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Abstract: Three-dimensional cell culture has become a reliable method for reproducing in vitro
cellular growth in more realistic physiological conditions. The surface hydrophobicity strongly
influences the promotion of cell aggregate formation. In particular, for spheroid formation, highly
water-repellent coatings seem to be required for the significant effects of the process. In this work,
surfaces at different wettability have been compared to observe their influence on the growth and
promotion of aggregates of representative mammalian cell lines, both tumoral and non-tumoral (3T3,
HaCat and MCF-7 cell lines). The effect of increased hydrophobicity from TCPS to agarose hydrogel
to mixed organic–inorganic superhydrophobic (SH) coating has been investigated by optical and
fluorescence microscopy, and by 3D confocal profilometry, in a time scale of 24 h. The results show
the role of less wettable substrates in inducing the formation of spheroid-like cell aggregates at a
higher degree of sphericity for the studied cell lines.

Keywords: agarose; 3D profilometry; circularity; mammalian cells; size distribution; spheroids;
superhydrophobic

1. Introduction

Adhesion control of cells to surfaces has an essential role in designing materials for
biomedical applications, determining substrates that affect many aspects of cell function,
such as spreading, migration, proliferation, and differentiation. Surface chemistry and
topography influence cell behavior, and the response of cells to the surface has been
studied as functions of the cell size and surface features [1]. In fact, surface roughness
(Sa) modulates the biological response of tissues in contact with the substrate [2]. Cells
have been proven to be influenced by both isotropic and anisotropic surfaces, while strong
differences have been observed as a function of the cell type, and some preferences for
disordered systems, with selective responses for surface chemical modifications, correlated
to changes occurring at the micro/nano scale [3].

Wettability behavior is another important aspect that can influence cell adhesion and
growth. A surface can be defined as hydro/oleo-phylic when the water or oil contact
angle (CA) is <90◦, hydro/oleo-phobic when CA > 90◦, and superhydro/oleo-phobic (SH)
when CA > 150◦. Amphiphobicity is a feature of a surface that shows both oil and water
repellence. In particular, SH surfaces (SHS) result from a combination of low surface energy
material with a specific surface morphology (micro/nanoroughness) [4].

Culturing cells in three dimensions has become a challenging model for reproducing
in vitro cellular growth in more realistic physiological conditions. Three-dimensional
cell aggregates or spheroids are interesting for maintaining cellular electrical activity and
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intracellular functions [5,6], and, for this reason, spheroid culture can be regarded as a
promising method to provide novel insights into drug screening in vitro [7].

The physical properties of the tumor cell environment have been discussed in [8], with
the aim of explaining the cause–effect relationship of physico-mechanical signals in cancer
formation. Usually, non-adhesive coatings or substrates at particular wettability promote
the formation of 3D cellular spheroids, where cell clustering occurs in environments under
gravity or shear stress. Under these conditions, intercellular interaction mechanisms are
activated, with the expression of molecules such as E-cadherin for compact cellular structure
and the inhibition of caspase-based cell death [9,10].

Despite the recent developments observed in this field [11], to date, the literature
still provides a limited number of records related to highly water- and/or oil-repellent
materials, such as superhydrophobic, oleophobic, amphiphobic, etc., to be used in cell
biology and, in particular, devoted to specifically promoting the formation of spheroids or
three-dimensional aggregates. For example, tunable water repellence has been exploited by
various authors to produce platforms for growing spheroids independently from surface
interactions with the substrates. In these methods, cells aggregate in a confined liquid
volume, hanging drop or entrapped in small, superhydrophobized wells [12–14].

Nevertheless, when surface specificity is under investigation, the development of
coatings and materials at high hydrophobicity opens more flexible applications, due to
the combination of surface chemistry and morphology. In this direction, some authors in
the literature have studied superhydrophobic, or even superamphiphobic, substrates to
develop spheroids [15–17]. Authors have also developed a robust platform using metallic
mesh as an omniphobic, simple and reusable surface for the high-performance culture
of multicellular and heterogeneous multicell-type spheroids. A hierarchical, textured
aluminum mesh was silanized, providing an inert, low wettable surface for the long-
term culture of spheroids [18]. To avoid ligand coating in the substrate, a plasma-treated,
silicone-based material was prepared to promote and modulate cell adhesion undergoing
mechanical surface stretching [19].

The effect of the physico-mechanical properties of alternative materials for growing
cell lines and tissue engineering has been investigated in [20], where the authors compared
modulus surface roughness as a function of the deuteration of agarose gel.

Moreover, spheroid characterization can still be considered a work in progress, in
terms of the limitations of analytical tools, since most of the available techniques were
developed and standardized for 2D models, under the assumption of spherical growth
of the aggregates [21,22], to be used in 3D culture. To upgrade this topic, advanced, non-
destructive techniques, such as confocal 3D profilometry, have been used and coupled
to more traditional techniques by the present authors to evidence different cell evolution
states [23].

Although spheroids have been widely used as an in vitro model of tissues and organs
in the field of cancer, the extension of this 3D model to non-tumoral cells could be of
great interest. Three-dimensional skin equivalents have been developed over the last
few decades for studying complex properties of skin, and for drug discovery and clinical
applications for skin regeneration in chronic wounds. However, very few studies have
reported representative skin cells as spheroids [24].

Previous works in our lab have demonstrated that hydrophobicity/superhydrophobicity
can modulate cell adhesion and spreading [25–27]. In the present study, however, the
direct effect of superhydrophobicity on spheroid-like structures has been evaluated and
compared with agarose-derived hydrogels, a positive control in promoting spheroids, and
TCPS, as a standard cell culture material, was considered a positive control for the 2D cell
culturing. In this work, the promotion of 3D spheroid-like cell cultures has been studied
as a function of surfaces at different wettability, from hydrophilic to superhydrophobic.
Furthermore, both tumoral and non-tumoral cell lines have been grown in the proposed
substrates, in order to compare different surface parameters and analysis techniques. The
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role of surface properties in the differentiation of cell-size populations, as a function of
growth dynamics, has been evidenced.

