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ABSTRACT
The 3Dmulticellular spheroids with intact cell–cell junctions have major roles in biological research by
virtue of their unique advantage of mimicking the cellular physiological environments. In this work, a
durable superamphiphobic silica aerogel surface (SSAS) has been fabricated for the upward culture of 3D
multicellular spheroids. Poly(3,4-ethylenedioxythiophene) (PEDOT) was first electrodeposited on a
conductive steel mesh as a first template for porous silica coating. Soot particles were then applied as a
second template to construct a cauliflower-like silica aerogel nanostructure. After fluorination, a hierarchical
structure with re-entrant curvature was finally fabricated as a durable superamphiphobic surface.This
superamphiphobic surface also presented excellent antifouling towards biomacromolecules and cells, which
has been demonstrated by the successful upward culture of cell spheroids.The upward culture makes the
observation of cellular behavior in situ possible, holding great potential for 3D cellular evaluation in vitro.
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INTRODUCTION
Life is 3D. The physiological environments of cells
in vivo are inherently 3D with extensive cell–cell in-
teractions [1]. Compared with standard 2D plas-
ticware culture, the culture of 3D cell spheroids is
considered a model for cellular physiological con-
ditions. 3D contacts are mandatory for maintain-
ing cellular polarity and the intracellular functions
of stem cell embryos [2–4]. Furthermore, multi-
cellular spheroids with sophisticated heterogeneous
spatial distributions of oxygen and nutrition accu-
rately mimic tumors for drug screening in vitro [5–
7]. In this context, multicellular spheroid culture is
emerging as a fundamental biological science and
might provide novel insights into cancer chemother-
apy. In general, 3D cellular spheroids form on non-
adhesion environments where cell clusters aggre-
gate under gravity or sheer stress. During this pro-
cess, intercellular interaction molecules, especially
E-cadherin, are expressed to generate compact cel-
lular structure and inhibit the caspase-based death
[8,9]. Herein, state-of-the-art strategies formulticel-
lular spheroid culture involve the provision of an
anti-adhesive bio-interface or pensile droplets for
cellular self-aggregation [4,10].

Conventional methods for preparing multicel-
lular spheroids include spinner suspension culture,
hydrogel static culture, centrifugation pellet cul-
ture, floating liquid marble or magnetic nanopar-
ticle carrying culture and hanging-droplet culture
[4,6,11–15].Most of these approaches generate het-
erogeneous shear stress and result in non-uniform
spheroidal morphologies [16]. Hanging-drop cul-
ture methods are commonly used to culture 3D
spheroids with droplets of the medium suspended
from the inverted substrate surface. During culture,
spheroids are efficiently formed at the bottom of the
droplets with the aid of gravity and droplet curva-
ture [17,18]. Although simple and highly efficient,
the hanging-drop culture method is not suitable for
in situ cellular spheroidal observation and characteri-
zation [19,20].To address this difficulty,wepropose
an approach for upward spheroid culture for in situ
cellular evaluation by introducing a superamphipho-
bic surface as a culture matrix.

Among various culture substrate materials, su-
perhydrophobic surfaces are important bio-interface
materials due to their low surface energies [21–23].
Recently, superhydrophobic surfaces have been fab-
ricated for the generation of 3D cell spheroids by
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hanging-drop culture methods [6,17]. To the best
of our knowledge, however, low-adhesion superam-
phiphobic surfaces for upward spheroid culture have
not hitherto been reported. Comparedwith conven-
tional hanging-drop culture, upward-culture meth-
ods based on such anti-wetting and anti-adhesion
bio-interfaces permit the study of stem cell dif-
ferentiation, the diffusion principle of drug deliv-
ery and tumor therapeutics in vitro [11,24–26].
In our earlier study, by virtue of air pockets in
the micro-/nanostructures and minimization of the
solid–liquid contact area, a superhydrophobic sur-
face (Cassie’s state) was demonstrated to prevent
cell adhesion [27]. Low-adhesion superhydropho-
bic surfaces undergo a wetting process after inter-
acting with low-surface-tension liquids, such as var-
ious oils and surfactant solutions, leading to a loss
of water repellency [28]. Superamphiphobic bio-
interfaceswithboth superhydrophobicity and super-
oleophobicity are thought to be more efficient for
long-term biological antifouling but are still in their
infancy for real applications [29].

