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†3B’s Research GroupBiomaterials, Biodegradables and Biomimetics, University of Minho, Headquarters of the European Institute
of Excellence on Tissue Engineering and Regenerative Medicine, AvePark, 4806-909 Taipas, Guimaraẽs, Portugal
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ABSTRACT: We suggest the use of biomimetic superhydrophobic
patterned chips produced by a benchtop methodology as low-cost
and waste-free platforms for the production of arrays of cell
spheroids/microtissues by the hanging drop methodology. Cell
spheroids have a wide range of applications in biotechnology fields.
For drug screening, they allow studying 3D models in structures
resembling real living tissues/tumors. In tissue engineering, they are
suggested as building blocks of bottom-up fabricated tissues. We used
the wettability contrast of the chips to fix cell suspension droplets in
the wettable regions and evaluated on-chip drug screening in 3D
environment. Cell suspensions were patterned in the wettable spots
by three distinct methods: (1) by pipetting the cell suspension
directly in each individual spot, (2) by the continuous dragging of a
cell suspension on the chip, and (3) by dipping the whole chip in a
cell suspension. These methods allowed working with distinct throughputs and degrees of precision. The platforms were robust,
and we were able to have static or dynamic environments in each droplet. The access to cell culture media for exchange or
addition/removal of components was versatile and opened the possibility of using each spot of the chip as a mini-bioreactor. The
platforms’ design allowed for samples visualization and high-content image-based analysis on-chip. The combinatorial analysis
capability of this technology was validated by following the effect of doxorubicin at different concentrations on spheroids formed
using L929 and SaOs-2 cells.
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■ INTRODUCTION

High-throughput studies in biotechnology areas such as drug
screening and tissue engineering have been carried out mainly
in two-dimensional (2D) environment. Such models are
routinely used for evaluating the effectiveness and safety of
libraries of drugs and other bioactive or potentially therapeutic
molecules. However, biological phenomena in living organisms
clearly take place in three-dimensional (3D) environments. In
2D techniques, cell-to-plastic interactions prevail rather than
the crucial cell-to-cell and cell-to-extracellular matrix (ECM)
interactions that form the basis for normal cell function. Tissue
culture polystyrene is an unnaturally stiff substrate compared to
the softer mechanical environment that cells experience in vivo.
The stiffness of the substrates used for cell growth is well-
known to alter cell function. For example, mesenchymal stem
cells differentiation can be directed into certain lineages simply
by altering the stiffness of the substrates they were cultured on.1

In nature cells lie in a 3D configuration organized in the self-

secreted microenvironment, the ECM, both in organs and
tumor masses. In this milieu, cells interact in a totally natural
manner, without the intervention of foreign factors, such as
biomaterials. The demand for studies using organotypic models
is increasing, in order to improve the relevance of the findings
achieved in these areas of study.
The use of cell spheroids has been suggested as a potential

link to bridge the gap between monolayer cultures and animal
model studies.2−6 A solution to create organotypic models is
the in vitro construction of cell spheroids. Multicellular tumor
spheroids were described as ‘spherically symmetric aggregates
of cells analogous to tissues, with no artificial substrate for cell
attachment. Such cell structures resemble tumors in vivo in
many ways. It is known that the expression of antigens, pH and
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oxygen gradients within the spheroid, as well as penetration rate
of growth factors and distribution of proliferating/quiescent
cells within the spheroid is similar to those of a real tumor.7,8

Resembling the in vivo environment, in those micromasses cells
tend to attach each other in an organized structure constituted
by cells in combination with ECM. Some types of spheroids are
grown in order to mimic tumor models: the living spheroid
structure contains a necrotic core, similarly to the native
tumors.9 As such, the accessibility of cytotoxic agents into the
spheroids may be limited by hypoxia and poor vascularization
within the microregions of the cultures10 as occurs in solid
tumors.11−13 Cell growth in 3D organization has been reported
to induce significant variations in the bioenergetics of
osteosarcoma cells (MG-63).14 In the cancer research field,
cell spheroids have been widely applied as in vitro systems to
investigate specific microenvironment factors associated with
tumor therapy, such as the mechanism of action of chemo-
therapy, radiotherapy,15,16 and drug toxicity.17 Cell spheroids
are also useful as models for the development of complex
microtissues and can also be used as building blocks of larger
tissues.18−20

