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Abstract: Cell therapies commonly pursue tissue stimulation for regenerative purposes by replacing
cell numbers or supplying for functional deficiencies. To this aim, monodispersed cells are usually
transplanted for incorporation by local injection. The limitations of this strategy include poor success
associated with cell death, insufficient retention, or cell damage due to shear forces associated with the
injection. Spheroids have recently emerged as a model that mimics an in vivo environment with more
representative cell-to-cell interactions and better intercellular communication. Nevertheless, cost-
effective and lab friendly fabrication and effectively performed recovery are challenges that restrict the
broad application of spheroids. In this work, glass surfaces were modified with an environmentally
friendly superhydrophobic coating. The superhydrophobic surfaces were used for the 3D spheroid
preparation of fibroblasts (3T3 cell line) and keratinocytes (HaCaT cell line). The effectiveness of the
spheroids to be recovered and grown under 2D culture conditions was evaluated. The morphology
of the migrated cells from the 3D spheroids was characterized at the nano-microscale through 3D
profilometry. The results demonstrated improved adhesion and proliferation in the migrated cells,
both advanced properties for regenerative applications.

Keywords: fibroblasts; keratinocytes; proliferation; recovery; regenerative; removal; spheroids;
superhydrophobicity

1. Introduction

Cell culturing is the answer to many crucial questions regarding both basic science
and translational research. The most remarkable properties of using cell lines include
the homogeneity and reproducibility of the generated data. In vitro cell cultures have
been widely used to assess cell biology, drug action, mechanisms of diseases, and tissue-
engineering development, among others [1,2].

From a therapeutical point of view, cell therapy is a useful option to aid recovery
from traumatic damage, inefficient wound repair, degenerative diseases, or cancer. Cell
therapies commonly pursue the stimulation of tissue for regenerative purposes or replacing
cell numbers or supplying for functional deficiencies. For example, erythrocyte transfu-
sions treat anemia [3], bone marrow transplants replace diseased marrow and regenerate
hematopoietic cell lineages [4], and chondrocytes are applied by injection to treat injured
full thickness cartilage [5]. For these purposes, autologous sources (i.e., the patient’s own
cells) in the form of monodispersed cells are usually transplanted for incorporation by
local injection. The limitations of this strategy include the poor success associated with cell
death, insufficient retention at the site or cell damage due to shear forces associated with
the injection [6]. Cell–cell and cell–matrix signaling limitations are responsible for losing
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viability due to exposure to a harsh and uncontrolled microenvironment [7–9]. Moreover,
the data from such a cellular system do not mimic the complex cellular interactions between
different cell types and the extracellular matrix (ECM) of an in vivo environment [10].

To address this weakness, considerable research concerning the design of bioarti-
ficial matrices or platforms promoting cellular growth in their native 3D orientation is
currently projected [11]. In that regard, it has recently been reported how hydrophobic-
ity/superhydrophobicity modulates cell adhesion and viability [12–14]. Highly water- and
oil-repellent materials, including superhydrophobic, oleophobic or amphiphobic materials
could be used in biological applications. However, the literature only provides a limited
number of reports dedicated to promoting the formation of 3D spheroids [15]. Several
assemblies have been designed based on two main approaches. For example, the hanging-
drop method is based on gravity to prepare one or more spheroids in a single drop. This
method uses a surface where several drops are placed, remaining attached as it faces down.
In contrast, spheroids can be grown located in a sitting-drop position in the absence of
any tilt. The sitting-drop method includes several disadvantages, all of them having in
common the poor wettability of the substrate.

As reported by the present authors, 3D spheroids have recently been promoted on sur-
faces of differing wettability, from hydrophilic to superhydrophobic [15,16]. Furthermore,
both tumoral and non-tumoral cell lines have been grown on the prepared substrates in
view of possible discrimination. The role of surface properties in differentiating cell-size
populations as a function of growth dynamics has been shown [16].

Consequently, effective delivery systems regulating cell survival, behavior, and function
are required to efficiently transplant cells to the target sites. Recently, many studies have
demonstrated that 3D-cultured cells enhanced viability [17], differentiation [18] paracrine
secretion [19] and tissue regeneration [20,21] compared to 2D-cultured cells [22,23]. Spheroids
ensure the cell–cell and cell–matrix interactions of the in vivo 3D microenvironments, in
which cells exhibit improved proliferation, differentiation, and cellular function compared
to cells grown in 2D culture [15,24]. Therefore, 3D-spheroid cultured cells become good
alternatives for cell transplantation with great potential for cell therapy and tissue engi-
neering due to their enhanced therapeutic and regenerative capacity.

The increasing biomedical application of spheroids still presents challenges. Cost-
effective and lab-friendly fabrication and an effectively performed recovery are challenges
that restrict the broad application of spheroids. In this sense, obtaining uniformly sized
spheroids is a key feature that affects the diffusion of oxygen and nutrients inside the
spheroids and the internal organization of proliferative and necrotic cells. Moreover,
although hanging- and sitting-drop platforms have demonstrated excellent results in
preparing 3D spheroids using both cell lines and patient cells, the effective retrieval of
3D spheroids is a bottleneck for further applications, especially for closed microfluidic
or hanging-drop systems. However, it has recently been shown that using a sitting-drop
strategy where the surface has been conveniently modified can assist in recovery from
generated 3D spheroids [25]. Finally, although there have been years of preclinical research,
there is a lack of standard imaging and analytical protocols. Advanced imaging and
analysis tools for in situ spheroid preparation and evaluation are needed [26].

Given its potential applications in cell-based therapy, this study aimed to verify
the 3D spheroid preparation on highly hydro-repellent surfaces for the viability, growth,
morphology, and proliferation capacity of the derived cells. In this work, the preparation
and physical characterization of highly water-repellent surfaces to develop and characterize
3D spheroids derived from two skin representative cell lines, such as fibroblasts (3T3 cell
line) and keratinocytes (HaCaT cell line), was carried out. The effectiveness of the obtained
spheroids in being recovered and transferred to make possible the growth of the derived
cells under a 2D monolayer culture as a measure of cell viability was performed. The
morphology characterization of the derived cells after spheroid formation and recovery was
evaluated at the nano-microscale through advanced techniques, such as 3D profilometry.