In this work, we propose a novel strategy for
the fabrication of a robust and durable super-
amphiphobic silica aerogel surface (SSAS) for
multicellular spheroid culture. The SSAS was
fabricated by a dual-template strategy based on
electrodeposited PEDOT and soot particles as
templates, coupling with the chemical vapor de-
position (CVD) of tetraethoxysilane (TEOS).
As presented in Fig. 1a, the electrochemical
deposition of poly(3,4-ethylenedioxythiophene)
(PEDOT) (as the first template) was performed
on a steel mesh for the generation of a hierarchi-
cal structure. Subsequently, soot particles were
introduced as a second template to enrich the hier-
archical structure by further CVD. During the two
templating processes, the structures were replicated
by silica coating. The SSAS was finally obtained by
CVD of 1H,1H,2H,2H-perfluorooctyltriethoxy-
silane (POTS). The obtained SSAS displayed a
cauliflower-like multiple hierarchical structure with
re-entrant curvature and superamphiphobicity.
It exhibited outstanding thermal and mechanical
stabilities. The stable and low-adhesion SSAS was
then applied for the upward culture of multicellular
spheroids. Due to its excellent antifouling properties
and upward-culture operation, this SSAS can be
used as a universal platform for the formation of 3D
cell spheroids with controlled size.

RESULTS AND DISCUSSION
Preparation and morphology of the SSAS
A hierarchically structured surface possessing
re-entrant curvature is critically important for de-

veloping a superamphiphobic surface in the Cassie
state [29]. In this work, stainless-steel wire mesh
(305 mesh) was used as a conductive substrate
for the electrodeposition of PEDOT (Fig. 1a,
Supplementary Scheme 1, and Supplementary
Fig. 1).The obtained electrodeposited PEDOT film
was applied as the first template for CVD of TEOS
(Supplementary Fig. 1f). After annealing at 500◦C
in air to remove PEDOT, the porous silica coating
with hierarchical structure and re-entrant curvature
was generated (Fig. 1b, c). Subsequently, in order to
introduce the finer nanometer-scale structure, soot
particleswere depositedonto the coating as a second
template (see Supplementary Scheme 2, Supple-
mentary Figs. 2 and 3). After a second CVD of
TEOS followed by annealing, the unique silica aero-
gel layer was finally constructed on the porous silica
coating. Following fluorination by CVD of POTS,
the superamphiphobic silica aerogel surface (SSAS)
was successfully established (Supplementary
Figs. 4–6). Figure 1c, d shows the finer nanometer-
scale silica aerogel particles of size 20–30 nm uni-
formly covering the primary micro-/nanostructure.
Compared with the porous silica coating in Fig. 1c,
the SSAS was characterized by a cauliflower-like
multiple hierarchical nanostructure (Fig. 1d, e).The
resultant SSAS completely covered the cylindrical
wires of the mesh (Fig. 1f, g). Notably, the stainless-
steel wire mesh substrate also provided significant
re-entrant curvature, and could promote the at-
tainment of the Cassie state for various contacting
liquid droplets.This dual-template strategy based on
PEDOT film and soot particle templates provided
a feasible means of preparing a superamphiphobic
surface.

Superamphiphobicity of the SSAS
Thecauliflower-likemultiple hierarchical nanostruc-
ture coupled with low surface energy rendered the
surface superamphiphobic, as evidenced by high ap-
parent contact angles (CAor θ ≥150◦) and low slid-
ing angles (SA ≤ 10◦) for liquids with various sur-
face tensions (Fig. 2 and Supplementary Movie 1).
Droplets of diverse liquids, namely water, glycerol,
ethyleneglycol, peanutoil,mineral oil,n-hexadecane
and n-dodecane, with surface tensions ranging from
25 to 72 mN/m, were applied to evaluate the liq-
uid repellence of the SSAS. Droplets (ca. 8 μL) of
the tested liquidswere randomly placed on the SSAS
and acquired almost spherical shape (Fig. 2a). De-
tailed contact angles and sliding angles of the various
liquids were quantified and are presented in Supple-
mentary Table 1. It can clearly be seen that all con-
tact angles exceeded 150◦ and that all sliding angles
were less 10◦ (including that for n-dodecane with
a surface tension of 25.3 mN/m). In addition, the
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Figure 1. (a) Fabrication of a superamphiphobic silica aerogel surface (SSAS) by a dual-template strategy and procedure for culturing 3D cell spheroids.
(b) SEM image of a porous silica coating obtained on electrodeposited PEDOT by CVD of TEOS. (c) Magnified image of the porous silica coating. (d) SEM
image of the SSAS. (e) Magnified image of the SSAS. (f) SEM image of an SSAS on a stainless-steel wire mesh. (g) Lateral SEM image showing that
the SSAS uniformly covered the cylindrical wires of the mesh.

droplets could roll away on the SSAS at very small
angles, implying that the liquids could not adhere
to the surface (Fig. 2c and Supplementary Movie
2). These results could be attributed to the forma-
tion of a Cassie–Baxter contact model with air pock-
ets trapped in a hierarchical structure. The trapped
air pockets would lead to liquid–solid–air compos-
ite contact interfaces and minimum solid–liquid
contact areas [30,31].

