherwise significantly reduce its transparency. The
microfluidic chip was designed to be assembled from two
OSTE+ polymer parts, top and bottom. Each of these parts
had its own masters and was illuminated with different UV
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let reservoir and spheroid cultivator; 11-spheroid cultivator medium
inlet; 12-spheroid cultivator inlet channel; 13-spheroid cultivator inlet
area; 14-spheroid cultivator trapping element area; 15-spheroid culti-
vator outlet area; 16-spheroid cultivator outlet

doses (700 mJ/cm? for the bottom part and 1100 mJ/cm?
for the top part, not counting the attenuation from the glass
layers). After the first curing step by UV light, the OSTE+
prepolymer parts were removed from the PDMS masters,
where the bottom part was kept on the Corning glass,
and the top part was separated from the glass layer. The
top and bottom parts were manually aligned and put onto
each other, following a second curing step of the OSTE+
prepolymer, baking it at 100 °C for 90 min in an electric
oven (LAC, Czech Rep.), which caused the material to
harden and covalently bonded the two parts and the glass
layer together (the glass layer only served as a support, it was
not in contact with any functional part of the chip). After the
second cure step, a 3D printed (HTM 140 v2) interface was
connected to the chip inlets and outlets, which contained
UNF 1/4-28 screw threads for microfluidic connectors.
The bonding of the interface to the chip was done with UV
reactive glue (CONLOC UV 688, EGO Dichtstoffwerke
GmbH, Germany), illuminated with 100 J/cm? UV dose.
After that, the whole chip was sonicated in isopropanol for
30 min for cleaning and removal of any excess unreacted
glue and then blown dry with nitrogen. Finally, the inner
surface of the chip was modified with two different agents.
The cultivation part was modified with Silane-PEG-OH, 1 k
PEG chain (Biopharma PEG Scientific Inc., USA) by filling
it with 1 pug/mL solution of the silane in acetone, while also
sealing the inlets and outlets of the generator and reservoir
part to prevent contamination of those parts and then putting
the chip into electric oven (LAC, Czech Rep.), baking it at
100 °C for 90 min. The generator and reservoir areas were
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Spheroid trapping

chambers
-

Fig.2 Detailed overview of functional parts of the microfluidic chip.
a Details of the structure of the cross-junction and reservoir side
branches; b details of the structure of the reservoir outlet with angled
bottom ending; ¢ CAD illustration of the separate layers of the micro-
fluidic chip: 1-3D printed interface with threads for microfluidic fit-

modified with fluorosilane Fluo-ST2 (Emulseo, France). The
parts were filled with the fluorosilane solution, while the
inlet and outlet of the spheroid cultivator was sealed to avoid
modification of this area. Then the chip was put on a hot
plate tempered at 65 °C and left until the next day.

2.3 Droplet Generation, Handling, and Stability
Control

For the droplet generation in the cross-junction part of
the chip, we used a hydrofluorether HFE-7500 (Emulseo,
France) as the continuous phase, with the addition of
1% (w/w) fluorinated surfactant FluoSurf (Emulseo,

tings, 2- top part from OSTE+ polymer, 3-bottom part from OSTE+
polymer, 4-glass support layer; d assembled microfluidic chip with
connected fittings and tubing; e details of the spheroid cultivation
part and its trapping mechanism, with a zoomed section with critical
dimensions

France) to keep the aqueous droplets stable for the period
of the tumor spheroid formation. To further ensure
droplet stability, we have modified the inner surface of
the generator and reservoir parts of the system to make
it fluorophilic, which helped to prevent the walls from
wetting by the aqueous phase in the environment of
the HFE-7500. After the spheroids were formed in the
aqueous droplets in the droplet reservoir area, we used a
10% (w/w) solution of 1H,1H,2H,2H-Perfluoro-1-octanol
(Sigma-Aldrich) in HFE-7500 to coalesce the droplets into
continuous aqueous phase, to be able to move the released
spheroids oil-free into the cultivation part of the chip.

@ Springer <KBCS
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2.4 InVitro 2D/3D Cell Cultures
2.4.1 InVitro 2D Cell Cultures

Three different model cell lines were used in our
experiments. MCF-7 (Human epithelial adenocarcinoma,
HTB-22, ATCC) cell line and GAMG (Human glioma,
Sigma Aldrich) cell line were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM—21063029, Gibco™)
supplemented with 10% (v/v) foetal bovine serum (FBS,
Sigma-Aldrich), 0.1% (w/v) penicillin, and 0.1% (w/v)
streptomycin (Sigma-Aldrich). U87-MG (Human brain
glioblastoma, ATCC, HTB-14) cell line was cultivated in
Eagle’s Minimum Essential Medium (EMEM—M?2279-
6X1L, Sigma-Aldrich spol. s r.0.) supplemented with 10%
(v/v) foetal bovine serum (FBS, Sigma-Aldrich), 0.1% (w/v)
penicillin, and 0.1% (w/v) streptomycin (Sigma-Aldrich).
All cell lines were maintained in culture flasks with a
surface area of 25 cm? and a maximum volume of 10 mL.
The cell lines were cultivated in the cell culture incubator
(Esco Micro Pte. Ltd.) at 37 °C in a humidified atmosphere
(95%), including 5% CO,. The cell lines were passaged two
times per week after achieving 40—-60% confluence. After
the medium was removed, the flask was rinsed with PBS
buffer (Phosphate Buffered Saline, P4417, Sigma-Aldrich
spol. s r.0.). Then, trypsin solution (Trypsin—-EDTA, T4174,
Sigma-Aldrich spol. s r.o., diluted 10x) was added, and cells
were incubated for 5 min in the cell incubator. The cells
were loosened apart by repeated pipetting in the cell culture
medium. The number of cells was determined using trypan
blue exclusion on a CellDrop FL (DeNovix Inc.).