Pharmaceutics 2023, 15, 2226 3 of 14

2. Materials and Methods
2.1. Materials

The superhydrophobic surfaces were prepared by dispersing fumed silica nanoparti-
cles (EVONIK HDK H15) purchased from Degussa (Hannover, Germany), with primary
particles of about 5–30 nm in size, in a commercial fluoropolymer blend, a fluorosilane
polymer (0.1 wt.%) in a hydrofluoroether solvent.

High glucose DMEM medium (4.5 g/L glucose), L-glutamine solution (200 mM), fetal
bovine serum (FBS), and penicillin–streptomycin solution (10,000 U/mL penicillin and
10 mg/mL streptomycin), were purchased from Lonza (Verviers, Belgium). In addition,
trypsin–EDTA solution (170,000 U/L trypsin and 0.2 g/L EDTA) and phosphate-buffered
saline (PBS) were also purchased from Lonza. The 75 cm2 flasks and the culture dishes
were obtained from TPP (Trasadingen, Switzerland).

2.2. Methods
2.2.1. Surface Preparation and Characterization

A glass substrate was spray-coated employing 2.0 g/L of the above dispersion [27].
The resulting SHS were cleaned with deionized water to remove any physical adsorbed
impurities potentially affecting cell viability and to assess in situ their high hydrophobicity.

Surface wettability was investigated by contact angle (CA) measured by ASTRA view
drop-shape tensiometer (developed at CNR-ICMATE [28]) at room temperature using
MilliQ high purity grade water as standard (Milli-Pore, Burlington, MA, USA) and an
ion-exchange microfiltration system. Drops of about 5 µL were gently placed onto the
surface, and contact angle was monitored up to spreading equilibrium. Moreover, 3D
confocal and interferometric profilometry (Sensofar S-NEOX, Terrassa, Spain) was used to
evaluate the surface roughness and structure of SH samples as confocal images. To allow a
large scanned-surface, 3D profilometry was chosen for its ease and fast non-destructive
use. This surface characterization was carried out according to the standard ISO 25178.

2.2.2. Cell Cultures

Murine Swiss albino fibroblasts (3T3 cell line) and immortal human keratinocytes
(HaCaT cell line) were grown in high-glucose DMEM medium supplemented with 10%
(v/v) FBS, 1% (v/v) L-glutamine and 1% (v/v) antibiotic mixture at 37 ◦C and 5% CO2. Cells
were cultured in 75 cm2 culture flasks and routinely split when cells were approximately
80% confluent.

2.2.3. Cell Culture in Superhydrophobic Substrates

The small volume required for seeding the cells was confined into delimited areas
of the coated samples fixed by a Viton (fluorinated elastomers) O-ring because of the SH
repellence of the medium culture, to avoid the sample floating in the Petri dish.

Cells were seeded at two different cell densities (2 × 105 cells/ mL and 2 × 106 cells/mL).
Cells were incubated for 48 h under standard conditions. Optical microscopy through a
Nikon inverted microscope equipped with a video camera (Moticam 1080 HDMI and USB)
was used to monitor in situ the cell morphology and growth. Images were analyzed with
the image processor Motic Images 3.0 software, Motic (Xiamen, China).

2.2.4. Spheroid Recovery and Growth under Standard 2D Conditions

For spheroid recovery, the medium containing the spheroids was gentle aspirated
and fully expelled three times before aspirating for delivery. The collected spheroids
were dispersed in 24-well plates containing complete DMEM medium (see above) under
standard conditions of temperature and CO2. Cell migration and growth evolution under
standard monolayer conditions were checked over time.
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2.2.5. Profilometry Studies

Cells were seeded at the above densities onto the coated glasses in standard atmo-
sphere, temperature, and time conditions. After elimination of the spent medium, cells
were fixed with 4% (v/v) paraformaldehyde for 15 min. Fixed cells in sterile PBS and low
temperature (approximately 5 ◦C) were maintained until the point to be scanned.

Confocal mode was used to analyze the entire surface areas containing cells delimited
by O-rings. Cells on selected areas were chosen, and the corresponding profiles analyzed
with the SensoSCAN software (Sensofar, Terrassa, Spain). Morphological parameters
(surface factor, height, and volume) were compared with those derived from control cells
(cells cultured under 2D standard and conditions).

2.2.6. Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics 29 software (IBM, Ar-
monk, NY, USA). One-way analysis of variance (ANOVA) was used to determine statistical
differences between data sets, following the Scheffé post hoc tests for multiple compar-
isons. Differences were considered statistically significant at p < 0.001 (unless otherwise
mentioned). Results are reported as means ± standard deviation. Significant differences
are illustrated in the figures and tables with an asterisk or other superscript symbols.

3. Results
3.1. Surface Characterization

The superhydrophobic surfaces (SHS) prepared by spray coating with a fluorinated
polymers/silica nanoparticle dispersion were investigated, focusing on their wettability,
morphology and roughness (Sa). The coated surfaces showed contact angles greater than
160◦ with hysteresis <5◦ evidenced by drops rolling off the surface. The topography,
evaluated by 3D confocal and interferometric profilometry, was based on a double-scale
nanometric roughness with an average value of 180 nm, conferring superhydrophobic
properties. A representative 3D image at 20× and the related profile are shown in Figure 1.
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Figure 1. False color 3D view of SH surface (a) and a roughness profile taken from the surface by
interferometric and confocal profilometer at 20× (b). The average roughness, Sa, is 180 nm.