Several methods to produce cell spheroids can be found in
literature.5 The hanging drop technique is an advantageous
method since it can be applied to distinct cell types, it enables
the control of the spheroid size control, and the micromass is
exposed to low shear stress.21 The cells are pulled to the
concave bottom of a hanging droplet by gravity effect, and tend
to start the natural organization by cell−cell attachment and
production of ECM. To make spheroids by the hanging drop
technique, usually volumes of about 20−30 μL of a cell
suspension are pipetted onto the inside lid of a tissue culture
plate.22 Advances into high throughput production of spheroids
using the hanging drop method have been made, producing up
to 384 spheroids in a single array.23 However, the platforms
developed in that previous work were fabricated by injection
molding, requiring specific processing machinery.
Herein, we suggest the use of superhydrophobic surfaces

patterned with wettable regions as platforms produced by a
benchtop methodology for the affordable and scale-up
production and analysis of cell spheroids/microtissues by the
hanging drop technique. Platforms based on wettability
contrast were previously used for the high-content study of
cells-biomaterials interactions.24−26 In such studies, the
patterning of wettable regions in superhydrophobic polystyrene
and poly(lactic acid) was performed by exposure to UV/ozone
or plasma gas.27,28 In both cases, the wettability of the patterns
was controlled by the time of exposure of the super-

hydrophobic surfaces to the UV/ozone or plasma treatments
through a photomask. More recently, instead of patterning
wettable regions in the polystyrene surfaces after the phase-
separation treatment that leads to their superhydrophobicity,
the authors suggested the protection of untreated commercial
polystyrene with poly(vinyl chloride) (PVC) stickers, followed
by the phase separation treatment of the polymeric surface.29

The area protected by the stickers remained with the original
contact angle of untreated polystyrene, as the surroundings
were treated to be superhydrophobic. The patterning of
wettable regions in other superhydrophobic polymeric surfaces
was also reported for biotechnology applications. Accardo et al.
reported the production of poly(methyl methacrylate) super-
hydrophobic surfaces by lithography and plasma etching for the
X-ray scattering of protein solutions drying in surfaces with
distinct topographies.30 Such surfaces were more recently used
for droplet mixing controlled by electrowetting, with great
avoidance of contact between the droplets and the surface.31

We adapted polystyrene superhydrophobic platforms - with
transparent wettable regions and the hanging drop surface
totally exposed to the external media allowing its facilitated
manipulation−as high-throughput screening platforms for drug
testing and on-chip high-content cell response analysis by
microscopy. In this approach, cell spheroids were produced by
three methods, with distinct throughput abilities and adaptable
to the needs of the user: (1) by manual pipetting of cell
suspensions in each wettable regions, (2) by dragging a cell
suspension on the chip and (3) by dipping the whole chip in a
cell suspension.
For the proof-of-concept we dispensed cell suspensions of

distinct cell types (L929 and SaOs-2) with different cell
densities in the array of wettable regions of the chips. After the
formation of cell spheroids, we tested the effect of a cytostatic
agent used in clinical practice (doxorubicin - Dox), also
dispensed in a combinatorial way in each individual spot of the
chip. By on-chip microscopy analysis we proved the suitability
of such platforms for direct drug screening using tumor-like
models. The presence of transparent patterns in the chips
allowed monitoring spheroids formation in real-time without
the need of any staining, simply by using transmitted light
microscopy. Moreover, the platforms were robust allowing for
successive tilting, as the droplets do not slip from the wettable
spot. We also proved that besides working directly in the
wettable spots by pipetting, it was possible to perforate the
superhydrophobic surfaces and feed/remove media from the
spots by holes where needles were inserted. With this in mind,
we also showed the compatibility of this easily prepared and

Figure 1. Pictures of the chips with the cell suspensions turned (A) upside and (B) tilted down. (C) Transmitted light microscopy image of a
spheroid, observed from the top of the chip, through the transparent spot (as indicated in the schematic representation). Additional information on
the robustness of the chips to movement can be found in Video 3.
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versatile system with dynamic media exchange and possible
configurations that may allow in the future, for example,
controlling the delivery of molecules over time, or to use each
spot as a mini-bioreactor.