2. Results and Discussion
2.1. Physicochemical Characterization of the Surfaces

In this work, surfaces with different wettability properties have been used. Commer-
cial TCPS plates constitute the control surface, with excellent cell adhesion efficiency [28].
In addition, agarose-derived hydrogel (0.4% w/v) was considered a putative substrate to
induce spheroid formation [29].

The mixed organic–inorganic-coated glass was prepared on glass by the spray coating
technique, using the dispersion of fumed silica nanoparticles at a concentration of 2 g/L
in a fluoropolymer blend [30]. Table 1 summarizes the physicochemical characteristics
of the proposed substrates, ranging from hydrophilic to superhydrophobic, based on the
CA values.

Table 1. Surface characteristics of the substrates.

Substrate Code Characteristics Contact Angle (CA) Contact Angle
Hysteresis (CAH)

Surface Roughness
(Sa)

TCPS
Agarose

SHS

Tissue culture polystyrene
Agarose-coated TCPS

Fluoropolymer blend + silica
NPs

66◦

80–90◦

>150◦
>10◦

<5◦

1–6 nm [28]
16–18 nm [17]

<70 nm

Agarose gel contains polysaccharide molecules with a sugar ring and hydrophilic
−OH groups located on both sides. Independently, upon molecular orientation and confor-
mation at the interface, a certain number of −OH groups will be at the gel–air interface,
conferring a more wettable substrate to agar gel, with a lower contact angle with water
and higher contact angle hysteresis (CAH). On the other side, the presence of fluorine-
substituted hydrocarbon chains on SHS, in combination with the hierarchical roughness
provided by silica, offers a highly water-repellent substrate, with high CA and lower CAH.

Only SHS was experimentally characterized in terms of wettability (CA), morphology
and roughness to gain further insights into the relationship between surface geometry
and cell material adhesion. The homogeneous distribution of the SH coating on the
glass substrate has been observed and confirmed by wettability studies and 3D confocal
interferometric profilometry. In order to assess the homogeneous character of the coating
deposition, the data about the water contact angle (CA) were collected at at least three
different points, and, in each case, CA was over 160◦, with drops rolling off the surface.
From 3D profilometry, it was observed that the surface showed a topography based on
nanometric dual-scaled roughness (Sa), with an average value of 70 nm. Representative
3D images and profiles of the SH coating at 20× are shown in Figure 1a,b, respectively.
Figure 1c reports a high-magnification SEM image of SHS, in which it is possible to observe
the fine structure of the sprayed coating.
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Figure 1. Three-dimensional image of SH sample (a) and correlated roughness profiles (b) acquired 
by 3D interferometric and confocal profilometer Sensofar S-Neox: Sa = 70 ± 2 nm. Representative 
SEM image of SH sample microstructure at 30 Kx (c), reference bar 2 µm. 

2.2. Cell Behavior on 2D Culture and Agarose-Induced 3D Culture 
Cell culture in TCPS plates was used to assess the morphological characteristics, with 

controlled 2D features. Figure 2a shows representative images of three cell lines. 
Accordingly, 3T3 cells show a typical bipolar or multipolar structure, with elongated 
shapes growing attached to the substrate [31]. Additionally, epithelial-like cells, such as 
HaCaT and MCF-7 cells, are polygonal in shape, with more regular dimensions and 
growing attached to the substrate in discrete patches [32].  

The capability of these cells to form spheroid-like structures was assessed by seeding 
the corresponding cell lines, at the same cell density, on the top of agarose as a base layer. 
Hydrogels are recognized to be suitable platforms that promote spheroid formation, due 
to their ECM-mimicking biophysical properties [33–35]. Among the different compounds 
able to form a hydrogel, agarose is natural, low cost, non-toxic, and cell repellent, 
promoting spheroid formation. Furthermore, the hydrogels from agarose show 
appropriate permeability to nutrients and drugs, which is critical for research in the field 
of spheroid applications [36,37].  

Figure 1. Three-dimensional image of SH sample (a) and correlated roughness profiles (b) acquired
by 3D interferometric and confocal profilometer Sensofar S-Neox: Sa = 70 ± 2 nm. Representative
SEM image of SH sample microstructure at 30 Kx (c), reference bar 2 µm.

2.2. Cell Behavior on 2D Culture and Agarose-Induced 3D Culture

Cell culture in TCPS plates was used to assess the morphological characteristics,
with controlled 2D features. Figure 2a shows representative images of three cell lines.
Accordingly, 3T3 cells show a typical bipolar or multipolar structure, with elongated shapes
growing attached to the substrate [31]. Additionally, epithelial-like cells, such as HaCaT
and MCF-7 cells, are polygonal in shape, with more regular dimensions and growing
attached to the substrate in discrete patches [32].
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some limitations on the cell culture of tumoral cells lacking the activation of specific 
signaling pathways related to therapeutic processes in tumor cells [39,40]. 

It is noteworthy that sphericity is an important parameter, as spherical aggregates 
are more stable, regarding morphological variations throughout growth, and proliferative 
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spheroids showing limited circularity values, ranged between 0.6 and 0.8 in all cases, 
probably induced by a more adhesive substrate, as can be derived from Table 1.  
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survival, proliferation and function. Hence, in this work, the spheroid formation on the 
SH coating has been evaluated as a function of the initial cell density (either 2000 cell/µL 
or 20,000 cell/µL).  