3.2. Spheroid Preparation

The ability of the superhydrophobic surfaces to generate spheroid-like structures was
tested at two initial cell densities (200 and 2000 cell/µL) for an incubation time of 48 h.
Of note, these surfaces are highly transparent, which allows the direct observation of cell
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aggregates using optical microscopy. The results demonstrated that the characteristics of
the formed spheroids were highly dependent on the cell type and concentration (Figure 2).
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Figure 2. Phase contrast images (a), circularity (b) and size distribution (c) based on initial cell
density (200 or 2000 cel/µL) after 48 h of incubation on highly water-repellent surfaces (SHS) for
3T3 fibroblasts and HaCaT keratinocytes. The results are reported as the average of more than
10 individual spheroids ± standard deviation. The scale bar represents 200 µm. ** (p < 0.001)
indicates significant differences between initial cell density vales for the same cell line.

The circularity of cell aggregates, as a measure of the effectiveness of 3D spheroid
formation, was higher for systems formed at a higher cell density. Circularity values
ranging from 0.83 to 0.92 for 3T3, and 0.83 and 0.90 for HaCaT, for initial cell densities
of 200 and 2000 cel/µL, respectively, with significant differences (p < 0.001) between cell
density values, for the same cell line. As a general trend, the increase in cell density favored
the formation of larger 3D aggregates. In the case of the 3T3 fibroblasts, the size values
of the generated aggregates (expressed in one dimension when considering their high
circularity) ranged between 72% for aggregates <50 µm and 28% for aggregates in the
range of 50–100 µm, and 100% for aggregates >100 µm, for initial cell densities of 200 and
2000 cel/µL, respectively.

In the case of the HaCaT keratinocytes, at the lower cell density, the size values of the
aggregates ranged between 57% for aggregates <50 µm and 29% for aggregates in the range
of 50–100 µm and 14% > 100 µm. By increasing 10 times the initial cell density, the size
distribution was 80% for aggregates in the range 50–100 µm and 20% > 100 µm. Significant
differences (p < 0.001) between cell density values were found in all cases.
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3.3. Spheroid Recovery

Once the effectiveness in the formation of 3D spheroids was demonstrated, it was
essential to evaluate their recovery from superhydrophobic surfaces. The high contact
angle of the culture medium on these surfaces suggested that the medium containing the
3D spheroids could be easily isolated from surfaces under mild handling conditions. It
was verified that simple suction through a micropipette tip allowed the isolation of the
drop and the release into a new culture medium demonstrated no significant alteration
of its characteristics (Figure 3). Thus, no noticeable differences were observed in terms
of circularity, with values between 0.85 and 0.90 for 3T3, and 0.83 and 0.90 for HaCaT,
for initial cell densities of 200 and 2000 cel/µL, respectively. In a similar way to that
observed previously to the recovery step, significant differences (p < 0.001 3T3 and p < 0.005
HaCaT) were found as a function of the cell density values for the same cell line. The
obtained results demonstrated a slight increase in circularity upon recovery, in all cases.
The statistical analyses revealed no significant differences (p < 0.001) with respect to the
circularity values before and after the recovery for the 3T3 cell line. When the HaCaT cell
line was considered, however, these differences became significant (p < 0.001), but in a
positive way. Even though the superhydrophobic surfaces (SHS) promoted a minimum
contact angle, the circularity of the cellular aggregates in bulk conditions was be improved,
as expected.
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Figure 3. Phase contrast images (a), circularity (b) and size distribution (c) based on initial cell density
(200 or 2000 cel/µL) of SHS-derived spheroids after recovery, for 3T3 fibroblasts and HaCaT ker-
atinocytes. The results are reported as the average of more than 10 individual spheroids ± standard
deviation. The scale bar represents 200 µm. * (p < 0.05) and ** (p < 0.001) indicate significant dif-
ferences between initial cell density vales for the same cell line. •• (p < 0.001) indicates significant
differences between values before and after the recovery process.
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Concerning the size distribution after the recovery process, the obtained values sug-
gested that the recovery could promote the formation of cell aggregates with lower dimen-
sions, due to an increase in the percentage of aggregates in the range of <50 µm. However,
this behavior depends on the cell line and cell density values. When 3T3-derived spheroids
were considered, the size distribution after the recovery showed 100% for aggregates
<50 µm (72% before the recovery) and 100% for aggregates >100 µm (identical % before
the recovery), for initial cell densities of 200 and 2000 cel/µL, respectively. The statistical
analyses demonstrated significant differences (p < 0.001) in comparison with cell aggregates
before and after the recovery for 3D spheroids formed at the lower cell density. In a similar
way to those found during formation, significant differences (p < 0.001) were found for
3T3-derived spheroids at the two different cell densities.

HaCaT keratinocytes seemed to be more sensitive to the manipulation, with a greater
distribution of sizes after recovery. For the initial cell density of 200 cel/µL, the size
distribution was 70% for aggregates <50 µm and 30% for aggregates in the 50–100 µm
range. By increasing the cell density, the size distribution was 25% for aggregates <50 µm,
50% in the 50–100 µm range and 25% > 100 µm. However, no significant differences
(p < 0.001) in comparison with cell aggregates before and after the recovery were found
for spheroids formed at the two cell densities. No significant differences (p < 0.001) were
found for recovered spheroids at the two cell densities.

Although these results have demonstrated that the recovery process did not induce
dramatic modifications, the absence of statistical significance in size distribution after and
before the recovery, especially in the case of spheroids formed at the lower cell density,
might be related to the cells involved. In this sense, it is known that tissue-resident
fibroblasts are mesenchymal cells that possess impressive plasticity in their ability to
modify their properties according to the requirements the microenvironment [29]. This
characteristic could explain changes in the size distribution of the 3T3-derived spheroids
during recovery. On the other hand, the mutations in both alleles of p53 in HaCaT cells
suggest a mechanism for their immortalization and inherent phenotype [30], resulting in
less sensitivity to possible changes induced during recovery.

3.4. Cell Migration and Growth under 2D Conditions

The migration capacity from the cell aggregate, adhesion, and growth under standard
culture conditions was evaluated once the ability of these spheroids to be recovered and
transferred without significant modification in their characteristics was confirmed. Figure 4
shows representative images of this study based on the cell line, initial cell density and
incubation time after recovery.