2.4.2 Formation of 3D Spheroids on Patterned Agarose

The formation of control spheroids was done in MicroTissues
3D Petri Dish micro-mold (Z764051-6EA, Sigma-Aldrich
spol. s r.0.). The molds were incubated in 70% ethanol for
30 min and rinsed with ddH,O prior to the experiment. The
agarose mix consisted of 2 g of agarose (282199, iBioTech)
and 100 mL 0.9% NaCl (10020366, Lachema) in ddH,O,
both autoclaved separately and then mixed together. 370 L.
of dissolved agarose has been added to every stamp and left
to cool down for 3 min. Patterned agarose was transferred
into a 24-well cell culture plate (142485, Trigon plus s.r.0.).
For the MCF-7 cell line, Dulbecco’s Modified Eagle’s
Medium/F12 (11320033, Gibco™) mixed with growth
factors—20 ng/mL EGF (PHGO0315, Gibco™), 20 ng/
mL FGF (PHG0264, Gibco™) and 1% B27 (17504044,
Gibco™) was added into all wells. For U§7-MG and GAMG
cell lines, Eagle’s Minimum Essential Medium (EMEM—
M2279-6X1L, Sigma-Aldrich spol. s r.0.) supplemented
with 10% (v/v) foetal bovine serum (FBS, Sigma-Aldrich),
0.1% (w/v) penicillin, and 0.1% (w/v) streptomycin
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(Sigma-Aldrich) was used. The plate was then incubated
in the cell incubator for 30 min. The medium from each
well was later discarded, and 75 pL of the cell suspension
of concentration 1,600,000 cells/mL was introduced into
each well and incubated for 30 min in the cell incubator.
Afterward, 1.5 mL of the cell media was added to each
well, and the plate was incubated in the cell incubator for a
minimum of 8§ h.

2.5 OSTE+ Material Influence on Pre-formed 3D
Spheroids

In our recent work [22], we have shown that OSTE+ material
is practically non-toxic to cell cultures grown as monolayers
on this material. To evaluate the suitability of OSTE+
material for 3D spheroid formation, manipulation, and
cultivation in microfluidic chip, the behavior and stability
of already pre-formed 3D tumor spheroids on OSTE+
polymer surface has been initially tested in this work. For
this purpose, we have fabricated OSTE+ polymer pieces
and inserted them in conventional well bottoms (for testing
of the fluorosilane modification) and further a whole well
plate from the OSTE+ polymer (for testing of the Silane-
PEG1k-OH modification). Three types of OSTE+ surfaces
were tested: (1) modified with Fluo-ST2, (2) modified with
Silane-PEG1k-OH and (3) intact OSTE+ polymer. The
spheroids created by the conventional method described
above were put in each well with a cell culture medium and
observed for two days under a confocal microscope.

2.6 Microfluidic Chip Experimental Setup,
Conditions and Procedure

We worked with 3 switchable outlets [the reservoir main
outlet port (9), the reservoir side channel outlet (7) and
spheroid cultivator outlet (16)] and 4 inlets [the generator
aqueous and oil phase inlets (2, 1), the reservoir side
channel inlet (6) and the spheroid cultivator medium inlet
(11)] (for clarification, numbers denotes the description of
inlets/outlets based on Fig. 1). First, the droplet generator
and reservoir parts of the microfluidic chip were filled
with HFE-7500 liquid through the oil phase inlet (1)
and reservoir side channel inlet (6) and the spheroid
cultivation part was filled with isopropanol through the
spheroid cultivator medium inlet (11), followed by the
aqueous phase (PBS buffer or corresponding cell culture
medium) slowly, to prevent the formation and retention of
air bubbles. The isopropanol had to be used prior to the
aqueous phase in the cultivator because of low wetting of
the walls by the aqueous phase, where the water did not
enter most of the sieve microchannels when dry due to the
capillary repulsive effect. After filling the chip with the
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liquids described above, the aqueous phase (cell culture
medium) was introduced into the chip through the aqueous
phase inlet (2). Initial air bubbles and aqueous droplets
were removed from the system by stopping the aqueous
phase flow and only keeping the flow of the oil phase,
letting them escape through the reservoir outlet (9) while
keeping the spheroid cultivator outlet (16) and reservoir
side channel outlet (7) closed. In the next step, 500 uL of
the prepared cell culture suspension with concentration of
3 million/mL was injected into the aqueous phase inlet (2)
with a medical syringe through an injection port (Ibidi).
The volume injected was sufficient for the formation of
droplet-encapsulated spheroids in the complete volume
of the droplet reservoir of the chip. The excess volume
of cell suspension (which was pushed into the chip by
the syringe) was removed with the same procedure as the
initial droplets and bubbles, and after the removal, the oil
and aqueous phase (cell culture medium) flow were turned
on, resulting in generation of aqueous droplets with the
encapsulated cell suspension. The aqueous phase inlet (2)
flow rate was set to double of the flow rate of the oil phase
(mostly we used 20 yL/min for the oil phase and 40 L/
min for the aqueous phase). During the droplet generation,
we kept closed the reservoir outlet (9) and opened the side
channel outlet (7), causing the oil phase to be pushed away
through the branches of this reservoir bottom channel
(due to higher density of oil over aqueous phase), while
retaining the aqueous droplets in the reservoir until its
whole surface area was filled with the droplets. The whole
system was kept at 36.5 °C in an incubation box (Okolab),
which was a part of the microscope used for observation
and data collection. After the formation of the spheroids,
the disruption agent solution (10% w/w of 1H,1H,2H,2H-
Perfluoro-1-octanol in HFE-7500) was introduced to the
chip reservoir area through reservoir side channel inlet (6),
with the reservoir side channel outlet (7) opened. Once the
droplets were coalesced, additional aqueous phase volume
(cell culture medium) was introduced to the chip, at first,
from the aqueous phase inlet (2) of the droplet generator
and then also from the spheroid cultivator medium
inlet (11), until all the aqueous areas were connected
(coalesced) and the oil phase flushed out of the chip
through the reservoir side channel outlet (7). With all the
aqueous areas in the chip connected and oil removed, the
transfer of the spheroids to the cultivation part was done
by closing the reservoir side channel outlet (7), opening
the spheroid cultivator outlet (16), and introducing more
cell culture medium through the aqueous phase inlet (2).
This pushed the spheroids from the reservoir part into
the cultivator, where they could be trapped in its sieve
structure. After trapping the spheroids, a new medium

