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Facile fabrication of a 3D electrospun fibrous mat
by ice-templating for a tumor spheroid culture†

Yanru Li, Lingbo Sun, Hongxia Fu and Xinrui Duan*

Electrospinning technology is a simple, convenient, and cost-effective method to fabricate nano/micro

fibrous materials. Electrospun fibers are generally collected as a two-dimensional (2D) mat, which lacks a

complex and macroscopic three-dimensional (3D) structure. In this work, we fabricated polycaprolactone

(PCL) electrospun fibrous materials with small wells (wPCL) by using icy balls as templates. A cooling

system was designed and incorporated into the electrospinning setup to achieve our goal. The size and

distances between the wells can be easily controlled by a simple water spotting process. When we added

cell culture medium droplets into the fabricated wells and placed them upside down, we found that the

structure could stabilize the droplets against small mechanical shocks and perturbations, which makes it a

good platform for a 3D spheroid culture by the hanging droplet method. Furthermore, the fibrous nature

of the electrospun mat ensured the better exchange of O2 and CO2 between the droplet and surrounding

environment. We also demonstrated that the cubic and triangle shaped 3D electrospun fibrous mat can

be fabricated using a similar methodology. Our results indicate that electrospinning technology involving

ice-templated collection is a mild and straightforward way to fabricate 3D electrospun materials and can

be readily used for a 3D cell culture.

Introduction

Electrospinning technology is a simple, convenient, and cost-
effective method to fabricate nano/micro fibrous materials
with a large surface area, wide selection of materials, suitable
surface chemistries, and controllable mechanical properties.1,2

Since Formhals first reported electrospinning in 1934,3 it has
been revived because of its potential to produce ultrafine nano-
fibers from a wealth of organic polymers.4,5 It has broad appli-
cations in superhydrophobic surface preparation,6 bio-
sensing,7 drug delivery,8 and tissue engineering.9 Electrospun
fibers are generally collected as a two-dimensional (2D) mat,
which has randomly arranged structures. The 2D fibrous mat
lacks a complex and macroscopic three-dimensional (3D)
structure, which has greatly limited its application. It is impor-
tant to fabricate electrospun fibrous assemblies with controlla-
ble three-dimensional (3D) structures in order to realize the
potential of such materials.10 Several approaches have been
developed for fabricating 3D fibrous materials such as charge
repulsion,11,12 wet collector,13 assistance of an inert gas,14 and

template-assisted collection.15–18 Only template-assisted collec-
tion could produce controllable 3D electrospun structures.
Different shapes of the metallic collectors or patterned silicic
templates were fabricated first, and electrospun fibers were
collected on the surface of the templates to generate 3D
fibrous materials with various different structures. Instead of
the metallic or silicic template, we presume that using ice with
a definite shape as a 3D template would make the fabrication
process much easier, since ice of various shapes can be easily
obtained by freezing water and removing it from the electro-
spun fibrous mat by vacuum drying after electrospinning,
which should avoid the complicated fabrication process of a
template and existence of trace residues of metals. Indeed, it
has been reported that randomly formed ice crystals with dia-
meters in microns can be used to fabricate electrospun fibers
with a large pore size to promote cell infiltration.19,20

In this work, we propose to fabricate polycaprolactone
(PCL) electrospun fibrous materials with small wells with a
defined shape and size (wPCL) by using icy balls as templates.
A water droplet would perfectly fit in such wells. Comparing
with the 2D surface, when the water droplet inflicts a mechan-
ical shock or perturbation, this semi-spherical structure can
greatly prevent the sliding of the droplet and the frictional
force and capillary effect in the interface between the droplet
and electrospun fibers could prevent the droplet to fall out of
the fibrous mat. This could make our material perfectly fit in
the application of hanging droplets for a 3D tumor spheroid
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culture, since the hanging droplets are susceptible to small
mechanical shocks and perturbations. Furthermore, the
fibrous nature of the electrospun mat ensured a better
exchange of O2 and CO2 between the droplet and surrounding
environment.1

Since the 3D cell culture was considered as a potential link
to bridge the gap between 2D monolayer cultures and animal
model studies, it has attracted a lot of attention.21–25

Multicellular tumor spheroids are the most popular 3D cancer
cell culture system and have been a useful tool for investi-
gating specific microenvironment factors associated with
tumor therapy, such as the mechanism of the action of chemo-
therapy and radiotherapy as well as drug screening.26

Multicellular tumor spheroids are aggregates of cells, which
are similar to the native tumors.27 Several types of cell spher-
oid culture methods have been reported such as agitation-
based approaches,28 3D scaffold and matrix based
approaches,29 microfluidic systems,30,31 forced-floating,32 and
hanging drops.33–35