The results showed how the 3D spheroids remained stable in the cell culture conditions
during the first 24 h from their transference. It was possible to visualize cell aggregates
compacted depending on the cell line and initial cell density. By increasing the time (48 h),
it could be observed how, in general, cells migrated from the cell aggregate. This behavior
was highly dependent on the cell line and cell density. Thus, in the case of the 3T3 cell line
(Figure 4), individual cells showing elongated shapes with typical bipolar or multipolar
structures [31] migrating from the spheroid were visible. The number of migrated cells
increased exponentially with time in a way almost independent of the initial cell density
(Supplementary Materials, Figure S1a). Concerning the migrated distance, total migration
from the spheroid core was achieved at 120 or 168 h after the recovery for initial cell
densities of 200 or 2000 cel/µL, respectively.

Concerning the HaCaT cell line, the spheroids seemed to lose the compact structure
and appeared with a more diffuse morphology as a consequence of their mode of growth in
discrete patches [32]. The time increase gave way to cell patches compatible with standard
epithelial cell growth. Diameters ranging up to 2.5 and 3.0 times the dimensions of the
spheroids at 24 h after the recovery were found for 200 and 2000 cel/µL, respectively
(Supplementary Materials, Figure S1b).
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3.5. Morphological Characterization of Migrated Cells from the SHS-Derived Spheroids

Further investigations into the morphology of the migrated cells were performed once
the viability and migration capability of the cells from the recovered spheroids was verified.
For this purpose, 3D optical profilometry was used. Previous work in our lab demonstrated
that this technique can be regarded as an interesting tool for observing changes in cell
morphology during the screening of potential drugs and materials [33]. Furthermore, a key
advantage of this technique is that it can be used in the absence of any fluorescent proteins
or optically active dyes, and without the spatial limitation (cm2) of other techniques [34,35].

In this work, 3D profilometry was used to evaluate, qualitatively and quantitatively
with nanometric resolution, the possible changes in the morphology of the cells transferred
from the SHS-derived spheroids compared to control cells, that is, cells grown under
standard 2D monolayer conditions (Figure 5). At a qualitative level, this study showed
how the migrated cells showed slightly longer morphologies than those derived from
a conventional 2D monolayer culture. These results suggest that the adhesion of these
cellular entities is favored [36].



Pharmaceutics 2023, 15, 2226 9 of 14

Pharmaceutics 2023, 15, x FOR PEER REVIEW 10 of 15 
 

 

with surface factor values ranging between 1.3 and 7.0, for 200 and 2000 cel/μL, respec-

tively. 

 

 

Figure 5. 3D optical profilometry images in confocal mode (100× magnification) for 3T3 and HaCaT 

spheroids formed on SHS surfaces depending on the initial cell density (200 or 2000 cel/μL) for 168 

h after recovery, and compared to control cells. 

In addition, the profile analyses of height demonstrated changes that were a function 

of the cell line and initial cell density. The height values of control cells resulted in values 

ranging from 1.6 to 1.9 μm for 3T3 and HaCaT, respectively. The effect of 3D spheroid 

formation and recovery produced opposite results at the lower cell density, with height 

values of 0.9 and 3.4 μm, for fibroblasts and keratinocytes, respectively. The increase of 10 

times the initial cell density promoted a significant height increase of up to 4.1 and 4.3 μm 

for 3T3 and HaCaT, respectively. 

Moreover, the 3D profiles allowed us to estimate the cellular volumes under the as-

sayed conditions. Cells grown under control conditions showed cell volumes around 400 

μm3 for both cell lines. The cell volume of the migrated cells from spheroids prepared at 

the lower initial cell density (200 cel/μL) demonstrated a slight decrease, which could be 

compatible with the manner of stress. However, by increasing the initial cell density dur-

ing spheroid formation (2000 cel/ μL), the resulting cells revealed a significant increase in 

cell volume with values higher than 2.5 times the corresponding cell volume under control 

conditions. 

As can be seen in Table 1, all these parameters (surface factor, height and volume 

values) demonstrated significant differences (p < 0.05 or p < 0.001) in comparison with 

control cells for the same cell line. Significant differences (p < 0.001) between cells at dif-

ferent initial cell densities for the same cell line were also found. 

  

Figure 5. 3D optical profilometry images in confocal mode (100× magnification) for 3T3 and HaCaT
spheroids formed on SHS surfaces depending on the initial cell density (200 or 2000 cel/µL) for 168 h
after recovery, and compared to control cells.

Interestingly, the analysis of the profiles allowed us to evaluate numerical changes in the
dimensions of the derived cells compared to the control cells (Table 1). The profiles of the 3T3
fibroblasts under control conditions provided surface factor values around 1.7, compatible
with their bipolar structure. However, after recovery from the 3D spheroids, this surface
value increased to 2.6 and 3.2 for 200 and 2000 cel/µL, respectively. In the case of the HaCaT
keratinocytes, the profiles obtained for control cells corroborated the spherical structure of
these cells, showing surface values close to 1.0. The effect on 3D spheroid formation and
recovery was demonstrated to be a consequence of the initial cell density, with surface factor
values ranging between 1.3 and 7.0, for 200 and 2000 cel/µL, respectively.

In addition, the profile analyses of height demonstrated changes that were a function
of the cell line and initial cell density. The height values of control cells resulted in values
ranging from 1.6 to 1.9 µm for 3T3 and HaCaT, respectively. The effect of 3D spheroid
formation and recovery produced opposite results at the lower cell density, with height
values of 0.9 and 3.4 µm, for fibroblasts and keratinocytes, respectively. The increase of
10 times the initial cell density promoted a significant height increase of up to 4.1 and
4.3 µm for 3T3 and HaCaT, respectively.