■ MATERIALS AND METHODS

Superhydrophobic Chips for Manual Pipetting Tech-
nique (Methodology 1). Polystyrene flakes were cut from
commercially available polystyrene plates (Corning). PVC
stickers (Oracal, U.S.A.) were glued in the polystyrene surface
in the form of an array of 1 × 1 mm2 squares separated by 4
mm. Tetrahydrofuran (THF) was from Fluka (p.a.>99.5%) and
ethanol absolute from Panreac. The surfaces were modified
according to a phase separation protocol described elsewhere.32

The wettability of the surfaces was evaluated by contact angle
(CA) measurements in an OCA15+ goniometer (DataPhysics,
Germany) using the sessile drop method. The stickers were
then removed from the surface of the chip. The protected
regions remained untreated and, consequently, wettable and
transparent (Figure 1A and B). Prior to the contact with cell
suspension, the platforms were sterilized with ethanol 70% (v/
v) for 2 h, rinsed with sterile phosphate buffered saline (PBS) 3
times and let to dry at room temperature.
Cell Expansion and Cell Culture. A fibroblast (L929) and

an osteosarcoma cell line (SaOs-2) were used for spheroids
formation and drug screening studies. Cells were expanded in
basal medium consisting of DMEM (Gibco, UK) supplemented
with 10% heat-inactivated fetal bovine serum (BiochromAG,
Germany) and 1% antibiotic/antimycotic solution (penicillin
100 units/mL and streptomycin 100 mg/mL; Gibco, UK).
Cells were grown in 150 cm2 tissue culture flasks and incubated

at 37 °C in a humidified air atmosphere of 5% CO2. Every 3−4
days, fresh medium was added. At 90% of confluence, cells
grown in tissue culture flasks were washed with PBS and
subsequently detached by a chemical procedure with 0.05%
trypsin-EDTA solution for 5 min at 37 °C in a humidified air
atmosphere of 5% CO2. To inactivate the trypsin effect, cell
culture medium was added. The cells were then centrifuged at
300 g and 25 °C for 5 min and the medium was decanted. Cell
suspensions with distinct densities were prepared.

Spheroids Formation for Drug Screening. The chips
were fixed to the lids of tissue culture plates using commercially
available tape. The lower part of the plate was filled with sterile
PBS, so the environment was saturated with water, to avoid the
cell suspension droplets evaporation. A volume of 5 μL of cell
suspensions of 4 × 106 and 8 × 106 cells/mL was dispensed in
each wettable spot of the chip, as indicated in Figure 2. Each
condition was processed in triplicate in each chip. The
spheroids were let to form during 24 h, after turning the
platforms 180°, by closing the tissue culture plate with the lid
where the platform was fixed with tape. We were able to
monitor the spheroids by transmitted light microscopy (Axio
Imager Z1m, Zeiss), as the visible light was able to pass through
the polystyrene transparent window in the chip.

Drug Screening: Studies with Doxorubicin. After 24 h
of cell culture for spheroid formation, a volume of 1 μL of
solutions of doxorubicin in water was added to each spot in the
concentrations of 0, 0.1, 1, 10 μM (based on concentrations
previously used).33 As live/dead microscopy images from
fluorescence microscopy showed a high resistance from L929
cells to these drug concentrations (Figure S1, Supporting
Information), a new experiment was carried out with these cells

Figure 2. Schematic representation of the procedure for the production of spheroids in (A) superhydrophobic surfaces patterned with wettable
transparent spots (water droplet profiles on the superhydrophobic region, left, and wettable region, right). (B) Addition of a cell suspension into the
wettable spots of a superhydrophobic patterned chip by pipetting (method 1). (C) Turning of the platform 180° to create a hanging-drop setup. The
spheroids were let to form for 24 h. (D) Dox was added to each well in combinatorial logic. The addition of Dox to the spots was performed by
pipetting after tilting the chips (around 110°). However, the system was also adapted in order to avoid moving the platform, which may disturb the
normal formation of the spheroids. We modified the system by making small holes (represented in dashed lines), to achieve multiple configurations
with the same platform. The medium was reached by a needle tip (represented in black lines, inside the holes). (E) We perforated the inner part of
the wettable regions of the array, in order to add and remove medium directly from the spot. (F) In another configuration, to avoid evaporation and
contamination of the medium, we drilled the superhydrophobic region of the chip, 1 mm away from the wettable spot. As such, we accessed the
medium laterally. (G) The number of holes in the system could be increased, and their position could be changed. For example, we created a two-
entrance system, with an inlet (I) and an outlet (O), so the medium had a dynamic composition over time (Video 4, configuration F).
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with 0, 1, 10, and 100 μg/mL of Dox (based on concentrations
previously used).34