Figure 2. Representative phase-contrast images of cells in 2D culture (a), spheroid-like structures (b)
prepared in 0.4% (w/v) agarose, and (c) measure of the circularity of the agarose-induced structures.
Results are expressed as the average of more than 10 single spheroids ± standard deviation. Scale
bars represent 100 µm.
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The capability of these cells to form spheroid-like structures was assessed by seeding
the corresponding cell lines, at the same cell density, on the top of agarose as a base layer.
Hydrogels are recognized to be suitable platforms that promote spheroid formation, due
to their ECM-mimicking biophysical properties [33–35]. Among the different compounds
able to form a hydrogel, agarose is natural, low cost, non-toxic, and cell repellent, pro-
moting spheroid formation. Furthermore, the hydrogels from agarose show appropriate
permeability to nutrients and drugs, which is critical for research in the field of spheroid
applications [36,37].

Using the agarose platform (Figure 2b), the 3D spheroids are typically formed by
the cells coming together to form a compact ball, as in the case of the keratinocyte cell
line (HaCaT), or grape-like cluster of cells (3T3 and MCF-7 cell lines), due to gravitational
pull, with a focus point formed by the meniscus of the agarose [38]. However, despite
the non-adherent properties of agarose (CA = 90◦ and CAH > 10◦), the derived hydrogels
show some limitations on the cell culture of tumoral cells lacking the activation of specific
signaling pathways related to therapeutic processes in tumor cells [39,40].

It is noteworthy that sphericity is an important parameter, as spherical aggregates
are more stable, regarding morphological variations throughout growth, and proliferative
and necrotic regions [7]. In this work, the geometrical interpretation of spheroid formation
has been evaluated, considering the circularity [36,41] of the cross-sectional area, without
the common assumption of the spherical symmetry of the ongoing formation of the ag-
gregates [22,23]. Circularity has been calculated as the ratio between the two orthogonal
diameters (d1 and d2) of the spheroid product of the shortest axis and longest axis; circular-
ity = d1/d2. The circularity values are 1.0 for a perfect circle and values far away to 1.0 for
elongated ellipsoids. As shown in Figure 2c, the hydrogel agarose-induced spheroids show-
ing limited circularity values, ranged between 0.6 and 0.8 in all cases, probably induced by
a more adhesive substrate, as can be derived from Table 1.

2.3. Cell Behavior on Superhydrophobic Surfaces

As shown in the literature, the high hydrophobicity of the substrate seems to promote
the formation of 3D aggregates. A key consideration in the design of in vitro cell culture
systems is the cell-to-media volume ratio, which is an important factor that drives cell
survival, proliferation and function. Hence, in this work, the spheroid formation on the SH
coating has been evaluated as a function of the initial cell density (either 2000 cell/µL or
20,000 cell/µL).

Figure 3 shows representative results of the morphological characterization of the
SH-induced aggregates. The ratio between the average diameters has been taken as the
percentage of circularity achieved by the spheroid in the time window. This cross-sectional
circularity seems to be poorly influenced by the concentration in Figure 3a. The circularity
varies slightly from the initial cell density, with values ranging between 0.91 and 0.93 for
3T3, 0.90 and 0.8 for HaCaT, and 0.9 and 0.92 for MCF-7, at lower and high cell densities,
respectively. The circularity data demonstrated that spheroid formation appears to be
promoted by SHS, with more adhesive properties observed compared to the reference
substrates (TCPS and agarose).
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Figure 3. Circularity values (a) and representative phase-contrast images and size distribution of
spheroids (b) as a function of the initial cell density (either 2000 cell/µL or 20,000 cell/µL) after
incubation in SH coating for 24 h. Results are expressed as the average of more than 10 single
spheroids ± standard deviation. Scale bars represent 200 µm.

Considering the circularity values, size has been expressed using only one dimension
(d1 values). Figure 3b shows representative phase-contrast images and the size distribution
population of each cell line. This representation provides further insights into spheroid
development dynamics, which could be a characteristic parameter for studying a specific
line during the building process of the 3D aggregates. In this case, already at shorter times
in comparison with the literature, the size distribution shows significant differentiation,
enhanced by the SH coating. The spheroids’ shaping also undergoes possible differentiation
as a function of the cell line. The results demonstrated that the spheroid distribution
depends on both the cell density and cell line. Thus, in the case of the 3T3 cell line, the
lower cell density promotes the formation of spheroids in three different ranges. However,
spheroids with sizes <50 and 50–100 µm represent more than 40% of the population, while
spheroids > 100 µm represent only 15%. As described in the literature [7,12,13], the size
of the aggregates appears to be dependent on the concentration (sometimes it is also a
growth limitation factor). In this work, the increase in the initial concentration, by 10 times,
promotes the formation of spheroids of higher dimensions, with distribution sizes ranging
from 72% for 50–100 µm to 28% for structures > 100 um. Spheroids at the lower size
distribution are absent.

In the case of the HaCaT and MCF-7 cell lines, the size distribution seems to be
restricted at the series <50 and 50–100 µm, in which the final distribution depends on both
the cell line and the initial cell density. Accordingly, in the case of the HaCaT cell line,
using the lower cell density (2000 cell/µL), the result of the series 50–100 µm is preferred
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(>65%); however, this distribution showed an inversion when the cell density changed
to 20,000 cell/µL, for which spheroids <50 µm are most popular (60%). In the case of the
tumoral cell line (MCF-7), the opposite trend is observed, promoting the formation of the
lowest series at the lowest cell density (72%), growing up to 50–100 µm (63%) as the initial
cell density increases.

Three-dimensional confocal profilometry images have been used to confirm the size
range of the different cell lines. Single aggregate profiles allow the morphology of the
cluster and the diameter of the cross-sectional area to be outlined with high accuracy
(Figure 4). Three-dimensional confocal profilometry seems to be an effective tool for
studying spheroids, providing a simple, non-destructive method to assess surface features
with higher accuracy, confirming the data obtained by the other optical methods.