Moreover, the 3D profiles allowed us to estimate the cellular volumes under the
assayed conditions. Cells grown under control conditions showed cell volumes around
400 µm3 for both cell lines. The cell volume of the migrated cells from spheroids prepared
at the lower initial cell density (200 cel/µL) demonstrated a slight decrease, which could
be compatible with the manner of stress. However, by increasing the initial cell density
during spheroid formation (2000 cel/ µL), the resulting cells revealed a significant increase
in cell volume with values higher than 2.5 times the corresponding cell volume under
control conditions.
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Table 1. Morphological phenotype of cells cultured on various substrates. Surface factor (major
axis length/minor axis length ratio), height and volume obtained from the corresponding cell
profiles from 3T3 and HaCaT spheroids formed on SHS surfaces depending on the initial cell density
(200 or 2000 cel/µL) for 168 h after recovery and compared to control cells. Results are reported as
the average of ten independent cells ± standard deviation.

Sample Surface Factor Height (µm) Volume (µm3)

Control 1.72 ± 0.50 1.59 ± 0.11 446.25 ± 68.25

3T3 200 cel/µL 2.61 ± 0.64 ** 0.93 ± 0.26 ** 300 ± 49.44 **

2000 cel/µL 3.24 ± 0.18 **•• 4.1 ± 0.63 **•• 1245.70 ± 163.68 **••

Control 1.05 ± 0.04 1.91± 0.08 392.40 ± 86.26

HaCaT 200 cel/µL 1.31 ± 0.14 * 3.39 ± 1.37 ** 315.40 ± 112.85 **

2000 cel/µL 6.98 ± 0.06 **•• 4.29 ± 0.64 **•• 956.70 ± 257.81 **••

* (p < 0.05) and ** (p < 0.001) indicate significant differences between control cells for the same cell line. •• (p < 0.001)
indicates significant differences between cells at different initial cell densities for the same cell line.

As can be seen in Table 1, all these parameters (surface factor, height and volume
values) demonstrated significant differences (p < 0.05 or p < 0.001) in comparison with
control cells for the same cell line. Significant differences (p < 0.001) between cells at
different initial cell densities for the same cell line were also found.

4. Discussion

In recent years, significant progress has been made in developing in vitro three-
dimensional cell cultures to be used as models for in vivo tissue environments. Spheroids
are cell aggregates in which the cell–cell and the cell–extracellular matrix contacts domi-
nate [37,38]. As a result, it was shown that 3D-cell cultures exhibited increased levels of
tissue-specific markers, retrieved tissue-specific functions, and developed various gene
expression profiles compared to 2D-cultured cells [39]. Superhydrophobicity has been
recently used to develop spheroids. However, most examples in the literature involve
highly technological solutions [15,40,41]. In particular, the spray coating method employed
in this work to prepare the superhydrophobic surfaces used to grow spheroids, has many
advantages such as the possibility to use any type of substrate material by modifying its
surface properties and its cost-effectiveness and ease of use. Under this approach, glass sur-
faces with high transparency, high superhydrophobic behavior and controlled roughness
were prepared (Figure 1).

The high contact angle of the culture medium on these surfaces was demonstrated
to assist the preparation of 3D spheroids of 3T3 fibroblasts and HaCaT keratinocytes after
48 h of incubation. Two initial cell densities (200 and 2000 cel/mL) were assayed, and their
effect on the final properties of the generated spheroids was evaluated.

The superhydrophobicity also enabled the easy isolation of the spheroids from these
surfaces under mild handling conditions without altering their physical characteristics, as
demonstrated by the circularity values and size distribution before and after the recovery
(Figures 2 and 3, respectively). We used the circularity to characterize these spheroids before
and after the recovery because this parameter is independent of the number of cells forming
cell aggregates. As a general trend, the increase in cell density favored the formation
of larger 3D aggregates. Concerning the recovery of 3D spheroids, this step is usually
challenging for closed microfluidic or hanging-drop systems. Moreover, when spheroids
are prepared on hydrogels, the recovery often involves chemical or enzymatic-mediated
hydrogel disruption [42–46]. In these circumstances, without any hydrogel maintaining the
cell aggregates together, in the absence of sufficient physical interaction between cells, the
aggregates disassemble, and the physical compartmentalization disappears. In this work,
however, adequate formation, i.e., spheroids with unaltered physical properties, enabled
the process of sample recovery as well as the transference performed by simple pipetting.
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The accurate characterization of 3D spheroids may be a weak point because most
available techniques and protocols were initially designed for 2D culturing. Almost all
the applied methods are colorimetric assays as indirect methods for determining viable
cells [15]. Previous studies have demonstrated the homogeneous distribution of viable cells
in superhydrophobic-induced spheroids [16] using the acridine orange/ethidium bromide
(AO/EB) double staining. In this work, however, the recovered 3D spheroids were grown
in conventional 2D (monolayer) conditions as a measure of cell viability and migration of
the cells forming cell aggregates (Figure 4). The results demonstrated that cells remained
alive with migrating capabilities over time, which are a function of both the cell line and the
initial cell density. While the evolution of 3D spheroid formation has been widely studied
over time, studies screening cell migration from the core spheroids are focused on tumoral
cells as a measurement of tumor invasion [47].

In addition, in this work, the morphological characteristics of the migrated cells were
deeply characterized at the nano-microscale through 3D profilometry (Figure 5 and Table 1).
This approach represents a novelty compared to other studies in two different aspects.
Firstly, to the author’s knowledge, there is no evidence of the morphology characterization
of cells forming 3D spheroids. Secondly, 3D profilometry has become a non-invasive
technique to be applied in life sciences [48]. In an approach developed for the authors of
the present work, it was demonstrated how 3D morphological surface analysis matches
standard biochemical methods to distinguish cells under control conditions and those
derived upon incubation with precursors of proliferation and cell death.