The contact angle hysteresis (�H) of various liq-
uid droplets was evaluated by measuring the ad-
vancing angle (θA) and the receding angle (θR)
(�H= θA − θR) (Supplementary Table 1 and Sup-
plementary Fig. 7). The �H values for all liquid
droplets were less than 10◦, except for n-dodecane
with the lowest surface tension (�H=12◦).The liq-
uid repellence (superamphiphobicity) of the SSAS
was further verified by immersing it in water and
n-hexadecane. As presented in Fig. 3, the two liq-
uids could not wet the SSAS but formed reflective
mirror-like interfaces due to the trapped air pockets,
indicative of a robust Cassie–Baxter state.

Both the chemical nature and physical morphol-
ogy contributed to the superamphiphobicity of the
SSAS. For comparison, the wettability of a fluori-
nated porous silica coating (FPS) obtained with-
out the soot particle template was also evaluated in
terms of apparent contact angles, sliding angles, and
contact angle hysteresis (see Supplementary Fig. 8
and Supplementary Table 2).The FPS exhibited su-
peramphiphobicity towards liquids with surface ten-
sions higher than 27.5 mN/m, presenting CAs of

≥150◦, SAs of ≤ 10◦ and �H values of ≤ 10◦. The
origin of the superamphiphobicity of the FPS could
be attributed to the combination of a hierarchically
structured surface with low surface energy. How-
ever, n-dodecane on the FPS showed only a high-
adhesionpinned statewith aCAof148◦. In compari-
son to theFPS, theSSAS showedahigherCA(151◦)
and a lower SA (10◦) for an n-dodecane droplet.
This result indicated that the SSAS had stronger oil
repellence than the FPS, which could be attributed
to the fine nanometer-scale silica aerogel particle
layer, further reducing the solid–liquid contact area,
thus resulting in lower solid–liquid adhesion.

Robust and durable superamphiphobicity
of the SSAS
It usually takes a few days to culture 3D mul-
ticellular spheroids. Moreover, in situ analyses of
cellular behavior require long-term culture condi-
tions. Hence, for real applications, the SSAS mesh
needs to maintain antifouling properties for a long
period. In this context, the durability of the pre-
pared SSASwas characterized under relatively harsh
conditions.

The thermal stability of the SSAS was evaluated
by heating samples at different temperatures (100,
200, or 300◦C) for 1 h in air. As displayed in Fig. 4a,
the contact and sliding angles of water and peanut
oil were well maintained after heat treatment, indi-
cating outstanding thermal stability of the SSAS. To
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Figure 2. (a) Photographs of droplets of liquids with various surface tensions showing
their nearly spherical shapes on the SSAS. (b) Contact angle measurements for the
respective liquids on the SSAS. (c) Rolling droplets of the respective liquids showing
the low sliding angles.

further study the stability of the superamphipho-
bicity of the SSAS under humid conditions, a sam-
ple was immersed in hot water (70◦C) as shown in
Fig. 4b. A boat-shaped SSASmesh floated on the hot
water (70◦C) for more than 12 h. Furthermore, a
peanut oil droplet (ca. 20 μL) on the SSAS mesh
remained free without being pinned (see Supple-
mentary Fig. 9 and Supplementary Movie 3). These
results indicated that the SSAS mesh maintained
water and oil repellence under high temperature and
high humidity conditions over a long period. The
stability was further evaluated under harsher condi-
tions by immersing the SSAS mesh in boiling water
for 20 min (see Supplementary Movie 4). Follow-
ing this treatment, the SSAS mesh was allowed to
dry naturally in air for 2 h, whereupon it retained its
superamphiphobicity as demonstrated by high con-

tact angles for water and peanut oil (164◦ and 151◦,
respectively) (Supplementary Fig. 10).

Good mechanical stability of a superamphipho-
bic surface is very important for real applications.
In order to evaluate the mechanical properties of
the SSAS, water droplet impact friction tests were
performed by impacting water droplets (ca. 35 μL)
from a height of 5 cm onto the inner surface of
a U-shaped SSAS mesh (Fig. 4c and Supplemen-
tary Movie 5). No obvious change in the super-
amphiphobicity of the SSAS mesh was apparent
even when it was bent into a U-shape, which could
be attributed to the strong interaction between the
silica coating and the substrate. After impacting
1000 drops, the SSAS exhibited high contact angles
forwater (165◦) andn-hexadecane (151◦) (Fig. 4d).
The results indicated that the SSAS mesh had good
mechanical stability.