It has been described that spheroid size could determine the cell viability of the 3D
model. The mass transportation of nutrients and oxygen within the spheroid could be
confined for the larger spheroids, resulting in nutrient depletion and hypoxia in the intimate
regions. In addition, based on diffusional limitations, the larger spheroids would show
lower proliferation capability [42], and accumulate carbon dioxide and metabolic reaction
products as lactate in their inner regions [43]. The effects related to mass transfer limitations
may conclude in cell necrosis in the center of the spheroid. Instead, tumor cells on larger
spheroids showed higher growth rates than in smaller aggregates [44].

One of the drawbacks of the quantitative characterization of spheroids is the applica-
tion of techniques and protocols that were initially designed for 2D culturing. When the
number of viable cells in spheroids is determined by direct methods, such as manual or
automatic counting, the spheroids must be dissociated into individual cells. This process
would result in a more or less complicated process as a function of the cell type composing
the spheroids. Indirect methods, involving colorimetric and bioluminescent assays, are
limited and ineffective, due to the strong cell–cell and matrix–cell interactions, which
result in greater exposure to conditions that may cause potential cell damage, affecting cell
viability, which is precisely the target parameter.

In this work, acridine orange/ethidium bromide (AO/EB) double staining was used
to verify the homogeneous distribution of viable cells in the SH coating-induced spheroids.
Figure 5 shows that the viability of the cells during spheroid formation was preserved. The
green fluorescence stain in the live cells and red fluorescence stain in the dead cells indicate
the well-preserved viability of the cells in the spheroids formed at 24 h of incubation. Live
cells emitting green constitute almost the entire spheroid surface, with no or only a few
dead cells emitting red. Although different populations were shown, no evident differences
in the live/dead distribution were observed.

The qualitative live/dead assay used in the present work provides valuable infor-
mation about the real scenario inside the spheroid. Thus, the mass transport of nutrients
and oxygen within the spheroid structure may be harmful or beneficial, depending on the
desired type of application of the spheroid. For example, for 3D models used as building
blocks for tissue engineering, such gradients are detrimental, as they may reduce the appli-
cability of the derived spheroid for the presence of necrotic areas that would affect their
assembly of human tissues. However, for 3D tumor models, this characteristic is desirable,
mimicking the in vivo tumor microenvironment, which is suitable for studying mecha-
nisms of resistance, migration, tumor invasion, and escape of malignant cells submitted to
treatments such as chemotherapy [7]. The results demonstrated that the SH coating was
robust enough for spheroid formation with live cells for all the populations.
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Figure 5. Representative fluorescence microscopy images of spheroids as a function of the initial cell
density (either 2000 cell/µL or 20,000 cell/µL) after incubation in the SH coating after 24 h. Green
fluorescence indicates AO stain in the live cells and red fluorescence indicates the EtBr stain in the
dead cells. Scale bars represent 100 µm.

3. Materials and Methods
3.1. Materials

Commercially available fluoropolymer blend (Surface Energy 15 mN/m) solution
of a fluorosilane polymer (0.1 wt.%), carried in a hydrofluoroether solvent of methoxy-
nonafluorobutane (low (320) global warming potential * and zero ozone depletion potential **)
was used as received. Fumed silica (EVONIK HDK H15) was purchased from Degussa
(Hannover, Germany) with primary particles about 5–30 nanometers in size.

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), L-glutamine
solution (200 mM), penicillin–streptomycin solution (10,000 U/mL penicillin and 10 mg/mL
streptomycin), phosphate-buffered saline (PBS), d trypsin–EDTA solution (170,000 U/L
trypsin and 0.2 g/L EDTA) and Seakem LE Agarose were purchased from Lonza (Verviers,
Belgium). The 75 cm2 flasks and 24-well cell culture plates were obtained from TPP
(Trasadingen, Switzerland). All other reagents were of analytical grade.

3.2. Methods
3.2.1. Surface Preparation and Characterization

Commercial 24-well tissue culture polystyrene (TCPS) plates were used as received or
coated with 0.4% (w/v) of agarose in sterilized Milli-Q water. The coated plate was allowed
to solidify completely overnight.

Superhydrophobic surfaces (SHS) were prepared on glass by spray coating technique
using the dispersion of fumed silica nanoparticles at a concentration of 2 g/L in fluo-
ropolymer blend. The coating was prepared using a constant distance between surface and
nozzle, a pressure of 0.8 bar, and different layer cycles were performed to obtain samples
with different surface characteristics. The as-prepared coatings were rinsed in water to
assess the high water repellence and remove the eventual residuals that could affect the
cell proliferation.

Surface wettability was investigated by contact angle (CA) by drop shape method
using ASTRA view tensiometer [45] allowing real-time drop volume control up to tens of
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µL for hysteresis studies (advancing/receding CA) and up to 15 frames of frame grabbing.
Drops of about 5 µL were deposited onto the uncoated and coated TCPS, and SH-coated
glass, and contact angle was measured up to spreading equilibrium. Additionally, in
the case of SHS, the surface structure of samples was investigated by 3D confocal and
interferometric profilometry (Sensofar S-NEOX, Barcelona, Spain) in order to evaluate
the roughness and to acquire the confocal image. The profilometry was chosen to permit
a large surface scan, for ease and fast non-destructive use. The profilometry surface
characterization was performed according to the standard ISO 25178. Furthermore, SHS
microstructure was characterized by scanning electron microscopy (SEM) (LEO 1450VP,
LEO ElectronMicroscopy Ltd., Cambridge, UK).

TCPS plates, hydrogel-based agarose and SHS were pre-treated before any cell-
involving assays were conducted. Based on Sharma protocol, the pre-treatment consisted
of UV sterilizing procedure for 45 min [46].