An accurate characterization involves quantitative and qualitative analysis of the
derived structures. The analysis at the nano-microscale through 3D profilometry demon-
strated, at both the qualitative (elongated shape) and the quantitative (increased surface
factor) levels, the increased adhesive properties of the derived cells. Moreover, the height
and final volume increase demonstrated features compatible with cell proliferation pro-
cedures. This performance was observed in the two different cell lines, dependent on the
initial cell densities in both cases. These results are in the light of cell adhesive behaviors on
superhydrophobic surfaces where constant contact between cells is necessary to ensure cell
division and proliferation on these surfaces [49]. Although cells cultured for short times
on superhydrophobic surfaces hardly proliferate, cells adhering to the superhydrophobic
surface over time produce an extracellular matrix (ECM) such as collagen, creating condi-
tions suitable for cell proliferation. The results found in this work suggested that cells on
3D spheroids ensure the cell contact between them, resulting in cells with enhanced cell
proliferation, especially for the migrated cells of SHS-derived 3D spheroids at the highest
initial cell density. These results demonstrated that the migrated cells from SHS-based
spheroids exhibited morphological changes compatible with improved adhesion and pro-
liferation. Ongoing research is focused on 3D spheroid formation and characterization
involving immune cells as tools for developing immunotherapy treatments.

5. Conclusions

In this work, superhydrophobicity was used to prepare 3D spheroids from represen-
tative skin cell lines such as fibroblasts and keratinocytes. The high transparency of the
resulting superhydrophobic surfaces made the characterization in terms of circulatory and
size distribution possible without any manipulation or recovery. In addition, in view of
their therapeutical applications, the 3D spheroids recovery was performed under mild
conditions without alteration to their physical properties. The cell viability of the 3D
spheroids was demonstrated by their growth under 2D conditions. The migrated cells
demonstrated increased cell attachment and proliferation, as shown by 3D profilometry
analysis. The study demonstrated that superhydrophobicity can be effectively used as a
platform for 3D spheroid formation and recovery, and for promoting added value to the
biological characteristics in its application for regenerative purposes.
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3T3 fibroblasts (a) and HaCaT keratinocytes (b) migrated from 3D spheroids over time.

Author Contributions: Conceptualization, M.d.C.M. and M.F.; methodology, M.d.C.M. and M.F.;
formal analysis, M.d.C.M., F.C. and M.F.; investigation, M.d.C.M., F.C. and M.F.; writing—original
draft preparation, M.d.C.M.; writing—review and editing, M.d.C.M., F.C. and M.F. 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: The data presented in this study are available within this article.

Acknowledgments: This work was conceived in the framework of the Cooperation Agreement
between Faculty of Pharmacy and Food Science (UB)—Institute for Chemistry of Condensed Matter
and Technologies for Energy (ICMATE-CNR) (Codi GREC 18407, 2018–2026) and under the umbrella
of the Topical Team: Biofilms from an interdisciplinary perspective from the European Spatial Agency
(ESA). M.C.M. and M.F. acknowledge the support of the UB–Mobility program (OMPI, 2022 call) for
type A and type B grants, respectively.

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

References
1. Nosonovsky, M.; Bhushan, B. Energy transitions in superhydrophobicity: Low adhesion, easy flow and bouncing. J. Phys. Condens.

Matter 2008, 20, 395005. [CrossRef]
2. Sanyal, S. Culture and assay systems used for 3D cell culture. Corning 2014, 9, 1–18.
3. Liumbruno, G.; Bennardello, F.; Lattanzio, A.; Piccoli, P.; Rossetti, G. Recommendations for the transfusion of red blood cells.

Blood Transfus. 2009, 7, 49–64. [CrossRef] [PubMed]
4. Majhail, N.S.; Farnia, S.H.; Carpenter, P.A.; Champlin, R.E.; Crawford, S.; Marks, D.I.; Omel, J.L.; Orchard, P.J.; Palmer, J.; Saber,

B.N.; et al. Indications for autologous and allogeneic hematopoietic cell transplantation: Guidelines from the American Society
for Blood and Marrow Transplantation. Biol. Blood Marrow Transplant. 2015, 21, 1863–1869. [CrossRef]

5. Mistry, H.; Connock, M.; Pink, J.; Shyangdan, D.; Clar, C.; Royle, P.; Court, R.; Biant, L.C.; Metcalfe, A.; Waugh, N. Autologous
chondrocyte implantation in the knee: Systematic review and economic evaluation. Health Technol. Assess. 2017, 21, 1–294.
[CrossRef]

6. Baldari, S.; Di Rocco, G.; Piccoli, M.; Pozzobon, M.; Muraca, M.; Toietta, G. Challenges and strategies for improving the
regenerative effects of mesenchymal stromal cell-based therapies. Int. J. Mol. Sci. 2017, 18, 2087. [CrossRef] [PubMed]

7. Moya, A.; Paquet, J.; Deschepper, M.; Larochette, N.; Oudina, K.; Denoeud, C.; Bensidhoum, M.; Logeart-Avramoglou, D.; Petite,
H. Human mesenchymal stem cell failure to adapt to glucose shortage and rapidly use intracellular energy reserves through
glycolysis explains poor cell survival after implantation. Stem Cells 2018, 36, 363–376. [CrossRef]

8. Manassero, M.; Paquet, J.; Deschepper, M.; Viateau, V.; Retortillo, J.; Bensidhoum, M.; Logeart-Avramoglou, D.; Petite, H.
Comparison of survival and osteogenic ability of human mesenchymal stem cells in orthotopic and ectopic sites in mice. Tissue
Eng. Part A 2016, 22, 534–544. [CrossRef] [PubMed]

9. Zhang, M.; Methot, D.; Poppa, V.; Fujio, Y.; Walsh, K.; Murry, C.E. Cardiomyocyte grafting for cardiac repair: Graft cell death and
anti-death strategies. J. Mol. Cell. Cardiol. 2001, 33, 907–921. [CrossRef]

10. Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240–249.
[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. Ferrari, M.; Cirisano, F.; Morán, M.C. Mammalian Cell Behavior on Hydrophobic Substrates: Influence of Surface Properties.
Colloids Interfaces 2019, 3, 48. [CrossRef]

13. 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]

14. Ferrari, M.; Cirisano, F.; Morán, M.C. Regenerable Superhydrophobic Coatings for Biomedical Fabrics. Coatings 2020, 10, 578.
[CrossRef]

15. Ferrari, M.; Cirisano, F.; Morán, M.C. Super Liquid-repellent Surfaces and 3D Spheroids Growth. Front. Biosci. 2022, 27, 144.
[CrossRef]