The long-term stability of the superamphipho-
bicity of the SSAS was also investigated. SSAS
meshes were placed in an ambient environment
at about 25◦C and a relative humidity of 30–60%
for no less than four months. The CAs and SAs
for water, peanut oil and n-hexadecane were then
measured and showed no deviation from the orig-
inal values (see Supplementary Table 3). The re-
sults indicated that the superamphiphobicity of the
SSAS endured over a long period in the ambient
environment.

In addition, the SSAS exhibited exceptional re-
sistance to concentrated inorganic acid/base. High
CAs and low SAs on the SSAS surface were
maintained after treatment with 98% concentrated
NaOH and 25% concentrated ammonia solution
(Fig. 4e, Supplementary Fig. 11, and Supplementary
Movie 6). The SSAS also displayed strong liquid re-
sistance to aqueous solutions of the surfactant SDS
and ethanol (50:50, H2O/EtOH), withCAs of 158◦

and 156◦ andSAs of 7◦ and 9◦, respectively.Organic
solvents such as toluene andDMFwere also strongly
repelled, with CAs in excess of 150◦.

Culture of 3D cellular spheroids
on the SSAS
Various 3D multicellular spheroid culture methods
have been reported. However, these previous stud-
ies did not deal with media-exchanging operations,
and the methods are not suitable for long-term
observation of morphological changes, leading to
incomplete information. To address this, an upward
spheroidal culture technique has been urgently
required. The key feature of any strategy for 3D
multicellular spheroid culture is to devise culture
conditions that trigger cell–cell self-aggregation and
prevent cell–substrate interactions [15]. As
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Figure 3. The SSAS meshes under water (a) and n-hexadecane (b) forming reflective interfaces like a mirror. (c, d) An
illustration of an amphiphobic surface with trapped air. (e, f) SSAS can be applied to carry peanut oil and hexadecane.

mentioned above, the prepared SSAS exhibited
outstanding superamphiphobicity and good dura-
bility towards a series of liquids. Indeed, this SSAS
provided a promising platform as an antifouling
surface for the upward culture of 3D multicellular
spheroids.

As proof of concept, cell culturemediumdroplets
(ca. 5 μL) on the SSAS displayed extremely low
adhesion with a high CA of 170◦ and a low SA
of less than 2◦, indicating attainment of a Cassie–
Baxter state (Fig. 5a and Supplementary Movie 7).
To test the feasibility of operation, the SSAS mesh
was formed into a square container without a lid (ca.
1 cm × 1 cm × 0.2 cm) to avoid droplets of the
medium rolling off (Fig. 5b, Supplementary Fig. 12).
The square container was then transferred to a
12-well plate (Fig. 5b). A 20 μL droplet of cell cul-
ture medium was placed in the square container;
it exhibited a quasi-spherical shape and could roll
freely (Fig. 5b). 20 μL of MCF-7 suspension with
a cellular density of 105 cells/mL was seeded in the
SSAS square container. As shown in Fig. 5c, a regu-
lar 3Dcell spheroidwith a diameter of about 230μm
was obtained after incubation for two days. It is no-
table that the droplets of the cell suspension main-
tained a quasi-spherical shape. A suitable round bot-
tom can be expected to improve the sedimentation
of cells and enhance the formation of 3D spheroids
under the gravitational force (as shown in Fig. 5d).
It is interesting that the droplet containing the cell
spheroids was free to roll on the SSAS mesh with-
out being pinned (to prevent evaporation, the su-
peramphiphobic system was surrounded by phos-
phate buffered solution(PBS) see Supplementary
Fig. 13). In contrast, 3D cell spheroids became ad-
hered on the surface of FPS. As mentioned above,
the finer nanostructure derived from the soot parti-
cles was significant for the super-oil-phobicity. Pro-

teins are inherently amphiphilic, and may become
anchored on FPS by changing their configuration
[32]. It is envisaged that cells or proteins become
attached on micro-/nanometer protuberances, ulti-
mately resulting in the formation of pinned cellu-
lar spheroids (see Supplementary Fig. 14).These re-
sults demonstrated the successful preparation of 3D
multicellular spheroids on the SSAS platform by an
upward-culture model. Notably, our prepared cul-
ture platformcould be usedmultiple times to culture
3D cellular spheres without any treatment. The out-
standing antifoulingproperty and stability havebeen
demonstrated by successfully preparing spheroids
more than ten times on the same SSAS surface. Reg-
ularly cellular spheroids can be controllably and re-
producibly prepared (Supplementary Fig. 15). The
stable performances make SSAS a promising plat-
form formassproduction and long-termobservation
of spheroids.