Fluorescence Microscopy and Confocal Microscopy.
For fluorescence reflected light microscopy as well as for
confocal microscopy, live dead staining was carried out using
calcein AM and propidium iodide. A volume of 2 μL of solution
of PBS with 10% (v/v) of each reagent was added to the
spheroids, after 3 μL of the culture medium (from a total
volume of 5 μL) was removed from the spots. The samples
were left to incubate at 37 °C during 30 min, and then washed
3 times with 3 μL of PBS. Spheroids diameter quantification
was carried out using ImageJ software (NIH, USA).
Viability Study: Image Quantification. Confocal micros-

copy images were used to determine cell viability. As such, we
could determine the number of viable cells in each stack, even if
the distribution of dead cells was not uniform in the spheroid.
We used the particle analysis application of ImageJ software
and analyzed the multiimages (multitiff) in the form of images
stacks. The total number of cells in the analyzed spheroids was
assumed to be the sum of cells counted in all stacks. Cell
viability was determined as

=
∑

∑ +
×cell viability (%)

live cells
(live cells dead cells)

100%

(1)

Superhydrophobic Chips for Higher-Throughput
Techniques and Respective Spheroids Formation. We
treated the polystyrene chips with the PVC stickers, prepared as
previously described for manual pipetting, with a layer of
WX2100 (Cytonix, USA), an air-cured fluoro-urethane alkyd,
according to the manufacturer’s indications. This product has
been previously used for cell studies without any report of
cytotoxic effect.35 For these studies, we used chips with stickers
with 3 × 3 mm2, separated by 3 mm. The surfaces were then let
dry for 48 h. We then removed the stickers.
For the method 2, as indicated in Figure 3A and B, we used a

L929 cell line cell suspension with a density of 1 × 107 cells/
mL. We dragged the cell suspension with a speed of
approximately 1 wettable spot/second, as can be seen in
Video 1. To measure the average volume of cell suspension
fixed in each wettable spot, we used a micropipet and removed
the medium from each individual spot. The chips were turned

180°, as for method 1, and the spheroids were let to form
during 24 and 72 h. Live dead staining was carried out using
calcein AM and propidium iodide, as described for method 1.
The spheroids were then observed using reflected light
fluorescence microscopy (Axio Imager Z1m, Zeiss), and their
diameter was quantified using ImageJ software (NIH, USA).
For method 3, as indicated in Figure 3A and B, we used a

L929 cell suspension with a density of 5 × 106 cells/mL. We
dipped the whole chip in cell suspension during 5 s (as shown
in Video 2). After removing the chip, we tilted it so the
remaining cell suspension was removed from the super-
hydrophobic part of the chip. To measure the average volume
of cell suspension fixed in each wettable spot, we used a
micropipet and removed the medium from each individual spot.
The chips were turned 180°, as in method 1, and the spheroids
were left to form during 24 h. Live dead staining was carried
out in the same conditions as for method 1. The spheroids were
then observed using reflected light fluorescence microscopy
(Axio Imager Z1m, Zeiss), and their diameter was quantified
using ImageJ software (NIH, USA).

Increasing the Versatility of the Superhydrophobic
Patterned Chips: Improving the Access to Cell Culture
Medium. Polystyrene surfaces prepared for drug screening
studies (method 1) were perforated both in the center of the
transparent spot (configuration D, Figure 2) or at 1 mm from
the border of the transparent squares (configurations E and F,
Figure 2), using a 27G needle for perforation. The needle tips
were cut to be straight. They were introduced in the chip spot
from the upper surface of the chip, as indicated in Figure 2, for
medium exchange and circulation. We performed and tested
the three configurations shown in Figure 2E−G. The liquid
flows were adjusted to 60 μL/min using a peristaltic pump.

Statistical Analysis. All cell spheroids diameter and cell
viability quantification results were analyzed by one-way
ANOVA with Tukey’s post-test using GraphPad Prism
software.