16. Ferrari, M.; Cirisano, F.; Morán, M.C. Mammalian Cell Spheroids on Mixed Organic–Inorganic Superhydrophobic Coating.
Molecules 2022, 27, 1247. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics15092226/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15092226/s1
https://doi.org/10.1088/0953-8984/20/39/395005
https://doi.org/10.2450/2008.0020-08
https://www.ncbi.nlm.nih.gov/pubmed/19290081
https://doi.org/10.1016/j.bbmt.2015.07.032
https://doi.org/10.3310/hta21060
https://doi.org/10.3390/ijms18102087
https://www.ncbi.nlm.nih.gov/pubmed/28974046
https://doi.org/10.1002/stem.2763
https://doi.org/10.1089/ten.tea.2015.0346
https://www.ncbi.nlm.nih.gov/pubmed/26896389
https://doi.org/10.1006/jmcc.2001.1367
https://doi.org/10.1016/j.drudis.2012.10.003
https://doi.org/10.1002/admt.202000183
https://doi.org/10.3390/colloids3020048
https://doi.org/10.1016/j.msec.2019.01.088
https://www.ncbi.nlm.nih.gov/pubmed/30889696
https://doi.org/10.3390/coatings10060578
https://doi.org/10.31083/j.fbl2705144
https://doi.org/10.3390/molecules27041247


Pharmaceutics 2023, 15, 2226 13 of 14

17. Xu, Y.; Shi, T.; Xu, A.; Zhang, L. 3D spheroid culture enhances survival and therapeutic capacities of MSCs injected into ischemic
kidney. J. Cell Mol. Med. 2016, 20, 1203–1213. [CrossRef]

18. Duval, K.; Grover, H.; Han, L.H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell
Culture. Physiology 2017, 32, 266–277. [CrossRef]

19. Follin, B.; Juhl, M.; Cohen, S.; Pedersen, A.E.; Kastrup, J.; Ekblond, A. Increased Paracrine Immunomodulatory Potential of
Mesenchymal Stromal Cells in Three-Dimensional Culture. Tissue Eng. Part B Rev. 2016, 22, 322–329. [CrossRef]

20. Bicer, M.; Cottrell, G.S.; Widera, D. Impact of 3D cell culture on bone regeneration potential of mesenchymal stromal cells. Stem
Cell Res. Ther. 2021, 12, 31. [CrossRef]

21. Dellaquila, A.; Le Bao, C.; Letourneur, D.; Simon-Yarza, T. In Vitro Strategies to Vascularize 3D Physiologically Relevant Models.
Adv. Sci. 2021, 8, 2100798. [CrossRef] [PubMed]

22. Pampaloni, F.; Reynaud, E.G.; Stelzer, E.H.K. The third dimension bridges the gap between cell culture and live tissue. Nat. Rev.
Mol. Cell Biol. 2007, 8, 839–845. [CrossRef] [PubMed]

23. Urzì, O.; Gasparro, R.; Costanzo, E.; De Luca, A.; Giavaresi, G.; Fontana, S.; Alessandro, R. Three-Dimensional Cell Cultures: The
Bridge between In Vitro and In Vivo Models. Int. J. Mol. Sci. 2023, 24, 12046. [CrossRef] [PubMed]

24. Kim, W.; Gwon, Y.; Park, S.; Kim, H.; Kim, J. Therapeutic strategies of three-dimensional stem cell spheroids and organoids for
tissue repair and regeneration. Bioact. Mater. 2023, 19, 50–74. [CrossRef]

25. Sun, B.; Zhao, Y.; Zhao, Q.; Li, G. A Sessile Drop Method for Facile and Robust Spheroid Cultures. Adv. Mater. Interfaces 2021, 8,
2100972. [CrossRef]

26. Wang, A.; Madden, L.A.; Paunov, V.N. Advanced biomedical applications based on emerging 3D cell culturing platforms. J. Mater.
Chem. B 2020, 8, 10487. [CrossRef]

27. Ferrari, M.; Piccardo, P.; Vernet, J.; Cirisano, F. High transmittance superhydrophobic coatings with durable self-cleaning
properties. Coatings 2021, 11, 493. [CrossRef]

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

29. Plikus, M.V.; Wang, X.; Sinha, S.; Forte, E.; Thompson, S.M.; Herzog, E.L.; Driskell, R.R.; Rosenthal, N.; Biernaskie, J.; Horsley, V.
Fibroblasts: Origins, definitions, and functions in health and disease. Cell 2021, 184, 3852–3872. [CrossRef]

30. Lehman, T.A.; Modali, R.; Boukamp, P.; Stanek, J.; Bennett, W.P.; Welsh, J.A.; Metcalf, R.A.; Stampfer, M.R.; Fusenig, N.; Rogan,
E.M.; et al. p53 mutations in human immortalized epithelial cell lines. Carcinogenesis 1993, 14, 833–839. [CrossRef]

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

32. Carson, S.; Miller, H.B.; Srougi, M.C.; Witherow, D.S. Molecular Biology Techniques: A Classroom Laboratory Manual; Academic Press:
Cambridge, MA, USA, 2019.

33. 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] [PubMed]

34. Reed, J.; Chun, J.; Zangle, T.A.; Kalim, S.; Hong, J.S.; Pefley, S.E.; Zheng, X.; Gimzewski, J.K.; Teitell, M.A. Rapid, massively
parallel single-cell drug response measurements via live cell interferometry. Biophys. J. 2011, 101, 1025. [CrossRef] [PubMed]

35. Vermeulen, S.; Honig, F.; Vasilevich, A.; Roumans, N.; Romero, M.; Eren, A.D. Expanding Biomaterial Surface Topographical
Design Space through Natural Surface Reproduction. Adv. Mat. 2021, 33, 2102084. [CrossRef]

36. Hoffmann, E.K.; Lambert, I.H.; Pedersen, S.F. Physiology of Cell Volume Regulation in Vertebrates. Physiol. Rev. 2009, 89, 193–277.
[CrossRef]