Among these methods, the hanging drop culture is the
most popular method. It is cost-efficient and easy to operate,
and has almost 100% reproducibility of producing one 3D
spheroid per drop for numerous cell lines.36 In this method,
gravity pulled the cells to the bottom of a hanging droplet,
which would start the natural organization of cell–cell attach-
ment and the production of ECM.33 Since hanging droplets on
the 2D surface are susceptible to small mechanical shocks and
lack stability against droplet spreading triggered by mechan-
ical perturbations, a micro-ring structure was designed to
improve stability by preventing droplet spreading on poly-
styrene hanging drop array plates.35 In this method, a pro-
cedure for processing machinery is required and it is not a
common technique in biology laboratories. By contrast, bio-
logists are familiar with the electrospinning technique
because of its wide application in tissue engineering.1,9

Our work showed that with a small modification in the
electrospinning device and with the help of icy balls, 3D
fibrous materials could be easily generated to serve as nice
platforms for a tumor spheroid culture by the hanging drop
method. In our study, we designed and prepared 3D electro-
spun PCL fibrous materials that had many wells with a control-
lable size, distance and pattern (namely PCL with wells,
wPCL). As shown in Scheme 1, the whole preparation process
was simple, cheap, and effective by using spherical ice on
superhydrophobic aluminum foil as a fiber collector. At first,
we prepared a superhydrophobic aluminum foil surface
(Fig. S1†). Deionized (DI) water droplets were patterned on the
superhydrophobic aluminum foil surface by directly pipetting
DI water at specific spots (Scheme 1 inset image a). Secondly,
we froze all water droplets to make spherical ice. Thus the size
and distance of the wells easily varies according to need.
Finally, we fabricated the PCL fibrous mat on top of the icy
balls. These icy balls served as a mold to create wells on PCL
fibrous materials. Later we used wPCL for a tumor spheroid
culture. Droplets of the cell suspension solution were trans-
ferred into each well. The shape of the wells on our material

could ensure the stability of the liquid drop and minimize the
adverse influence on tumor spheroids (Scheme 1, inset image b).
By using the hanging droplet method, MCF-7 cells were seeded
in wells and the spheroids were formed after 24 h of incubation
(Scheme 1, inset image c). Our study presents a mild and
straightforward method to produce spheroids.

Experimental section
Materials and methods

Polycaprolactone (PCL), poly(diallyldimethylammonium chlor-
ide) (PDDA), and sodium 4-styrenesulfonate (PSS) were pur-
chased from Sigma-Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM) and other medium components were pur-
chased from Sigma-Aldrich. Fetal bovine serum (FBS) was
obtained from Hyclone laboratories Inc. 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) and perfluorooctanoate (PFO)
were obtained from J&K Scientific Ltd. Propidium Iodide (PI,
Cell Apoptosis PI Detection Kit), doxorubicin (Dox), para-
formaldehyde, ActinGreen (phalloidin-FITC solution, 200
U mL−1), and DAPI (4,6-diamidino-2-phenylindole, ready-to-use
solution) were purchased from Nanjing Key GEN Biotech. Co.
Ltd. Calcein-AM was obtained from Fan bo Biochemicals Co.
Ltd. Methyl alcohol and chloroform were obtained from
Sinopharm chemical Reagent Co. Ltd. Millipore Simplicity 185
purification unit purified water (18.2 MΩ cm) was used for
rinsing and preparing all aqueous solutions. All other reagents
were obtained commercially and used without further purifi-
cation. Scanning electron microscopy (SEM, FEI Quanta 200 or
Hitachi TM3030) was used to observe the morphology of
electrospun fibers. All samples were dried under vacuum over-
night and sputter coated with gold for 80 s before imaging.

Scheme 1 Schematic representation of the procedure for the pro-
duction of the wPCL fibrous mat and multicellular tumor spheroids.
Inset images: (a) water droplet on superhydrophobic aluminum foil; (b)
droplets of cell culture medium with cells at the bottom of the wPCL
fibrous mat. (c) Fluorescence image of the formed spheroid with live
(green)/dead (red) staining by calcein-AM and PI respectively. Scale bar
is 100 microns.
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Preparation of superhydrophobic aluminum surface

The superhydrophobic aluminum foil was prepared by follow-
ing a reported process.37 The square 4 × 4 cm2 aluminum foil
was ultrasonically cleaned for 2 min each in deionized water,
ethanol, chloroform, and acetone to remove impurities.
Afterward, the cleaned aluminum foil was etched at room
temperature in 2.5 M hydrochloric acid for 4 min and then
was immersed for 20 min in boiling deionized water and
finally dried with nitrogen gas flow. Subsequently, a (PDDA/
PSS)1.5 polyelectrolyte multilayer film was applied to the rough
aluminum foil by following a literature procedure38 that alter-
nately dipped the aluminum foil for 20 min into PDDA
(1.0 mg mL−1, with 1.0 M NaCl present) and PSS (1.0 mg
mL−1, with 1.0 M NaCl present) aqueous solutions, and then
into PDDA again, with a water rinse and nitrogen dry included
after each dipping. Finally, this substrate was dipped into PFO
(0.1 M) aqueous solutions for 3 min before rinsing with water
and drying under nitrogen gas flow.