3.2.2. Cell Cultures

The murine Swiss albino fibroblast (3T3), the immortal human keratinocyte (HaCaT)
and the human breast adenocarcinoma (MCF-7) cell lines were grown in DMEM medium
(4.5 g/L glucose) supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine and 1% (v/v)
antibiotic at 37 ◦C and 5% CO2. Cells were cultured in 75 cm2 culture flasks and were
routinely split when cells were approximately 80% confluent.

3.2.3. Conventional 2D and Agarose-Induced 3D Culture

Cells (2 × 105 cells/mL) were seeded into 24-well cell culture plates in the absence
or presence of agarose coatings. Then, cells were incubated for 24 h under 5% CO2 at
37 ◦C. Once completed, the cell morphology and growth were monitored by optical mi-
croscopy through a Nikon inverted microscope equipped with a video camera (Moticam
1080 HDMI&USB, Moticam 1080 HDMI and USB, Motic Europe, Barcelona, Spain). Images
were analyzed with an image processor (Motic Images 3.0 software, Moticam 1080 HDMI
and USB (Motic Europe, Barcelona, Spain).

3.2.4. Cell Culture in Superhydrophobic Substrates

Cell behavior into SH substrates was evaluated using SH-coated glasses. In order to
ensure that the cell attachment was not affected by the medium culture repellence and
sample floating in the Petri dish, cells were seeded into delimited areas of the coated
samples fixed by a silicone o-ring.

Cells were seeded at two different cell densities (2 × 105 cells/ mL and 20 × 105 cells/ mL).
Cells were incubated for 24 h under 5% CO2 at 37 ◦C. Once completed, the cell morphology
and growth were monitored by optical microscopy through a Nikon inverted microscope
equipped with a video camera (Moticam 1080 HDMI&USB). Images were analyzed with
an image processor (Motic Images 3.0 software).

3.2.5. Profilometry Studies

Three-dimensional confocal and interferometric profilometry S-NEOX (Sensofar,
Barcelona, Spain) was used to obtain surface parameters because it allows larger surface
scans and ease of use. The surface characterization by profilometry was conducted ac-
cording to the standard ISO 25178, which provides the rules for the three-dimensional
parametric assessment of surface textures.

Cells were seeded at the densities mentioned above into the coated glasses following
the standard atmosphere, temperature and time conditions. Then, the spent medium was
eliminated, and cells were fixed with 4% (v/v) paraformaldehyde for 15 min. The fixed
cells were maintained in sterile PBS and low temperature (approximately 5 ◦C) up to the
point of being scanned.

The entire surface of the individual o-ring delimitating the areas containing cells was
analyzed using confocal mode. Cells on selected areas were chosen, and the correspond-
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ing profiles were analyzed with the Sensofar S-NEOX SensoSCAN software (Sensofar,
Barcelona, Spain).

3.2.6. Fluorescence Microscopy Studies

To assist the formation of spheroids and the preserved viability of the involved cells,
fluorescence microscopy using acridine orange/ethidium bromide (AO/EB) double stain-
ing was conducted [47]. Cells were seeded at the densities mentioned above into the coated
glasses following the standard atmosphere, temperature and time conditions. First, cells
were incubated for 24 h under 5%. Then, the spent medium was eliminated, and the
fluorescent dyes AO (0.5 µg/mL) and BE (10 µg/mL) were added. Fluorescence images
were acquired with an Olympus BX41 microscope equipped with a a UV-mercury lamp
(100 W Ushio Olympus, Olympus Iberia, Barcelona, Spain) and a U-N51004v2-FlTC/TRITC-
type filter set (FITC: BP480-495, DM500-545, BA515-535, and TRITC: BP550-570, DM575-,
BA590-621). Images were digitized on a computer through a video camera (Olympus
digital camera XC50, Olympus Iberia, Barcelona, Spain) and were analyzed with an image
processor (Cell-B analysis).

4. Conclusions

In this work, the formation of spheroidal aggregates from different cell lines, both
tumoral and non-tumoral, was studied in relationship to the hydrophobicity of the sub-
strate. While less hydrophobic substrates also grow three-dimensional aggregates, but with
a lower degree of circularity, accordingly with their higher wettability, allowing higher
spreading, the superhydrophobicity of the samples coated with a mixed organic–inorganic
coating preferentially promotes the formation of spheroids evidencing different dynamics
for each cell line, also depending on the cell density. At 24 h of incubation, significant differ-
entiation in size populations could already be observed, allowing, as a future perspective,
a promising approach for modeling this kind of phenomena during longer time windows.

Although superhydrophobicity has been used to develop spheroids, most of the ex-
amples in the literature provide highly technological solutions. In our case, however, the
spray application of an SH coating is suitable for every substrate material, allowing the
surface properties to be finely controlled by composition and roughness, via a cheap and
easy-to-use method. In this way, we have a more comprehensive range of potential applica-
tions to investigate spheroid formation under different conditions of coating composition
and surface geometry (roughness).

Author Contributions: Conceptualization, M.F. and M.C.M.; methodology, M.F. and M.C.M.; formal
analysis, M.F., F.C. and M.C.M.; investigation, M.F., F.C. and M.C.M.; writing—original draft prepara-
tion, M.F., F.C. and M.C.M.; writing—review and editing, M.F. and M.C.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was conceived in the framework of the Cooperation Agreement
between the Faculty of Pharmacy and Food Science (UB) and the Institute for Chemistry of Condensed
Matter and Technologies for Energy (ICMATE-CNR) (Codi GREC 18407, 2018–2021) and under the
umbrella of the Topical Team: Biofilms from an interdisciplinary perspective from the European
Spatial Agency (ESA).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.