was introduced during the cultivation process through the
spheroid cultivator medium inlet (11).

2.7 CFD Simulations

The CFD simulations were used to support the design of
the spheroid cultivation part of the microfluidic chip and
its trapping capability. The mathematical model used
considered a steady-state incompressible isothermal flow,
which can be described by the conservation equations
of mass (the continuity equation) and momentum (the
Navier—Stokes equations):

V-u=0,

pu-Vu=—-Vp+ pAu+ pg,

where p is density of the fluid, u is its dynamic viscosity,
u is velocity field vector, p is pressure, g is gravitational
acceleration, V represents nabla operator and A stands for
Laplace operator.

Numerical simulations were performed with open-source
software OpenFOAM, using the finite volume method for
discretization. The solver chosen for the simulations was
simpleFoam. A non-uniform computational grid was used.
The number of computational grid cells was approximately
2.3x 107, and grid refinement was performed near the walls.
The following boundary conditions were assumed for the
geometry of the cultivator: (i) velocity inlet: the constant
value of velocity; (ii) pressure outlet: the constant value of
pressure; (iii) walls: no-slip condition.

2.8 Data Collection and Evaluation

Tumor spheroids, their formation, and development were
imaged on Leica SP8 confocal microscope equipped with
an environmental chamber (Okolab) maintaining a stable
temperature at 36.5 °C and supplied with humidified air
reaching up to 95% RH. The images were taken using HC
PL FLUOTAR CS 5x/0.15 N.A. dry Leica objective. Leica
Las X Navigator function was used for imaging defined areas
of the chip. The collected images were further processed
with FIJI ImagelJ [25].

3 Results and Discussion

3.1 Advantages of OSTE+ Polymer in Droplet
Microfluidics and Spheroid Cultivation

The selection of materials for the fabrication of microfluidic

chips, especially those intended for extended cell cultivation,
is pivotal to ensure success. Several key aspects need careful
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consideration, including biocompatibility, cell adhesion or
repellent properties, gas permeation, optical properties,
reusability, and fabrication methodologies. Previous studies
have primarily utilized PDMS (polydimethylsiloxane), glass,
or a combination of both for fabricating droplet microfluidic
systems aimed at cell encapsulation and, potentially, tumor
spheroid formation [7, 8, 11-13]. However, these materials
pose certain limitations in terms of design, prototyping, and
fabrication of microfluidic chips. Glass, for example, is not
conducive to rapid prototyping and design testing. PDMS,
while versatile, presents challenges such as gas permeation,
which can impact prolonged cell cultivation and fabrication
of complex 3D systems with large surface area. Moreover,
PDMS also absorbs various organic solvents, including
ethers [23, 24]. This could hamper the long-term on-chip
storage of generated water droplets with encapsulated cells
in the oil phase (hydrofluoroether), a condition which is
needed for initialization of spheroid formation and their later
release in water phase. We have confirmed the leakage of
hydrofluoroether HFE-7500 from a PDMS channel in a test
with a sealed PDMS system that was plasma-bonded to a
glass slide, which is the common technique used for PDMS-
based microfluidic systems. The leakage through the PDMS
was apparent after 5 h, with a complete evaporation of the
liquid after 48 h. The test is shown in Fig. SI7.

To address these issues, we have chosen OSTE+ (off-
stoichiometry thiol-ene epoxy) polymer for our experiments.
This material has demonstrated numerous advantages over
traditional materials used in microfluidic device prototyping
and fabrication. It is characterized by its optical transparency
and biocompatibility. Additionally, it undergoes a unique
two-step curing process, facilitating soft lithography before
hardening. This process also enables permanent bonding
to a diverse range of materials. Furthermore, it offers
the potential for various surface modifications, such as
silanization [19-22].