To determine the ideal volume of culture
medium droplets, we dropped liquids with a fixed
cellular concentration of 104 cells/mL in aliquots
of 200, 100, 50, and 20 μL. The cellular aggregates
after culture for two days were imaged, as shown in
Supplementary Fig. 16. It can clearly be seen that
the volume of culture medium played a significant
role in modulating the spheroidal morphology. A
larger volume led to elliptical droplets having a
larger apparent flat area under their own gravity
(Supplementary Fig. 16a). It is difficult for cells to
self-aggregate within a relatively flat droplet bottom,
leading to diffuse irregular cell aggregates. On
decreasing the volume of the medium droplets, they
becamemore spherical in shape and thus provided a
curved bottom for the formation of cell spheroids. It
was concluded that the optimal volume was below
50μL. Super-low-attachment hydrogels have previ-
ously been used for in situobservation butmore than
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Figure 4. (a) Thermal stability of an SSAS mesh evaluated by measuring CA and SA of water and peanut oil after heat
treatment for one hour at different temperatures. (b) Photograph of SSAS mesh with boat shape floating on hot water (70 ◦C)
and a quasi-spherical peanut oil droplet (∼20 μL) on the SSAS mesh surface. (c) Photograph of the water droplet impact
friction test devices. A water droplet (∼35 μL) was dropped from a height of ∼ 5 cm to impact onto the inside surface of
the U-shaped SSAS mesh (left) and the impacting water droplets could roll back and forth several times before rolling down
(right). (d) The CA measurement for water and n-hexadecane after 1000 drops impact friction. (e) Photograph of droplets on
SSAS.

one week was required for the formation of usable
spheroids. Distinct from such super-low-adhesive
hydrogel surfaces, our quasi-spherical droplets of
cell suspensions on the low-adhesion SSAS allowed
minimization of cell–substrate interactions and
triggered cell–cell aggregation. The high efficiency
endows the SSAS surface with more potentials for
biological applications (illustrated by the merging
of two spheroids in Supplementary Fig. 17).

Spheroid size was controlled by deploying dis-
tinct numbers of cells (25, 50, 100, or 200 cells/μL)

within a fixed volume of 20 μL. To further study
cellular viability, the spheroids were stained with
acridine orange (AO, live, corresponding to green)
and ethidium bromide (EB, dead, corresponding to
red) after culture for four days. As expected, the sizes
of themulticellular spheroids increasedwith increas-
ing cell density from 500 to 4000 cells (Fig. 6a–d).
All of the prepared cell spheroids maintained a
uniform spherical shape, which was significant
for providing homogeneous 3D cell micromilieux
for further applications. Additionally, fluorescence
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Figure 5. (a) The contact angle (upper) and sliding angle (lower) measurement for aqueous cell culture medium droplets
(∼5 μL) on the SSAS. (b) A square container made of SSAS meshes in the well of 12-well plates and a 20-μL droplet of
aqueous cell culture medium in the square container showing a quasi-spherical shape. (c) An independent compact 3D cell
spheroid images after four days of culture on the SSAS surface taken using a phase contrast microscope; scale bar=100μm.
(d) The scheme of the formation of 3D cell spheroid.

images verified that the viability of the spheroids was
maintained on the SSAS during culture (Fig. 6e).
Compared with hydration force, magnetic force and
sheer stress, the intrinsic gravity was believed to be
more biosafe without changing cellular physiology
(Supplementary Table 4). The high viability may
also be attributed to the good oxygen transportation
and facile nutrition exchange by the upward-culture
method. The SSAS is expected to be applicable for
in situ analyses of drug delivery and stem embryonic
development. It is notable that thismethod provides
a common platform for various 3D cell spheroid cul-
tures, and has successfully prepared cancerous cell
spheroids (cervical carcinoma (HeLa), rat glioma
cells (C6)) and non-cancerous cell spheroids
(fibroblast) in Supplementary Fig. 18.

Drug–spheroid interaction
As proof of concept, an anticancer drug was intro-
duced after spheroid formation to study the drug–
spheroid interaction. Firstly, MCF-7 spheroids of
different diameters (with different cell densities
ranging from 500 cells to 8000 cells) were prepared
on the SSAS surface.The drug (doxorubicin, DOX)
with a concentration of 30 μg/mL was added to
the spheroids. Contributing to the intrinsic fluores-
cence of DOX (red), the drug uptake can be directly
measured via fluorescent intensity. For a quantita-
tive study, live cell indicator (Calcein-AM, green)

was applied to evaluate cell activity. As shown in
Fig. 7a, 2D cells exhibited a relatively good viabil-
ity after DOX feeding for 4 h, but when the incu-
bation time was extended to 12 h, most cells were
dead for the quick drug uptake capacity (Fig. 7b).
When it comes to 3D cell spheroids, it has been
found that 3D cell spheroids exhibited slower drug
uptake speeds at 4 h (Fig. 7d). With increasing cul-
ture time more drugs penetrated into 3D cellular
spheroids. In this case, the drug diffusion ability was
highly dependent on the spheroid sizes (Fig. 7c).
The smaller spheroids exhibited better drug penetra-
tion, resulting inweaker cell activities. In addition, an
active core would be found from a spheroid of 8000
cells, which might contributed to the weaker drug
diffusion capacity.These results arehighly consistent
withdrug resistance in real tumors.Herein, the SSAS
offers an opportunity to construct 3D biomimetic
cell conditions for tumor research.