Molecules 2022, 27, 1247 12 of 13

References
1. Feinberg, A.W.; Wilkerson, W.R.; Seegert, C.A.; Gibson, A.L.; Hoipkemeier-Wilson, L.; Brennan, A.B. Systematic variation of

microtopography, surface chemistry and elastic modulus and the state dependent effect on endothelial cell alignment. J. Biomed.
Mater. Res. 2008, 86, 522–534. [CrossRef] [PubMed]

2. Chang, H.; Wang, Y.; Eberli, D. Cell responses to surface and architecture of tissue engineering scaffolds. In Regenerative Medicine
and Tissue Engineering-Cells and Biomaterials; InTechOpen: London, UK, 2011.

3. Anselme, K.; Ploux, L.; Ponche, A. Cell/Material Interfaces: Influence of surface chemistry and surface topography on cell
adhesion. J. Adhes. Sci. Technol. 2010, 24, 831–852. [CrossRef]

4. Shirtcliffe, N.J.; McHale, G.; Atherton, S.; Newton, M.I. An introduction to superhydrophobicity. Adv. Colloid Interface Sci. 2010,
161, 124–138. [CrossRef] [PubMed]

5. Balikov, D.A.; Crowder, S.W.; Boire, T.C.; Lee, J.B.; Gupta, M.K.; Fenix, A.M.; Lewis, H.N.; Ambrose, C.M.; Short, P.A.; Kim,
C.S.; et al. Tunable surface repellency maintains stemness and redox capacity of human mesenchymal stem cells. ACS Appl.
Mater. Interfaces 2017, 9, 22994–23006. [CrossRef] [PubMed]

6. Otsuji, T.G.; Bin, J.; Yoshimura, A.; Tomura, M.; Tateyama, D.; Minami, I.; Yoshikawa, Y.; Aiba, K.; Heuser, J.E.; Nishino, T.; et al.
A 3D sphere culture system containing functional polymers for large-scale human pluripotent stem cell production. Stem Cell Rep.
2014, 24, 734–745. [CrossRef] [PubMed]

7. Caiado Decarli, M.; Amaral, R.; Peres dos Santos, D.; Bueno Tofani, L.; Katayama, E.; Alvarenga Rezende, R.; Lopes da Silva,
J.V.; Swiech, K.; Torres Suazo, C.A.; Mota, C.; et al. Cell spheroids as a versatile research platform: Formation mechanisms, high
throughput production, characterization and applications. Biofabrication 2021, 13, 032002. [CrossRef]

8. Nagelkerke, A.; Bussink, J.; Rowan, A.E.; Span, P.N. The mechanical microenvironment in cancer: How physics affects tumours.
Semin. Cancer Biol. 2015, 35, 2–70. [CrossRef]

9. Smyrek, I.; Mathew, B.; Fischer, S.C.; Lissek, S.M.; Becker, S.; Stelzer, S.H.K. E-cadherin, actin, microtubules and FAK dominate
different spheroid formation phases and important elements of tissue integrity. Biol. Open 2019, 8, bio037051. [CrossRef] [PubMed]

10. Luebke-Wheeler, J.L.; Nedredal, G.; Yee, L.; Amiot, B.P.; Nyberg, S.L. E-cadherin protects primary hepatocyte spheroids from cell
death by a caspase-independent mechanism. Cell Transplant. 2009, 18, 1281–1287. [CrossRef]

11. Shao, C.; Chi, J.; Zhang, H.; Fan, Q.; Zhao, Y.; Ye, F. Development of Cell Spheroids by Advanced Technologies. Adv. Mater. Technol.
2020, 5, 2000183. [CrossRef]

12. Chen, M.; Shah, M.P.; Shelper, T.B.; Nazareth, L.; Barker, M.; Tello Velasquez, J.; Ekberg, J.A.; Vial, M.L.; St John, J.A. Naked
liquid marbles: A robust three-dimensional low-volume cell-culturing system. ACS Appl. Mater. Interfaces 2019, 11, 9814–9823.
[CrossRef] [PubMed]

13. Neto, A.I.; Correia, C.R.; Oliveira, M.B.; Rial-Hermida, M.I.; Alvarez-Lorenzo, C.; Reis, R.L.; Mano, J.F. A novel hanging spherical
drop system for the generation of cellular spheroids and high throughput combinatorial drug screening. Biomater. Sci. 2015, 3,
581–585. [CrossRef]

14. Oliveira, M.B.; Neto, A.I.; Correia, C.R.; Rial-Hermida, M.I.; Alvarez-Lorenzo, C.; Mano, J.F. Superhydrophobic Chips for Cell
Spheroids High-Throughput Generation and Drug Screening. ACS Appl. Mater. Interfaces 2014, 6, 9488–9495. [CrossRef] [PubMed]

15. Sun, B.; Zhao, Y.; Wu, W.; Zhao, Q.; Li, G. A superhydrophobic chip integrated with an array of medium reservoirs for long-term
hanging drop spheroid culture. Acta Biomater. 2021, 135, 234–242. [CrossRef]

16. Xu, L.; Chen, S.; Lu, X.; Lu, Q. Durable superamphiphobic silica aerogel surfaces for the culture of 3D cellular spheroids.
Natl. Sci. Rev. 2019, 6, 1255–1265. [CrossRef] [PubMed]

17. Lee, M.; Kim, Y.; Yu, S.J.; Lee, S.Y.; Son, J.G.; Lee, T.G.; Cho, Y.; Shin, J.H.; Lee, E.; Im, S.G. Surface hydrophobicity modulates the
key characteristics of cancer spheroids through the interaction with the adsorbed proteins. Adv. Funct. Mater. 2021, 31, 2100775.
[CrossRef]

18. Boban, M.; Mehta, P.; Halvey, A.K.; Repetto, T.; Tuteja, A.; Mehta, G. Novel Omniphobic Platform for Multicellular Spheroid
Generation, Drug Screening, and On-Plate Analysis. Anal. Chem. 2021, 93, 8054–8806. [CrossRef]