Prior to developing our devices, we confirmed the
suitability of OSTE+ material for droplet microfluidic
device fabrication and its compatibility with 3D spheroid
cultivation. A crucial factor in our success was the surface
modification of OSTE+ using fluorosilane Fluo-ST2
(Emulseo, France) and Silane-PEG-OH (Biopharma PEG
Scientific Inc., USA). Our recent work [22] demonstrated
through various physico-chemical methods (zeta-potential,
XPS, contact angle measurement, etc.) that the fluorosilane
permanently modifies the surface of OSTE+ , creating a
fluorophilic surface essential for stabilizing water—oil
(hydrofluorether) emulsions. Furthermore, we observed
limited cell adhesion and low cytotoxicity on these surfaces.
Our designed system also includes a spheroid cultivator
part, for which we assessed the suitability of silane-
modified surfaces in maintaining the 3D structure of pre-
formed spheroids (refer to Fig. SI1). Without any surface
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modification, the spheroids began to disintegrate over the
course of cultivation due to preferential cell attachment to
the surface. With the fluorosilane modification, although
some cells detached from the main spheroid bodies, the
spheroids retained their spherical shape with distinct edges.
However, after 48 h, there was still significant attachment of
the spheroid cells to the surface. With the silane-PEG-OH
modification, the anti-fouling properties of the surface were
further improved. The spheroids did not show any signs
of attachment to the surface and the detached cells from
the spheroids were unable to survive or proliferate on the
modified surface for an extended period. This led us to
conclude that OSTE+ polymer, when modified with Silane-
PEG-OH, is well-suited for the construction of the spheroid
cultivator part of our system. Another advantage of the
OSTE+ material is the re-usability of the fabricated chips.
In our experiments, we reused the OSTE+ chips multiple
times, maintaining their effectiveness with no aqueous
phase wetting of the walls observed for up to five uses. Post-
experiment, each chip was thoroughly rinsed and flushed
with detergent to remove any residual spheroids, followed by
a sonication clean in isopropanol at 50 °C for 15 min. After
several cleaning cycles, we noted a reduced functionality of
the surface modification, which was readily restored with a
new coating. Additionally, the OSTE+ material facilitated
the straightforward fabrication of microfluidic devices. This
was achieved by fusing two distinctively molded layers,
allowing for off-axis channel positioning essential for
specific functionalities, such as the aqueous phase inlet (2)
and reservoir side channel inlet and outlet (6, 7) (Fig. 2a, b).

3.2 Droplet Generation

In our study, we successfully filled the droplet reservoir
entirely with a monolayer of droplets. This was accom-
plished by utilizing the bottom reservoir's side channel (7) as
an outlet during the filling process. The reservoir of our final
chip model, as depicted in Fig. 1, accommodates approxi-
mately 160 aqueous phase droplets, each with a diameter of
800 um. Our experiments on flow rate impact revealed that
droplet size could be finely tuned from 500 to 1000 pm, with
a remarkably low size deviation of + 1%. We observed that
the aqueous phase flow rate had a more pronounced effect on
droplet size compared to the oil phase flow rate. The droplet
diameter increased with the aqueous phase flow rate. This
is in contrast to the study by Kwak et al. [14], who used the
same oil phase (HFE-7500) and a comparable surfactant,
but with the droplet size decreasing under similar condi-
tions. This discrepancy could be due to differences in the
water—oil flow ratio, system geometry, or surfactant concen-
tration. Lee et al. [16] regulated droplet size via the oil flow
rate, with an increase in flow leading to smaller droplets.
We observed a similar but less pronounced trend. Based
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on our findings, we opted to regulate droplet size primarily
by adjusting the aqueous phase flow rate while keeping the
water—oil flow ratio constant. The oil phase flow rate was
found to influence both the spacing between droplets and
their movement speed. We settled on a water—oil flow ratio
of 2:1, which yielded optimal droplet spacing and a man-
ageable flow speed, allowing sufficient time for observation
and manipulation of the system. The relationships between
the tested flow rates and the resulting droplet diameters are
detailed in Fig. 3.

In our cell-based experiments, we chose flow rates of
20 uL/min for the oil phase and 40 uL/min for the aqueous

1000

©
o
o

[0}
o
o

7001

600 |

Droplet diameter [um)]

500 : : : : :
0 20 40 60 80 100 120

Total volumetric flow rate [ul min~!]

Fig.3 Generated droplet sizes based on the flow rates. The water—oil
flow ratio was 2:1

phase. This setup yielded droplet diameters just above
800 um. The larger droplet size was intended to facilitate the
formation of bigger spheroids, which are easier to retain in
the spheroid cultivation part of our chip. Additionally, these
larger droplets provide sufficient nutrients for the spheroids
to survive at least 24 h.