■ RESULTS AND DISCUSSION
By using the wettability contrast of the superhydrophobic
patterned chip, we dispensed droplets of cell suspensions and
kept them restricted and fixed in the wettable spot due to the
difference in surface tension compared with the super-

Figure 3. Schematic representation of the higher throughput methodologies (described as methods 2 and 3 in the text). (A) In both methodologies
the superhydrophobic chip based on wettability contrast is used. (B) In methodology 2, presented in Video 1, a cell suspension is dragged through
chip, and the droplets are fixed in the wettable spots because of the wettability contrast. In methodology 3, presented in Video 2, the whole chip is
immersed in a cell suspension. When the chip is removed from the cell suspension, droplets are fixed in the wettable regions and the remaining liquid
is repelled from the superhydrophobic parts of the surface due to its self-cleaning properties. (C) A chip with droplets of cell culture medium is
obtained and then turned 180° for the formation of cell spheroids, in the same way as in methodology 1. Live/dead staining image of a cell spheroid
obtained using the methodology 3.
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hydrophobic surrounding regions (Figure 1A). It was
previously shown that protein adsorption in the wettable
regions of the chips is higher than in the superhydrophobic
parts.27,36 Moreover, cell adhesion and proliferation were, as
well, diminished in the superhydrophobic parts of chips
constituted by different polymers. Such results were observed
for fibroblast and osteoblast-like cell lines in polystyrene, bone
marrow stem cells in poly(lactic acid), NIH 3T3 fibroblasts in
poly(methyl methacrylate), polyether ether ketone and poly-
1,8-octanediol-co-citric acid surfaces, as well as for HEK 293
cells in poly(butyl methacrylate-co-ethylene dimethacrylate)
surfaces.26,27,37−39

Patterning of Cell Suspensions in the Chips. Cell
suspensions were patterned in the wettable spots by manual
pipetting of the cell suspension in each individual wettable
pattern (Figure 2, describing method 1), dragging of a cell
suspension in the array (Figure 3A and B, method 2), or
dipping of the whole platform in the cell suspension (Figure 3A
and B, method 3). The working principle behind all strategies is
the wettability contrast in the chips, where the cell suspensions
remain attached to the wettable spots and are repelled from the
superhydrophobic regions because of its self-cleaning proper-
ties. However, their diversity allows choosing a higher-
throughput and time-saving method for microtissue prepara-
tion, in the case of methods 2 and 3, or higher degree of control
of the composition of each individual spot, in the case of
method 1. The methods may also be combined. For example,
cell spheroids may be prepared by method 2, if distinct types of
spheroids are needed in replicate in the chips, or by method 3,
if we aim to produce or study a single type of cell spheroid.
Afterward, distinct drug formulations or other components may
be dispensed in each individual spot by pippeting (method 1).
We observed that the chip could be rotated and tilted several

times without any movement of the droplets (Figure 1B and
Video 3). This proved that the handling of the chip, medium
exchange and drug delivery to the droplet could be carried out
easily, by simply tilting the culture plate lid, as shown in
method 1. The superhydrophilic−superhydrophobic interac-
tions in polystyrene superhydrophobic surfaces patterned with
superhydrophilic channels were previously shown to be stable
and resistant even to dynamic environment inside the channels.
On the other hand, hydrophobic−superhydrophilic interactions
in polystyrene did not allow restricting the liquid in the
wettable patterns.32

For method 2, using a micropipet to drag the cell suspension
at an approximated rate of 1 wettable spot/second (Video 1),
we observed that the volume fixed in each spot ranged from 6
to 7 μL. Cell spheroids were obtained from a cell suspension of

L929 (cell line generated from mice muscle fibroblasts), with a
density of 1 × 107 cells/mL. After 24 h of cell culture, we
obtained spheroids with mean sizes of 520.0 ± 48 μm (n = 20),
and after 72 h of cell culture with 800.3 ± 18 μm (n = 20). As
observed by the standard deviation of the spheroids size, a low
size distribution was obtained using this approach. For method
3, we used chips with the same dimensions and immersed them
for 5 s (Video 2). We observed that after dipping the volume of
medium in each individual spot was also in the range of 6−7
μL. The cell suspension was in a concentration of 5 × 106 cells/
mL. After 24 h of cell culture, we obtained spheroids with an
average size of 205.6 ± 26 μm (n = 20). With this method, the
number of spheroids obtained in 5 s is solely dependent on the
number of wettable regions on the chip.
As the wettable spots of the chips were transparent, the

formation of spheroids was amenable to be monitored using
transmitted light microscopy (Figure 1C), avoiding any cell
staining or labeling using toxic labels. It also prevented
excessive manipulation/opening of the lid, consequently
decreasing the risk of contamination of the whole setup
(Figure 2).