CONCLUSION
In conclusion, we have fabricated a robust durable
superamphiphobic silica aerogel surface as a plat-
form for the upward culture of 3D multicellular
spheroids. The SSAS was fabricated on a stainless-
steel wire mesh through a dual-template strat-
egy based on electrodeposited PEDOT and soot
particles as templates coupled with chemical va-
por deposition. The as-fabricated SSAS displayed a
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Figure 6. (a–d) Live/dead cell-staining images after four days of culture on the SSAS at different cell densities (25, 50, 100, or
200 cells/μL) at a fixed volume of 20μL; scale bar= 200μm. (e) Size distribution of multicellular spheroids with increasing
cell densities from 25 to 200 cells/μL.

cauliflower-like silica aerogel nanostructure with re-
entrant curvature on both the coarse and fine scales.
Abundant hierarchical structures and chemical in-
ertness endowed theSSASwith extremely lowsolid–
liquid adhesion for a range of liquids with different
surface tensions ranging from water to n-dodecane.
The SSAS exhibited long-term thermal andmechan-
ical stabilities. Such a robust durable SSAS meets
the requirements for long-term upward culture of
3D cell spheroids. Compact 3D cell spheroids with
a consistent cell population were produced with the
aid of gravity and droplet curvature in the quasi-
spherical droplets of the medium. The successful
formation of 3D cell spheroids of different sizes
could be controlled by regulating the volume and
cell density of the seeding cell suspension. Staining
of the spheroids verified that their viabilitywasmain-
tained on the SSAS during culture. Compared with
other methods, this method is efficient, biocom-
patible, reproducible and applicable for in situ ob-
servation (Supplementary Table 4). The described
SSAS offers an attractive alternative to conventional
hanging-drop culture methods for culturing and
investigating 3D cell spheroids.

METHODS
Electrodeposition of the PEDOT template
Electrochemical preparation of PEDOT was
performed according to our previous report (see
Section 1 in the online supporting information).The
workingelectrodewas stainless-steelwiremesh(305
mesh, 3 × 6 cm2). Before the electrochemical pro-
cess, the stainless-steel wire mesh was successively

washed under ultrasonication with deionized water,
absolute ethanol, and 1M aqueous NaOH solution,
and then activatedby treatmentwith1Mhydrochlo-
ric acid for 20 min.The activated stainless-steel wire
mesh was washed with deionized water and dried
in air before use. The amount of electrodeposited
PEDOT film was controlled by applying an elec-
trodeposition charge of about 180± 30 mC/cm2.

Preparation of the hierarchically
structured superamphiphobic surface
The as-prepared PEDOT film coated on stainless-
steel wires was placed in a desiccator, which was
closed, and then chemical vapor deposition (CVD)
of tetraethoxysilane (TEOS)wasperformedat room
temperature for 48 h according to a literature report
(see Section 2 in the online supporting information)
[27]. After calcining at 500◦C for 2 h in air to re-
move the PEDOT template, a porous silica coating
with a morphology similar to that of the PEDOT
film was generated. The resulting coating covered
each wire very well. The porous silica coating was
fluorinated by performing CVD of 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (POTS) for 24 h.

In order to obtain a homogeneous silica aero-
gel layer on the as-prepared porous silica coating to
further minimize the liquid–solid interaction, a fea-
sible soot particle template method was performed
according to a literature report by Deng et al. (see
Section 3 in the online supporting information)
[33]. A thin soot layer was deposited on the micro-
/nanostructured surface of the aforementioned cal-
cined porous silica coating by exposing it to a
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Figure 7. (a) Drug–DOX uptake and cell activity of a 2D cell on a polystyrene (PS) dish for 4 h. (b) DOX uptake and cell activity
of a 2D cell on a polystyrene dish for 12 h. (c) DOX uptake and cell activity of 3D cell spheroids with different cell densities
ranging from 500 cells to 8000 cells after drug feeding for 12 h. (d) Statistic DOX uptake of 2D cells and 3D cell spheroids.
(e) Statistic cell activity of 2D cells and 3D cell spheroids.

burning candle. The deposited soot particles served
as a second template for generating a porous silica
aerogel layer on the underlying porous silica coating.
Further CVD of TEOSwas performed at room tem-
perature for 24hwith the apparatusdescribed above.
The obtained sample was subsequently calcined at
500◦C for 2 h in air to remove the soot particle tem-
plate and fluorinated by performing CVD of POTS
for 24 h.