3.3 Spheroid Formation
3.3.1 Optimization of Cell Count/Droplet Volume Ratio

The primary objective of our study was to achieve the pre-
formation of stable, hydrogel-free spheroids within aque-
ous droplets, enabling their seamless integration into a cell
culture medium and further distribution across various sec-
tions of a microfluidic chip, all without the need for manual
intervention. This approach marks a significant innovation
over existing methodologies in this domain, paving the way
for the development of high-throughput, automated sys-
tems. Central to our success was establishing the ideal ratio
of initial cell count to droplet volume. This ratio is crucial
for ensuring the viability of the pre-formed spheroids over
extended periods (at least 12 h) within the droplets, and for
achieving the necessary spheroid integrity and stability for
subsequent fluid handling within the chip. To facilitate these
optimization studies, we initially developed a microfluidic
device featuring a large, oval-shaped droplet reservoir (see
Fig. 4). This design provided ample capacity for the droplets,
allowing for robust statistical analysis. Efficient optimization
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Fig.4 A large reservoir chip version, filled with concentration gradi-
ent of cells inside the droplets. a After 8-h incubation, where sphe-
roids are freshly formed. b After 16-h incubation, where the larger
spheroids are already dead because of depletion of the nutrients in
the droplets, while the smaller spheroids are still alive (the time of

death was determined approximately based on the cessation of move-
ment of the cell aggregates and a color change-from gray to black). ¢
A table with representatively selected spheroids across the reservoir
length with calculated droplet (D)/spheroid (S) diameter and volume
ratios and approximate corresponding lifetimes
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was possible within this setup in a single experimental run,
assuming the correct selection of the volume of the injected
cell suspension and taking into account the dilution effect on
the cell concentration towards the end of the injection pro-
cess. Once we determined the optimal cell-to-volume ratio,
maintaining this ratio in the final chip design (illustrated in
Figs. 2 and 6) became straightforward. This was achieved by
setting the desired cell concentration (based on the predeter-
mined droplet volume and requisite cell count) and ensuring
a consistent inflow of the cell suspension into the droplet
generator.

Figure 4 presents the results of our optimization study,
where cells were introduced into the droplet reservoir fol-
lowing a concentration gradient. At the beginning of incuba-
tion, we determined the initial cell count within each drop-
let, ensuring that individual cells were visible in a single
focal plane. We then observed the formation and growth
of spheroids during time-lapse cultivation experiments.
The lifespan of the pre-formed spheroids within the drop-
lets was inherently limited by nutrient availability, which
varied depending on the droplet's size and the initial cell
count. Typically, the droplet-to-spheroid volume ratio in our
experiments ranged from approximately 5-200, assuming
a spherical shape for spheroid volume estimations. A key
observation was that higher initial cell counts in the droplets
led to quicker nutrient depletion and subsequent spheroid
dying out. The end of spheroid viability was approximated
by observing the cessation of cellular aggregate movement
and a noticeable color shift from gray to black. These indica-
tors of spheroid dying out were previously documented and
detailed in our earlier study[26]. We additionally supported
this approximation method of spheroid lifetime determina-
tion by executing a live/dead assay in microwell plate, com-
paring the spheroid gray level with the amount of dead cells
visible with the assay, which is shown in supplementary,
Fig. SI6. Our results suggest that to ensure the survival of
pre-formed spheroids for a minimum of 24 h, the cell con-
centration and droplet size should be calibrated to achieve

a droplet-to-spheroid (D/S) volume ratio of at least 50, or
a D/S diameter ratio of 4 or more. Additionally, we noted
that excessive cell counts in droplets tended to result in the
aggregates adopting a more planar than spherical shape. This
deviation in shape can hinder the feasibility of subsequent
spheroid manipulations within the microfluidic system.

3.3.2 Statistical Analysis of the Spheroid Properties

An additional benefit of our methodology is that it facilitates
the automatic acquisition of statistical data pertaining to
various parameters, such as the shape of the spheroids,
their size, the cell count within droplets, and the droplet
size itself. Remarkably, this can be accomplished in a single
experimental run. We have initially demonstrated this
capability through image analysis, where we evaluated the
size distribution of spheroids within droplets and correlated
this with the initial cell count for each tested cell line, as
depicted in Fig. SI2. It is particularly notable that when
an equal number of cells are introduced into the droplet,
the spheroids formed from U27 and GAMG cells are
consistently larger than those derived from MCF-7 cells.
This size difference is observed irrespective of the presence
of growth factors.

An additional parameter that can be quantified through
image analysis is the acircularity index of spheroids, defined
as the ratio of the circumference of the polygon enclosing
the shape of the spheroid and the circumference of the circle
with the same area as the abovementioned polygon. This
index serves as a numerical representation of shape uniform-
ity when viewing the spheroid as a two-dimensional projec-
tion. An acircularity index of 1 indicates a perfect circle,
with higher values denoting greater deviations from the ideal
circular spheroid shape. The acircularity indices for sphe-
roids derived from all tested cell lines are depicted in Fig.
SI3 and summarized in Table 1. Data from Fig. SI3 reveal
that there is no straightforward correlation between spheroid
size and acircularity index. This observation implies that the

Table 1 Average values

3 - Cell type Spheroid formation method al[-] dy, [pm]

of acircularity indexes (a), d
equivalent diameters (d) for Us7 Droplets 1.22+0.12 373+43
all analyzed spheroids Agarose microwells 1.23+0.16 188 +39
MCF +GF Droplets 1.21+0.09 182+29
Agarose microwells 1.14+0.05 169 +31
MCF NO GF Droplets 1.17+0.10 145+23

Agarose microwells No compact aggregates

GAMG Droplets 1.47+0.26 165+36

Agarose microwells

No compact aggregates

The MCF-7 cells in the agarose microwells did not form any aggregates without the use of growth factors
(GF). The GAMG cells also did not form compact aggregates in the microwells. The source images from
which this analysis was done can be found in the supplementary material, Fig. SI4
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spheroid's shape (at least in its 2D projection) is influenced
more significantly by the cell line type rather than its size,
as indicated by the mean acircularity indices in Table 1. The
MCEF-7 spheroids, cultured without growth factors, exhibited
the smallest acircularity values for the droplet method, sug-
gesting a shape closest to a true circle. In contrast, GAMG
spheroids displayed a higher acircularity index relative to
other cell lines, indicating more pronounced shape varia-
tions. However, despite this variability in shape, GAMG
spheroids maintained their integrity, moving as cohesive
units without disintegrating under fluidic stress.