Typical electrospinning process

PCL was dissolved in HFIP and a mixed solvent of chloroform
and methanol with a 7 to 1 volume ratio. After 12 hours of stir-
ring at room temperature, 0.08, 0.1, and 0.12 g mL−1 PCL solu-
tions in HFIP were formed, and 0.12, 0.15 and 0.18 g mL−1

PCL solutions in a mixed solvent of chloroform and methanol
with a 7 to 1 volume ratio were made respectively. The electro-
spinning was performed by a home-made electrospinning
setup. The polymer solution was transferred to a 2 mL glass
syringe connected to a 21G blunt stainless steel needle, which
was connected to a high-voltage supply. The polymer solution
was dispensed utilizing a syringe pump (LSP01-1A, Longer
pump, Baoding, Hebei, China) at a constant flow rate of 1 mL
h−1 in a cubic chamber. The humidity of the chamber was
monitored by a digital humidity and temperature thermometer
(GM1361) controlled under 15% relative humidity by dry air
flow from an air compressor (OTS-800, Taizhou, China). The
temperature of the collector was controlled under −3 °C by the
cooling system including an aluminum cool water block, water
circulating pump, and ice-salt bath. 5 μL of deionized (DI)
water was patterned on the aluminum foil surface by directly
pipetting at a specific spot. Then the aluminum foil was kept
in the freezer for 3–5 min to form spherical ice. Finally, the
aluminum foil was transferred on the cool water block as used
as a ground collector. The ground aluminum foil collector was
placed under the tip of the needle with a distance of 10.5 cm.
Electrospinning of the PCL solution was carried out by apply-
ing a positive voltage of 5–8 kV between the needle tip and the
collector via high voltage power supply (DW-P303, Tianjin
Dong Wen High Voltage Power Supply Co., Ltd, Tianjin, China)
for around 1 hour. The resulting PCL fibrous mat with wells
(wPCL) was kept overnight in a vacuum-dry oven in order to
remove residual solvents. The wPCL fibrous mat was sterilized
by immersing it in 75% ethanol for 30 min followed by UV
irradiation for 30 min in a laminar flow hood before cell
seeding.

Aqueous droplet stability test

Three cell culture medium (DMEM + 10% FBS) droplets (5 μL
for each droplet) were carefully added on top of each material.
The material with the cell culture medium droplets was extre-
mely carefully placed and slightly glued upside down onto a
1.5 mL cap-free Eppendorf tube. Later the whole setup was
transferred into a centrifuge (Fei Ge GL-16G-II, ShangHai
Anting Scientific Instrument Factory, Shanghai, China) for a
stability test under different centrifugal forces up to 0–40g for
1 min. After centrifugation, the fallen cell culture medium dro-
plets at the bottom of the Eppendorf tube were taken out by
carefully pipetting them without touching the materials on the
top. Cell culture medium droplets were weighed by using an
Analytical Balance (Sartorius, BSA124S-CW) to evaluate the
stability under different centrifugal forces.

Spheroid formation and drug screening

The wPCL fibrous mats were glued to the lid of the culture
dish. The lower part of the culture dish was covered with 1%
agarose to maintain the high humidity and minimize the evapo-
ration of hanging cell medium droplets. 5 μL of MCF-7 cell
suspensions of 8 × 106 cells per mL was dispensed in each well
of the wPCL fibrous mats. Each experiment was performed in
triplicate. Turning the fibrous mats upside down by covering
the cell culture dish with the lid where the mat was fixed, the
spheroids were allowed to form by gravitational force during
24 hours. Doxorubicin in the cell culture medium without
phenol red was added to the droplets to give various final con-
centrations of 0, 0.1, 1, and 10 μg mL−1, which were incubated
for 24 h.