On-Chip Cell−Drug Interactions Tests. For the proof of
concept of drug screening assays, L929 cells were first
dispensed at distinct densities in the wettable spots (Figure
4A). After 24 h of incubation, we concluded that the densities
that allowed forming cell spheroids were 4 × 106 and 8 × 106

cells/mL (Figure 4A). Using these conditions we produced
spheroids of two cell types: L929 and SaOs-2 (cell line
generated from a human osteosarcoma). Spheroids diameter
was dependent on both cell number and cell type. For both cell
types, after 48 h of incubation 8 × 106 cells/mL suspensions led
to the formation of larger spheroids. Moreover, SaOs-2
spheroids were smaller than the ones constituted by L929
cells (Figure 4B).
The cell culture media was maintained static during spheroid

formation time (24 h). Afterward, a cytostatic agent commonly
used in clinical practice, Dox, was added in increasing doses.
The influence of cell type and cell density of the suspension
used to form the spheroid and drug concentration on cells
viability was evaluated. Fluorescence microscopy pictures of
live/dead staining of the spheroids are shown in Figure S1
(Supporting Information). Confocal microscopy stack images
were used for an accurate cell number-based quantification;
images resulting from the assembly of the stacks can be seen in
Figure 5. For the first used Dox concentrations (0.1, 1, and 10
μM), SaOs-2 cells showed concentration-dependent cell
viability. With increasing Dox concentration, the area
corresponding to red cells (stained with propidium iodide)

Figure 4. (A) Confocal assembly microscopy images of the cells after 24 h in the hanging drop system, dispensed in the wettable spots by manual
pipetting. We observed that the conditions 4 × 106 and 8 × 106 cells/mL were the most favorable for spheroid formation. Scale bar = 200 μm. (B)
Average diameter of the spheroids after 48 h of cell culture, without the addition of any drug. The asterisk (*) indicates significant differences for p <
0.05.
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increased (Figure S1, Supporting Information). However, we
observed that for such concentrations the viability of L929 was
maintained up to 48 h (Figure S1, Supporting Information). A
decrease in L929 viability was only observed after 72 h of
exposure to Dox. It was previously described that Dox does not
kill L929 cells at concentrations that profoundly reduce
clonogenic survival (5 μg/mL), corresponding to the range of
concentrations used first in the work presented herein. Instead,
the cell and nuclear volume progressively increase for at least 1
week following drug exposure leading to the production of
characteristic giant cells. The increase in nuclear volume results
from a continued DNA synthesis and increase in chromosome
number without entry into mitosis.40 As such, we performed
the assays with higher concentrations, effective on L929
viability decrease, according to values reported elsewhere.28

On the other hand, Dox was found to induce reactive oxygen
species formation, mitochondrial membrane depolarization,
mitochondrial cytochrome c release, caspase-3 activation, and
apoptosis in SaOs-2 cells. As such, these cells are well-known as
highly sensitive to Dox, even at low concentrations.41

We increased the amount of Dox added to L929 cell
spheroids in the order of a million times, compared to the

originally used concentrations, and kept the values of the
concentration used for SaOs-2. Then the percentage of living
cells in the spheroids was quantified by analyzing the stacks of
confocal microscopy images, with live/dead staining (Figure 5).
Even with 106-fold higher concentration of Dox (1, 10, and 100
μg/mL), L929 cells were still significantly more resistant to this
cytostatic than SaOs-2 cells. SaOs-2 cells viability showed a
concentration-dependent behavior (Figure 6). For both cells
types, 8 × 106 cells/mL spheroids showed lower viability than 4
× 106 cells/mL spheroids, even without the addition of Dox
(Figure 6). This may be explained by the necrotic core formed
in the 8 × 106 cells/mL spheroids after 24 h of cell culture
(Figure 6), as they are much more compact than the 4 × 106

cells/mL spheroids: for a cell number twice as high, the
diameter of the spheroids showed to be similar to the ones
formed from the 4 × 106 cells/mL suspension. This fact
probably limited oxygen and nutrients diffusion to the center of
the cell mass.