19. Moretti, M.; Prina-Mello, A.; Reid, A.J.; Barron, V.; Prendergast, P.J. Endothelial cell alignment on cyclically stretched silicone
surfaces. J. Mater. Sci. Mater. Med. 2004, 15, 1159–1164. [CrossRef] [PubMed]

20. Grant, C.A.; Twigg, P.C.; Savage, M.D.; Woon, W.H.; Greig, D. Mechanical investigations on agar gels using atomic force
microscopy: Effect of deuteration. Macromol. Mater. Eng. 2012, 297, 214–218. [CrossRef]

21. Shi, W.; Kwon, J.; Huang, Y.; Tan, J.; Uhl., C.G.; He, R.; Zhou, C.; Liu, Y. Facile tumor spheroids formation in large quantity with
controllable size and high uniformity. Sci. Rep. 2018, 8, 6837. [CrossRef] [PubMed]

22. Kelm, J.M.; Timmins, N.E.; Brown, C.J.; Fussenegger, M.; Nielsen, L.K. Method for generation of homogeneous multicellular
tumor spheroids applicable to a wide variety of cell types. Biotechnol. Bioeng. 2003, 83, 173–180. [CrossRef]

23. Morán, M.C.; Cirisano, F.; Ferrari, M. 3D profilometry and cell viability studies for drug response screening. Mater. Sci. Eng. C
2020, 115, 111142. [CrossRef]

24. Choudhury, S.; Das, A. Advances in generation of three-dimensional skin equivalents: Pre-clinical studies to clinical therapies.
Cytotherapy 2021, 23, 1–9. [CrossRef]

25. Ferrari, M.; Cirisano, F.; Morán, M.C. Mammalian Cell Behavior on Hydrophobic Substrates: Influence of surface properties.
Colloids Interfaces 2019, 3, 48. [CrossRef]

http://doi.org/10.1002/jbm.a.31626
http://www.ncbi.nlm.nih.gov/pubmed/17994556
http://doi.org/10.1163/016942409X12598231568186
http://doi.org/10.1016/j.cis.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19944399
http://doi.org/10.1021/acsami.7b06103
http://www.ncbi.nlm.nih.gov/pubmed/28621931
http://doi.org/10.1016/j.stemcr.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24936458
http://doi.org/10.1088/1758-5090/abe6f2
http://doi.org/10.1016/j.semcancer.2015.09.001
http://doi.org/10.1242/bio.037051
http://www.ncbi.nlm.nih.gov/pubmed/30578251
http://doi.org/10.3727/096368909X474258
http://doi.org/10.1002/admt.202000183
http://doi.org/10.1021/acsami.8b22036
http://www.ncbi.nlm.nih.gov/pubmed/30724549
http://doi.org/10.1039/C4BM00411F
http://doi.org/10.1021/am5018607
http://www.ncbi.nlm.nih.gov/pubmed/24865973
http://doi.org/10.1016/j.actbio.2021.08.006
http://doi.org/10.1093/nsr/nwz095
http://www.ncbi.nlm.nih.gov/pubmed/34692003
http://doi.org/10.1002/adfm.202100775
http://doi.org/10.1021/acs.analchem.1c01326
http://doi.org/10.1023/B:JMSM.0000046400.18607.72
http://www.ncbi.nlm.nih.gov/pubmed/15516879
http://doi.org/10.1002/mame.201100164
http://doi.org/10.1038/s41598-018-25203-3
http://www.ncbi.nlm.nih.gov/pubmed/29717201
http://doi.org/10.1002/bit.10655
http://doi.org/10.1016/j.msec.2020.111142
http://doi.org/10.1016/j.jcyt.2020.10.001
http://doi.org/10.3390/colloids3020048


Molecules 2022, 27, 1247 13 of 13

26. Morán, M.C.; Ruano, G.; Cirisano, F.; Ferrari, M. Mammalian cell viability on hydrophobic and superhydrophobic fabrics.
Mater. Sci. Eng. C. 2019, 99, 241–247. [CrossRef] [PubMed]

27. Ferrari, M.; Cirisano, F.; Morán, M.C. Regenerable superhydrophobic coatings for biomedical fabrics. Coatings 2020, 10, 578.
[CrossRef]

28. Merck KGaA. ECACC Handbook, Fundamental Techniques in Cell Culture Laboratory Handbook, 4th ed.; Merck KGaA: Darmstadt,
Germany, 2018.

29. Gong, X.; Lin, C.; Cheng, J.; Su, J.S.; Zhao, H.; Liu, T.L.; Wen, X.; Zhao, P. Generation of multicellular tumor spheroids with
microwell-based agarose scaffolds for drug testing. PLoS ONE 2015, 10, e0130348. [CrossRef] [PubMed]

30. Ferrari, M.; Piccardo, P.; Vernet, J.; Cirisano, F. High Transmittance Superhydrophobic Coatings with Durable Self-Cleaning
Properties. Coatings 2021, 11, 493. [CrossRef]

31. Zeiger, A.S.; Hinton, B.; Van Vliet, K.J. Why the dish makes a difference: Quantitative comparison of polystyrene culture surfaces.
Acta Biomater. 2013, 9, 7354–7361. [CrossRef] [PubMed]

32. Rinn, J.L.; Bondre, C.; Gladstone, H.B.; Brown, P.O.; Chang, H.Y. Anatomic demarcation by positional variation in fibroblast gene
expression programs. PLoS Genet. 2006, 2, e119. [CrossRef]

33. Carson, S.; Miller, H.B.; Srougi, M.C.; Witherow, D.S. Molecular Biology Techniques: A Classroom Laboratory Manual; Academic Press:
London, UK, 2019.