3.3.3 Formation of Spheroids in the Droplets

Utilizing the optimized parameters for spheroid generation,
we conducted a subsequent study to evaluate the efficacy
of spheroid formation in our microfluidic device compared
to the conventional agarose microwell technique (refer to
Fig. 5). We aligned the experimental conditions—such as the
initial cell count per droplet/well and the volume of the drop-
let/well—to ensure comparability. Despite these efforts, our
observations highlighted notable advantages of the micro-
fluidic system over the standard agarose microwell method
in several key aspects. Within our system, all examined cell
lines (MCF-7 with and without growth factors, GAMG, and
U87 cells) successfully formed stable spheroids within 12 h
of incubation. In contrast, the agarose microwell approach
failed to yield MCF-7 spheroids in the absence of growth
factors, and this limitation was also observed for GAMG
cells. While U87 and MCF-7 spheroids (with growth factors)
developed in agarose microwells shared similar properties to
those formed in droplets, as summarized in Table 1, the for-
mation time in agarose microwells extended to at least 48 h.

In summary, our approach not only facilitates high-
throughput spheroid formation and automated statistical
analysis but also demonstrates the efficient and rapid
production of pre-formed, droplet-encapsulated spheroids.
This is notably successful even with cell lines or under
conditions where traditional methods are ineffective.
Despite the swift advancements in this field, there is a
paucity of literature with which to compare the quality and
parameters of spheroids generated from identical cell lines
using microfluidic techniques. To date, the work of Kwak
et al. [14] is the sole study offering a direct comparison,
detailing scaffoldless spheroid formation from MCF-7
cell lines using droplet microfluidics. While the spheroid
sizes in their study are on par with ours, it remains unclear
whether growth factors were employed. Wu et al. [17]
managed to produce MCF-7 spheroids of similar dimensions
to our own (approximately 100 um) in matrigel-supported
droplets. However, in the absence of matrigel, their results
predominantly featured smaller spheroids and dispersed
cells. Lee et al. [16] utilized a methodology similar to that

of Kwak et al. [14] to form U87 spheroids, yielding sizes
that were comparable or marginally smaller than those we
obtained. A direct comparison of our spheroids with those
from studies utilizing hydrogel scaffolds is impracticable.
These investigations often involve different cell lines [5, 7,
8, 10, 15] or a combination of cell types [10, 12], which
inherently influence the outcome and characteristics of the
spheroids.

3.4 Release of the Spheroids from Droplets

To enable further manipulation of pre-formed spheroids
within the microfluidic chip, a critical additional step
involving the coalescence of droplets and the removal of
the oil phase was necessary. For this purpose, reservoir
side channels (designated as 6 and 7) were employed
to introduce a droplet disruption agent, 1H,1H,2H,2H-
Perfluoro-1-octanol, into the droplet reservoir. The design
of these branched side channels facilitated rapid distribution
of the agent throughout the reservoir. This agent, dissolved
in the denser HFE phase, flows beneath the droplets as
both side channels are positioned at the reservoir's bottom.
Additionally, these channels were narrowed at their junctions
with the main reservoir to reduce the likelihood of droplets
or spheroids being inadvertently forced through.

By flushing approximately 300 puL of a 10% solution of
the agent in HFE-7500 through the side branches, we suc-
cessfully coalesced all aqueous phase droplets, releasing
the spheroids into the aqueous medium. This process was
completed in under a minute using manual injection with a
syringe. Given that the aqueous phase is less dense than the
oil phase, it was relatively straightforward to expel the oil
phase from the droplet reservoir post-coalescence. This was
achieved via the side channels, accompanied by the intro-
duction of an additional culture medium into the chip, as
detailed in Sect. 2.6. Consequently, the spheroids suspended
in the culture medium could be easily redistributed to other
parts of the chip via medium flow. The entire procedure is
amenable to automation. Figure 6 illustrates the droplets,
both before and after coalescence, containing pre-formed
spheroids derived from the MCF-7 cell line.

Our method for the in-chip release of scaffoldless
spheroids from droplets represents a novel approach that,
to the best of our knowledge, is unique in the field. It paves
the way for the development of fully automated systems,
eliminating the need for manual handling of spheroids.
While Kwak et al. [14] employed the same chemical agent
for droplet disruption in HFE-7500, their methodology
diverged from ours in significant ways. In their system,
spheroid manipulation and the subsequent disruption of
aqueous droplets occurred outside the chip, necessitating
additional centrifugation steps to isolate the spheroids
from the resulting mixture. In contrast, Yoon et al. [12]
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MCF-7, 48 hours
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MCF-7 + GF, 6 hours
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MCF-7 + GF, 12 hours GAMG, 12 hours
Agarose microwells

MCF-7 + GF, 48 hours GAMG, 48 Hours U87, 48 hours

Fig.5 Typical cancer spheroids formed from different cell lines in picture (GF = growth factors). The scale bar is 800 um for every pic-
microfluidic chip and agarose microwells. a Spheroid formation pro- ture in the droplet method. b The appearance of the grown cell cul-
cess with the tested cell cultures inside the microfluidic chip droplet tures after 48 h of incubation in the agarose microwells. The scale bar
reservoir area. Cell lines and incubation times are listed under each is 800 um