Adaptation of the Chips for Dynamic Cell Environ-
ment. We adapted the chips to open the possibility of having
dynamic cell environments where, for example, physiological-
like drug delivery conditions and clearance properties could be
mimicked. Three different possible configurations were tested.
The first one (depicted in Figure 2E) consisted of holes in the
middle part of the wettable regions of the chips, allowing
exchanging medium in a direct manner by the introduction of a
needle. However, such design may increase the evaporation of
the medium from the spots and also increase contamination
risk due to cell medium exposure to the outer environment.
The second approach (shown in Figure 2F) consisted of a hole
equivalent to the one of the configuration in Figure 2E, with the
exception that the drilling was performed in the super-
hydrophobic part of the chip, 1 mm away from the border of
the wettable spots. Such configuration also allows expanding
the number of inlets to the system, as shown in the third
configuration (depicted in Figure 2G), where one of the holes
is used as an inlet, and the second hole is used as an outlet. This
configuration allows several approaches, such as recirculation of
medium, physiological clearance mimetics, controlled drug
delivery to the system, among others. We adjusted the flow of
the inlets to 60 μL/min and were able to fill independently each
well without having to turn the chip upsides. We additionally
tested the system by filling and emptying the wettable spot with
a red colorant (Video 4).

Figure 5. Confocal microscopy assembled images of the cell spheroids
formed by L929 and SaOs-2 cells, with live (green)/dead (red)
staining (calcein AM/propidium iodide).

Figure 6. Quantification of viable cells by image analysis for L929 and SaOs-2 spheroids. The black lines indicate significant differences between
distinct Dox concentrations for 4 × 106 cells/mL conditions, while red lines indicate significant differences between distinct Dox concentrations for 8
× 106 cells/mL conditions. Blue lines indicate significant differences between spheroids prepared using cell suspensions with distinct cell densities,
but exposed to the same Dox concentration. Statistically differences were considered for p < 0.05.
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Advantages of the Method and Future Perspectives.
In resume, superhydrophobic surfaces patterned with wettable
regions are herein proposed as chips for the high-throughput
generation and image acquisition of cell spheroids. We were
able to pattern cell suspensions with precision in wettable spots
by three distinct methods, with distinct throughputs. The
superhydrophobic/wettable contrast in the chips allowed
having stable droplets, whose volume was amenable to be
varied by varying the size of the wettable spots. Because of the
transparency of the wettable spots where cell suspensions were
dropped, the platform is compatible with reflected light
microscopy as well as transmitted light microscopy. The
number of spheroids to be prepared was totally controlled by
cutting the flexible polystyrene platform with a specific number
of wettable regions, making the technique waste-free. The
platform was totally two-dimensional, facilitating sterilization
process and eventual reuse. After immersion in 70% ethanol (v/
v) and drying at room temperature the chips remained
superhydrophobic. Moreover, the boarders of the wettable
patterns designed in the chips remained defined, allowing
reusing the platforms. We studied the effect of the addition of a
cytostatic drug in different concentrations on the viability of
two distinct cell types cultured in the form of spheroids. The
platform is versatile as it allowed working with distinct types of
cells, drug solutions and stainings. In future studies, it may be
adapted for the study of complex heterotypical spheroids,
composed by two or more cell types, in contact with distinct
drugs, mixtures of drugs and agents released into the medium
in a controlled fashion. We also proved that these chips are
amenable to be adapted to bioreactor logic, where the flow of
medium in each spot could be controlled independently.
Clearance and renovation of solutions may be easily achieved
by this method. The transparent window may also be useful in
the future to monitor tissue formation and organization using
cells transfected with fluorescent molecules. For example, the
formation of Janus-like structures may be studied. Moreover,
the ideal conditions that lead to the self-assembly of tissues
mimicking their natural behavior in vivo, namely, their
vascularization, may also be evaluated using these plat-
forms.42,43

■ CONCLUSIONS

Superhydrophobic surfaces patterned with wettable spots were
successfully used as improved and versatile platforms for high-
throughput spheroids formation and drug screening in such in
vitro-constructed tissues. These affordable chips are easy to
design and can be produced by a benchtop strategy. They are
totally cytocompatible and allow working in contamination-
preventing visualization conditions. We proved that they are
robust and adequate for combinatorial high-throughput drug
screening tests. Moreover, we were able to modify them as
mini-bioreactors with several configurations that may be used
to distinct applications needs, with distinct behaviors in each
spot. We believe these platforms may find application in future
works regarding not only drug screening but also microtissues
formation for tissue engineering purposes.
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