37. Lin, R.Z.; Chang, H.Y. Recent advances in three-dimensional multicellular spheroid culture for biomedical research. Biotechnol. J.
2008, 3, 1172–1184. [CrossRef]

38. Lin, R.Z.; Chou, L.F.; Chien, C.C.M.; Chang, H.Y. Dynamic analysis of hepatoma spheroid formation: Roles of E-cadherin and
1-integrin. Cell Tissue Res. 2006, 324, 411–422. [CrossRef]

39. Lv, D.; Hu, Z.; Lu, L.; Lu, H.; Xu, X. Three-dimensional cell culture: A powerful tool in tumor research and drug discovery
(Review). Oncol. Lett. 2017, 14, 6999–7010. [CrossRef]

40. Langer, K.; Joensson, H.N. Rapid Production and Recovery of Cell Spheroids by Automated Droplet Microfluids. SLAS Technol.
2020, 25, 111–122. [CrossRef]

41. Białkowska, K.; Komorowski, P.; Bryszewska, M.; Miłowska, K. Spheroids as a Type of Three-Dimensional Cell Cultures-Examples
of Methods of Preparation and the Most Important Application. Int. J. Mol. Sci. 2020, 21, 6225. [CrossRef]

42. Raza, A.; Lin, C.C. Generation and recovery of β-cell spheroids from step-growth PEG-peptide hydrogels. J. Vis. Exp. 2012,
70, e50081. [CrossRef] [PubMed]

43. Sart, S.; Tomasi, R.F.X.; Amselem, G.; Baroud, C.N. Multiscale Cytometry and Regulation of 3D Cell Cultures on a Chip. Nat.
Commun. 2017, 8, 469. [CrossRef] [PubMed]

44. Li, Y.; Kumacheva, E. Hydrogel Microenvironments for Cancer Spheroid Growth and Drug Screening. Sci. Adv. 2018, 4, eaas8998.
[CrossRef] [PubMed]

45. 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, 2, 734–745. [CrossRef]

https://doi.org/10.1111/jcmm.12651
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1089/ten.teb.2015.0532
https://doi.org/10.1186/s13287-020-02094-8
https://doi.org/10.1002/advs.202100798
https://www.ncbi.nlm.nih.gov/pubmed/34351702
https://doi.org/10.1038/nrm2236
https://www.ncbi.nlm.nih.gov/pubmed/17684528
https://doi.org/10.3390/ijms241512046
https://www.ncbi.nlm.nih.gov/pubmed/37569426
https://doi.org/10.1016/j.bioactmat.2022.03.039
https://doi.org/10.1002/admi.202100972
https://doi.org/10.1039/D0TB01658F
https://doi.org/10.3390/coatings11050493
https://doi.org/10.1080/02619180.1989.11753417
https://doi.org/10.1016/j.cell.2021.06.024
https://doi.org/10.1093/carcin/14.5.833
https://doi.org/10.1371/journal.pgen.0020119
https://www.ncbi.nlm.nih.gov/pubmed/16895450
https://doi.org/10.1016/j.msec.2020.111142
https://www.ncbi.nlm.nih.gov/pubmed/32600730
https://doi.org/10.1016/j.bpj.2011.07.022
https://www.ncbi.nlm.nih.gov/pubmed/21889438
https://doi.org/10.1002/adma.202102084
https://doi.org/10.1152/physrev.00037.2007
https://doi.org/10.1002/biot.200700228
https://doi.org/10.1007/s00441-005-0148-2
https://doi.org/10.3892/ol.2017.7134
https://doi.org/10.1177/2472630319877376
https://doi.org/10.3390/ijms21176225
https://doi.org/10.3791/50081
https://www.ncbi.nlm.nih.gov/pubmed/23241531
https://doi.org/10.1038/s41467-017-00475-x
https://www.ncbi.nlm.nih.gov/pubmed/28883466
https://doi.org/10.1126/sciadv.aas8998
https://www.ncbi.nlm.nih.gov/pubmed/29719868
https://doi.org/10.1016/j.stemcr.2014.03.012


Pharmaceutics 2023, 15, 2226 14 of 14

46. Huang, H.; Yu, Y.; Hu, Y.; He, X.; Berk Usta, O.; Yarmush, M.L. Generation and Manipulation of Hydrogel Microcapsules by
Droplet-Based Microfluidics for Mammalian Cell Culture. Lab. Chip. 2017, 17, 1913–1932. [CrossRef]

47. Zhao, L.; Xiu, J.; Liu, Y.; Zhang, T.; Pan, W.; Zheng, X.; Zhang, X. A 3D Printed Hanging Drop Dripper for Tumor Spheroids
Analysis without Recovery. Sci. Rep. 2019, 9, 19717. [CrossRef]

48. Case Study. Morphological Surface Analysis to Study Cell Viability Induced by Proliferative and Toxic Treatments. Available
online: https://www.sensofar.com/cs28-morphological-analysis-cell-viability/ (accessed on 6 March 2023).

49. Ishizaki, T.; Saito, N.; Takai, O. Correlation of Cell Adhesive Behaviors on Superhydrophobic, Superhydrophilic, and Micropat-
terned Superhydrophobic/Superhydrophilic Surfaces to Their Surface Chemistry. Langmuir 2010, 26, 8147–8154. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/C7LC00262A
https://doi.org/10.1038/s41598-019-56241-0
https://www.sensofar.com/cs28-morphological-analysis-cell-viability/
https://doi.org/10.1021/la904447c
https://www.ncbi.nlm.nih.gov/pubmed/20131757

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Surface Preparation and Characterization 
	Cell Cultures 
	Cell Culture in Superhydrophobic Substrates 
	Spheroid Recovery and Growth under Standard 2D Conditions 
	Profilometry Studies 
	Statistical Analyses 


	Results 
	Surface Characterization 
	Spheroid Preparation 
	Spheroid Recovery 
	Cell Migration and Growth under 2D Conditions 
	Morphological Characterization of Migrated Cells from the SHS-Derived Spheroids 

	Discussion 
	Conclusions 
	References