Culture of 3D cell spheroids
To culture multicellular spheroids, the as-prepared
SSAS mesh was shaped into small square contain-
ers without lids (1 cm × 1 cm × 0.2 cm), each
of which was transferred to an individual well of
a 12-well plate. Subsequently, MCF-7 cell suspen-
sion, uniformly dispersed in Dulbecco’s modified
eagle medium (DMEM) with 10% FBS and 1%

penicillin–streptomycin at a cell concentration of
about 105 cells/mL, was seeded into each small
square container.Thecellswere then incubated in an
atmosphere containing 5%CO2 at 37◦C.During the
culture process, droplets of the aqueous suspension
applied to the SSAS were found to be nicely spher-
ical. After incubation, the culture medium contain-
ing cell spheroids was collected and separated. The
viability of the cell spheroids was quantitatively eval-
uated by dead/live acridine orange/ethidium bro-
mide (AO/EB) double staining. The 3D morphol-
ogy of the cell spheroids was observed by means of
an inverted fluorescence microscope (DMi8, Leica)
equipped with a charge-coupled device camera.

3D cell spheroids for drug evaluation
MCF-7 cell spheroids with densities ranging from
500 to 8000 cells were cultured for 24 h for spheroid
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formation. 10μLofDOX inPBS solutionwas added
to each drop. After culture for 4 h and 12 h, the
spheroids and 2D cells were stained with Calcein-
AM according to the protocol. The stained cells
were then submitted to an inverted fluorescencemi-
croscope (DMi8, Leica) equipped with a charge-
coupled device camera for imaging. To quantita-
tively calculate the fluorescent intensity, the images
were read by Software ImageJ.
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FUNDING
This work was supported by the National Natural Science Foun-
dation of China (51573089 and 21704076), the ‘China Postdoc-
toral Innovation Talent Project’ (BX201700171) and the China
Postdoctoral Science Foundation (188682).

AUTHOR CONTRIBUTIONS
Lianyi Xu, Shuangshuang Chen and Qinghua Lu designed the
experiments. Lianyi Xu and Shuangshuang Chen performed
the experiments. All the authors were involved in the analyses and
interpretation of the data. All authors have given approval to the
final version of the manuscript.

REFERENCES
1. Laschke MW and Menger MD. Life is 3D: boosting spheroid
function for tissue engineering. Trends Biotechnol 2017; 35:
133–44.

2. Balikov DA, Crowder SW and Boire TC et al. Tunable surface
repellency maintains stemness and redox capacity of human
mesenchymal stem cells. ACS Appl Mater Interfaces 2017; 9:
22994–3006.

3. Choi YY, Chung BG and Lee DH et al. Controlled-size embryoid
body formation in concave microwell arrays. Biomaterials 2010;
31: 4296–303.

4. Otsuji TG, Bin J and Yoshimura A et al. A 3D sphere culture
system containing functional polymers for large-scale human
pluripotent stem cell production. Stem Cell Rep 2014; 2: 734–
45.

5. Neto AI, Correia CR and Oliveira MB et al. A novel hanging
spherical drop system for the generation of cellular spheroids
and high throughput combinatorial drug screening. Biomater Sci
2015; 3: 581–5.

6. Oliveira MB, Neto AI and Correia CR et al. Superhydrophobic
chips for cell spheroids high-throughput generation and drug
screening. ACS Appl Mater Interfaces 2014; 6: 9488–95.

7. Edmondson R, Broglie JJ and Adcock AF et al. Three-
dimensional cell culture systems and their applications in drug
discovery and cell-based biosensors. ASSAY Drug Dev Technol
2014; 12: 207–18.

8. Smyrek I, Mathew B and Fischer SC et al. E-cadherin, actin,
microtubules and FAK dominate different spheroid formation
phases and important elements of tissue integrity. Biol Open
2019; 8: 1–11.

9. Luebke-Wheeler JL, Nedredal Gd and Yee L et al. E-cadherin
protects primary hepatocyte spheroids from cell death by a
caspase-independent mechanism. Cell Transplant 2009; 18:
1281–7.

10. Ivascu A and Kubbies M. Rapid generation of single-tumor
spheroids for high-throughput cell function and toxicity analy-
sis. J Biomol Screen 2006; 11: 922–32.

11. Seo J, Lee JS and Lee K et al.Switchablewater-adhesive, super-
hydrophobic palladium-layered silicon nanowires potentiate the
angiogenic efficacy of human stem cell spheroids. Adv Mater
2014; 26: 7043–50.