Fig.6 Reservoir area of the
microfluidic chip. a Reservoir
filled with a monolayer of
droplets, each containing a pre-
formed MCEF-7 cell line sphe-
roid. b Reservoir after introduc-
ing the droplet disruption agent,
revealing the coalesced aqueous
phase with the spheroids. Scale
bar: 1200 pm
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utilized a magnetic field to extract spheroids from the oil
phase, a process that involved the integration of magnetic
nanoparticles. However, our chip design circumvents the
need for such additives, which could potentially interact
with the cells or affect the integrity and formation of the
spheroids. Moreover, implementing a magnetic field
approach without a hydrogel support structure, which
is critical for encapsulating the magnetic nanoparticles,
presents its own set of challenges.

3.5 Spheroid Trapping and Cultivation System

To showcase the capabilities of our microfluidic system for
on-chip formation and distribution of pre-formed spheroids,
we have dedicated efforts to developing an integrated
spheroid trapping mechanism. The primary objective of this
system is to isolate spheroids from the solution, targeting
the capture of individual units at specific locations within
the chip or trapping system. This setup would facilitate
subsequent cultivation and experimental analysis. While
our current focus has not been on a specific application, the
flexibility of our approach allows for future customizations
and modifications to meet diverse on-demand requirements.

3.5.1 Development of Trapping/Cultivation System

Our approach to developing and integrating a spheroid trap-
ping system was twofold: (i) evaluation of existing trapping
systems from published studies and (ii) computational fluid
dynamics (CFD) modeling coupled with experimental vali-
dation of novel systems designed by us (see Fig. 7). Initially,
we experimented with a basic obstacle-based trapping sys-
tem akin to the one described by Yu et al. [11]. However, this
method proved ineffective for our spheroids. Unlike larger or
more momentum-bearing particles, such as those used by Yu
et al. [11], which involved hydrogel encapsulation leading
to larger and heavier objects, our scaffoldless spheroids had
insufficient momentum. As a result, they easily bypassed the
obstacles by following the path of least resistance.
Consequently, our focus shifted to developing a sieve-
like structure for effective spheroid trapping. Our initial step
involved modifying a design previously published by Jackson
et al. [27], which featured inlet and outlet channels on the
sides (as shown in Fig. 7a). Despite achieving relatively
uniform flow rates through the microchannels with this sieve
design, we encountered a significant challenge in trapping
the spheroids. The primary issue was the disproportionate
flow strength in the main channel, running perpendicular
to the sieve's microchannels. This flow was overpoweringly
strong compared to the suction into the microchannels,
resulting in the spheroids being carried downstream to
the right side of the sieve before they could be captured
in the chambers situated at the microchannels' entrances.

The spheroids tended to roll over these entry points without
being captured inside. As a result, they accumulated at the
right end of the sieve, leading to a bottleneck in the trapping
process.

In response to these challenges, we designed an
alternative system with central inlet and outlet ports in
the trapping mechanism (as depicted in Fig. 7b, c). This
configuration effectively divided the main flow into two
streams, halving the velocity magnitude and thereby
enabling the spheroids to access the trapping chambers.
While this design showed some promise, as indicated by our
computational fluid dynamics (CFD) simulations, the flow
predominantly passed through the central microchannels.
This issue persisted despite our efforts to elongate these
channels to redirect the flow towards the sieve's peripheries
(Fig. 7b). To further address this flow imbalance, we
modified the height of the individual microchannels from
initial 600 um to final 200 um. This resulted in a marked
improvement in flow distribution, particularly enhancing
flow through the outermost parts of the sieve (Fig. 7c).
However, the continued refinement of this sieve structure,
while important, was outside the scope of our current study
and is earmarked as a key area for future research.

3.5.2 Experimental Verification of Spheroid Trapping
Mechanism

To streamline development, we initially constructed the trap-
ping and cultivation system as a standalone module sepa-
rate from the main microfluidic chip. This allowed us to
test its effectiveness both in the trapping process and for the
extended cultivation of pre-formed MCF-7 spheroids (illus-
trated in Fig. 8). Following successful optimization, this
system was then fully integrated into the microfluidic chip.

The final design of the spheroid trapping and cultivating
section (Fig. 7¢) proved to be quite effective. We would
like to stress that our primary intent was not to achieve a
complete occupation of all chambers present in the cultivator
part with individual spheroids, but rather to avoid the
situation of multiple spheroids in one chamber. From this
point of view, the system worked with relative success when
the size of the spheroids was comparable to the size of the
chambers, showing only 10% or less chambers occupied by
multiple spheroids (Fig. 7d - 40 spheroids total, 4 chambers
contained multiple spheroids and SI5 - 23 spheroids total,
one chamber contained 2 spheroids). The trapping process
was largely unaffected by variations in flow rate. When
a chamber captured a spheroid, the reduced fluid flow
through that particular chamber decreased the likelihood
of subsequent spheroids being drawn into it, thereby
directing them toward empty chambers instead. Despite the
simulations (Fig. 7c) showing the largest flow rate in the
central part of the cultivator, the distribution of the trapped
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Fig.7 Computational fluid dynamics simulation and experimental
validation of the spheroid trapping/cultivation system. Panels a—c
provide an overview of the simulated flow velocity distribution within
the spheroid trapping/cultivation section. On the left side of each
panel are graphical illustrations of the flow, while on the right side
are the volume flow rates through individual microchannels. Panels a
and b showcase the developmental models, with ¢ depicting the final,
experimentally tested model. The preset volumetric flow rate at the

spheroids (illustrated in Fig. 7d and SI5) was more in favor
of the side areas. This was most likely caused by the initial
high flow rate in the main channel compared to the flow
into individual chambers, similarly as in our previous sieve
model (Fig. 7a).