34. Li, Y.F.; Kumacheva, E. Hydrogel microenvironments for cancer spheroid growth and drug screening. Sci. Adv. 2018, 4, eaas8998.
[CrossRef]

35. Karp, J.M.; Yeh, J.; Eng, G.; Fukuda, J.; Blumling, J.; Suh, K.Y.; Cheng, J.; Mahdavi, A.; Borenstein, J.; Langer, R.; et al. Controlling
size, shape and homogeneity of embryoid bodies using poly(ethylene glycol) microwells. Lab A Chip 2007, 7, 786–794. [CrossRef]
[PubMed]

36. Napolitano, A.P.; Dean, D.M.; Man, A.J.; Youssef, J.; Ho, D.N.; Rago, A.P.; Lech, M.P.; Morgan, J.R. Scaffold-free three-dimensional
cell culture utilizing micromolded nonadhesive hydrogels. Biotechniques 2007, 43, 494–500. [CrossRef] [PubMed]

37. Fukuda, J.; Khademhosseini, A.; Yeo, Y.; Yang, X.Y.; Yeh, J.; Eng, G.; Blumling, J.; Wang, C.F.; Kohane, D.S.; Langer, R.
Micromolding of photocrosslinkable chitosan hydrogel for spheroid microarray and co-cultures. Biomaterials 2006, 27, 5259–5267.
[CrossRef] [PubMed]

38. Tang, Y.D.; Liu, J.M.; Chen, Y. Agarose multi-wells for tumour spheroid formation and anti-cancer drug test. Microelectron. Eng.
2016, 158, 41–45. [CrossRef]

39. Siva Sankar, P.; Che Mat, M.F.; Muniandy, K.; Xiang, B.L.S.; Ling, P.S.; Hoe, S.L.L.; Khoo, A.S.; Mohana-Kumaran, N. Modeling
nasopharyngeal carcinoma in three dimensions. Oncol. Lett. 2017, 13, 2034–2044. [CrossRef]

40. Han, S.J.; Kwon, S.; Kim, K.S. Challenges of applying multicellular tumor spheroids in preclinical phase. Cancer Cell Int. 2021, 21,
152. [CrossRef]

41. Van Winkle, A.P.; Gates, I.D.; Kallos, M.S. Mass transfer limitations in embryoid bodies during human embryonic stem cell
differentiation. Cells Tissues Organs 2012, 196, 34–47. [CrossRef]

42. Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D tumor spheroid models for
in vitro therapeutic screening: A systematic approach to enhance the biological relevance of data obtained. Sci. Rep. 2016, 6,
19103. [CrossRef]

43. Mehta, G.; Hsiao, A.Y.; Ingram, M.; Luker, G.D.; Takayama, S. Opportunities and challenges for use of tumor spheroids as models
to test drug delivery and efficacy. J. Control. Release 2012, 164, 192–204. [CrossRef]

44. Zhang, X.; Xu, L.H.; Yu, Q. Cell aggregation induces phosphorylation of PECAM-1 and Pyk2 and promotes tumor cell anchorage-
independent growth. Mol. Cancer 2010, 9, 7. [CrossRef] [PubMed]

45. Liggieri, L.; Passerone, A. An automatic technique for measuring the surface tension of liquid metals. High Temp. Technol. 1989, 7,
82–86. [CrossRef]

46. Sharma., A. An ultraviolet-sterilization protocol for microtitre plates. JEMI 2012, 16, 144–147.
47. McGahon, A.J.; Martin, S.J.; Bissonnette, R.P.; Mahboubi, A.; Shi, Y.; Mogil, R.J.; Nishioka, W.K.; Green, D.R. The end of the (cell)

line: Methods for the study of apoptosis in vitro. Methods Cell Biol. 1995, 46, 153–185. [PubMed]

http://doi.org/10.1016/j.msec.2019.01.088
http://www.ncbi.nlm.nih.gov/pubmed/30889696
http://doi.org/10.3390/coatings10060578
http://doi.org/10.1371/journal.pone.0130348
http://www.ncbi.nlm.nih.gov/pubmed/26090664
http://doi.org/10.3390/coatings11050493
http://doi.org/10.1016/j.actbio.2013.02.035
http://www.ncbi.nlm.nih.gov/pubmed/23454055
http://doi.org/10.1371/journal.pgen.0020119
http://doi.org/10.1126/sciadv.aas8998
http://doi.org/10.1039/b705085m
http://www.ncbi.nlm.nih.gov/pubmed/17538722
http://doi.org/10.2144/000112591
http://www.ncbi.nlm.nih.gov/pubmed/18019341
http://doi.org/10.1016/j.biomaterials.2006.05.044
http://www.ncbi.nlm.nih.gov/pubmed/16814859
http://doi.org/10.1016/j.mee.2016.03.009
http://doi.org/10.3892/ol.2017.5697
http://doi.org/10.1186/s12935-021-01853-8
http://doi.org/10.1159/000330691
http://doi.org/10.1038/srep19103
http://doi.org/10.1016/j.jconrel.2012.04.045
http://doi.org/10.1186/1476-4598-9-7
http://www.ncbi.nlm.nih.gov/pubmed/20074345
http://doi.org/10.1080/02619180.1989.11753417
http://www.ncbi.nlm.nih.gov/pubmed/7541883

	Introduction 
	Results and Discussion 
	Physicochemical Characterization of the Surfaces 
	Cell Behavior on 2D Culture and Agarose-Induced 3D Culture 
	Cell Behavior on Superhydrophobic Surfaces 

	Materials and Methods 
	Materials 
	Methods 
	Surface Preparation and Characterization 
	Cell Cultures 
	Conventional 2D and Agarose-Induced 3D Culture 
	Cell Culture in Superhydrophobic Substrates 
	Profilometry Studies 
	Fluorescence Microscopy Studies 


	Conclusions 
	References