12. Shen K, Lee J and Yarmush ML et al. Microcavity sub-
strates casted from self-assembled microsphere monolayers for
spheroid cell culture. Biomed Microdevices 2014; 16: 609–15.

13. Gurkan UA, Tasoglu S and Kavaz D et al. Emerging technologies
for assembly of microscale hydrogels. Adv Healthc Mater 2012;
1: 149–58.

14. Kang J, Lee DW and Hwang HJ et al. Mini-pillar array for
hydrogel-supported 3D culture and high-content histologic anal-
ysis of human tumor spheroids. Lab Chip 2016; 16: 2265–76.

15. Vadivelu RK, Ooi CH and Yao RQ et al. Generation of three-
dimensional multiple spheroid model of olfactory ensheathing
cells using floating liquid marbles. Sci Rep 2015; 5: 15083.

16. Moshksayan K, Kashaninejad N and Warkiani ME et al.
Spheroids-on-a-chip: recent advances and design considera-
tions in microfluidic platforms for spheroid formation and cul-
ture. Sens Actuators B 2018; 263: 151–76.

17. Neto AI, Levkin PA and Mano JF. Patterned superhydrophobic
surfaces to process and characterize biomaterials and 3D cell
culture.Mater Horiz 2018; 5: 379–93.

18. Ferreira LP, Gaspar VM and Mano JF. Design of spherically
structured 3D in vitro tumor models -advances and prospects.
Acta Biomater 2018; 75: 11–34.

19. Kwak B, Lee Y and Lee J et al.Mass fabrication of uniform sized
3D tumor spheroid using high-throughput microfluidic system.
J Control Release 2018; 275: 201–7.

20. YangW, Yu H and Li G et al.Mask-free fabrication of a versatile
microwell chip for multidimensional cellular analysis and drug
screening. Lab Chip 2017; 17: 4243–52.

21. Moghadas H, Saidi MS and Kashaninejad N et al. Fabrication
and characterization of low-cost, bead-free, durable and hy-
drophobic electrospun membrane for 3D cell culture. Biomed
Microdevices 2017; 19: 74–83.

22. Gettler BC, Zakhari JS and Gandhi PS et al. Formation of adipose
stromal vascular fraction cell-laden spheroids using a three-
dimensional bioprinter and superhydrophobic surfaces. Tissue
Eng C Meth 2017; 23: 516–24.

23. Falde EJ, Yohe ST and Colson YL et al. Superhydrophobic ma-
terials for biomedical applications. Biomaterials 2016; 104: 87–
103.

24. Lee M, Yang K and Hwang YH et al. Spheroform: therapeutic
spheroid-forming nanotextured surfaces inspired by desert bee-
tle Physosterna cribripes. Adv Healthc Mater 2015; 4: 511–5.

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwz095#supplementary-data


RESEARCH ARTICLE Xu et al. 1265

25. Lee J, Kim J and JeongM et al. Liposome-based engineering of cells to package
hydrophobic compounds inmembrane vesicles for tumor penetration.Nano Lett
2015; 15: 2938–44.

26. Liu T,Winter M and Thierry B. Quasi-spherical microwells on superhydrophobic
substrates for long term culture of multicellular spheroids and high throughput
assays. Biomaterials 2014; 35: 6060–8.

27. Xu L, Chen S and Lu X et al. Electrochemically tunable cell adsorption on a trans-
parent and adhesion-switchable superhydrophobic polythiophene film.Macro-
mol Rapid Commun 2015; 36: 1205–10.

28. Martin S, Brown PS and Bhushan B. Fabrication techniques for bioin-
spired, mechanically-durable, superliquiphobic surfaces for water, oil,
and surfactant repellency. Adv Colloid Interface Sci 2017; 241: 1–
23.

29. Ellinas K, Tserepi A and Gogolides E. Durable superhydrophobic and super-
amphiphobic polymeric surfaces and their applications: a review. Adv Colloid
Interface Sci 2017; 250: 132–57.

30. Bormashenko E. Why does the Cassie–Baxter equation apply? Colloids Surf A
2008; 324: 47–50.

31. Domingues EM, Arunachalam S and Nauruzbayeva J et al. Biomimetic coating-
free surfaces for long-term entrapment of air under wetting liquids. Nat Com-
mun 2018; 9: 3606.

32. Zhang M, Wang P and Sun H et al. Superhydrophobic surface with hierarchi-
cal architecture and bimetallic composition for enhanced antibacterial activity.
ACS Appl Mater Interfaces 2014; 6: 22108–15.

33. Deng X, Mammen L and Butt H-J et al. Candle soot as a template for a trans-
parent robust superamphiphobic coating. Science 2012; 335: 67–73.