We additionally demonstrated the possibility of extended
cultivation of trapped spheroids in perfusion mode. Once
ensnared in the trap, the spheroids could be successfully
maintained for prolonged periods (at least 5 days), as shown
in Fig. 8. The cultivation conditions were set to deliver 10 pL
of medium every 150 s to the cultivator inlet. After 118 h,
the cultivator was flushed with CellTox Green (Promega,
USA) 2 x solution in cell medium for 1 h with flow rate of
1 uL/s. This substance stains dead cells by binding to DNA

@ Springer <KBCS

cultivator's inlet was fixed at 10 uL/min. In the accompanying graphs,
the red line indicates the average flow rate (total flow rate divided by
the number of microchannels), and the yellow points represent the
flow rates in each microchannel. The graphical illustrations corre-
spond to a plane at a height of 100 pm for panel a, 300 um for panel b
and 25 um for c. Panel d illustrates the trapped spheroids in the final
geometry (scale bar: 1 mm)

and forming a fluorescent complex with it (excitation peak
513 nm, 488 nm argon laser was used, emission 532 nm).
The substance cannot penetrate living cell membranes and
will thus only stain dead cells. It will also not penetrate
into and stain the spheroid necrotic cores. Throughout the
cultivation period, the spheroids retained their shape without
any noticeable disintegration. After 96 h, we can notice that
some cells detached from the spheroid bodies and stayed
in the microchannels behind. Part of those cells were still
alive, as can be seen from the 118-h image. At the end of the
cultivation, we can see that part of the cells on the spheroid
surfaces are dead, which was probably caused by insufficient
flow rate during the cultivation. However, the spheroids still
retained their integrity and majority of live cells.
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Fig.8 Close-up of the cultivation area with trapped MCF-7 cell sphe-
roids. These spheroids were formed by the patterned agarose method
and were 24 h old when put into the chip. After 118 h, the spheroids
were stained with CellTox Green to detect dead cells. The fluorescent

To further demonstrate the OSTE+ polymer compatibility
with fluorescent imaging, we have formed spheroids from
GFP-transfected U-87 cells (in agarose microwells) and
trapped them in the chip cultivator. One cell line was
transfected with EGFP (excitation 488 nm, emission
507 nm) and the second one with mScarlet-1 (excitation
569 nm, emission 593 nm). The spheroids were cultivated
for 24 h and their fluorescence was observable without any
visible background from the OSTE+ polymer (Fig. SIS).

image was compiled from z-stacks with maximum intensity on a con-
focal microscope and represents fluorescence from the whole sphe-
roid surface. The scale bar is 1 mm

4 Conclusions

In the dynamic field of cancer research, the shift towards
3D cell cultures, particularly tumor cell spheroids, marks
a significant advancement in replicating the complexity
of in vivo tumor microenvironments. Tumor spheroids
are valued for their ability to better mimic the cellular
architecture and drug response characteristics of real tumors,
especially in the context of drug resistance. Traditional 2D
cultures fall short in this aspect, often leading to misleading
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drug efficacy results due to their oversimplified nature. A
notable challenge in leveraging these 3D cultures is the
consistent formation of uniform spheroids and their precise
manipulation for drug screening. Uniformity in size and
shape is crucial for reliable results, but achieving this has
been a complex hurdle in the field.

Our study addresses this challenge by introducing a novel
microfluidic system that utilizes droplet microfluidics for
generating uniform, scaffoldless 3D cell cultures (spheroids),
with an emphasis on complete in-chip handling. We
developed a microfluidic chip comprising integrated droplet
generator, reservoir, and cultivation sections, functioning as
an integrated system. It streamlines the entire cultivation
process by (i) generating tumor spheroids from cell
suspensions within individual droplets, (ii) merging these
droplets into a continuous aqueous phase upon completion
of spheroid formation, and (iii) transferring the spheroids to
a specialized area within the chip for extended cultivation.
This integrated approach eliminates the need for external
handling or hydrogel encapsulation, a common requirement
in other methods, thus reducing contamination risks and
simplifying the process. The chip was fabricated from
OSTE+ (off-stoichiometry thiol-ene epoxy) polymer, known
for its robustness and suitability for repeated use. We further
demonstrated the system's effectiveness by successfully
forming spheroids from various cell lines, including MCF-
7, GAMG, and U87. Tumor spheroids were not only formed
but also released from droplets and trapped for further
cultivation within the chip, showcasing the system’s ability
to handle delicate processes internally.

We may conclude that our novel microfluidic approach
offers a promising avenue for improving high-throughput,
automated procedures in the formation, transfer, and
cultivation of tumor cell spheroids. This advancement could
significantly enhance the accuracy and efficiency of drug
screening processes, ultimately accelerating the development
of more effective cancer treatments.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13206-024-00167-x.
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