Laser confocal fluorescence microscope

For live/dead staining, spheroids were stained by using
calcein-AM and PI. A volume of 2 μL of the staining solution
containing 50 μM calcein-AM and 20 times diluted PI was
added to the spheroids for 20 min at 37 °C. Dyes were excited
at the 488 nm and 559 nm laser line respectively. Analyses of
images were carried out by using ImageJ (1.48). For F-actin
staining, MCF-7 cells and spheroids were fixed in 4% para-
formaldehyde for 30 min and permeabilized with 0.1% Triton
X-100 in PBS for 5 min. Afterwards, MCF-7 cells and spheroids
were blocked by 100 mM glycine in PBS for 30 min.
ActinGreen (5 μL of ActinGreen solution diluted in 200 μL of
PBS) was added and incubated for 30 min. Cell nuclei were
counterstained with DAPI for 10 min. All F-actin staining pro-
cedures were carried out at room temperature with PBS rinsing
after each step. All samples were imaged by using an Olympus
FV-1200 laser scanning confocal microscope.

Results and discussion

Scheme 2 shows a schematic representation of the electro-
spinning setup which consists of a high-voltage generator, a
syringe pump, a collector, a cooling system, and an air com-
pressor. The needle is connected to a high-voltage supply that
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is able to generate DC voltages up to 30 kV. Simultaneously,
the spinneret is connected to a syringe in which the polymer
solution is loaded. By using a syringe pump, the solution can
be supplied at a constant and controllable rate. When a high
voltage is applied, the small droplet of the polymer solution
will experience electrostatic charges. Under the action of
electrostatic charges, the liquid drop will be distorted into a
conical object, which generally is known as the Taylor
cone.39,40 Once the strength of the electric field is sufficiently
strong, with a voltage of 5–8 kV in our setup, charges built up
on the surface of the droplet will overcome the surface tension
of the polymer solution and thus induce the formation of a
liquid jet. As the solvent is evaporating, the liquid jet is con-
tinuously extended to produce continuous ultrathin fibers,
which are attracted by the low temperature ground collector
placed at 10.5 cm underneath the needle. During electro-
spinning, a circulating water cooling system was added to the
electrospinning setup that we previously reported41,42 to
control the temperature of the collector to prevent the melting
of the icy balls. Meanwhile an air compressor coupled with a
drying tower provided dry air flow to control the humidity of
the surrounding environment.

To test our setup and also to gain electrospun fibers with
homogeneous diameters, we studied the effects of the concen-
tration of the polymer solution and solvents, which are the
major parameters that affect the diameter of electrospun
fibers.39 We observed no significant difference between the
effect of the concentration of PCL and the solvent on our
modified electrospinning apparatus and a previously reported
electrospinning setup.39 Results are showed in Fig. S2.† We
chose 0.15 g mL−1 PCL in a mixed solvent (chloroform :
methanol = 7 : 1) and 0.10 g mL−1 PCL in HFIP to fabricate a
wPCL fibrous mat by using spherical ice crystals on the super-
hydrophobic aluminum foil as fiber collectors. By controlling
the humidity of the chamber under 15% relative humidity and
the temperature of the collector under −3 °C, wPCL fibrous
mats were fabricated. Fig. 1 shows the morphologies of the
resulting electrospun materials. By contrast, 0.10 g mL−1 PCL
solution in HFIP could fabricate uniform fibers on spherical
ice at a low temperature with a smaller diameter which indi-
cated a more compact fibrous mat. So we selected 0.10 g mL−1

PCL solution in HFIP for later experiments. Unlike the pre-
viously reported metallic or silicon template based 3D electro-
spun fabrication methods,14–18 ice can be removed completely

by vacuum drying, which will eliminate the possibility of con-
tamination of metals or silicon in the resulting material.

We froze drops of water to make spherical ice, so we were
able to control the size and distance of the wells easily accord-
ing to need. By using this technique, the wells could have the
same or different sizes, distances and patterns synchronously.
Fig. 2 shows that the wPCL fibrous mats produced are flexible
and controllable. Fig. 2a–f show that the SEM images of the
wPCL fibrous mats contain a series of various size controllable

Scheme 2 Electrospinning setup for ice-templated 3D electrospinning.

Fig. 1 (a–c) SEM images of electrospun fibers from 0.15 g mL−1 PCL in
a mixed solvent (chloroform :methanol = 7 : 1) by using spherical ice on
superhydrophobic aluminum foil as the fiber collector. (d–f )
Morphology of electrospun fibers from 0.10 g mL−1 PCL in HFIP by
using spherical ice on superhydrophobic aluminum foil as the fiber col-
lector. SEM images (a) and (d) have the same magnification (10 000×).
Rest of the images have the same magnification (100×).

Fig. 2 SEM images of the electrospun fibrous mats, containing wells
with different sizes (a–f ) and distance (g) by using different volumes of
spherical ice on superhydrophobic aluminum foil as the fiber collector.
SEM images (a–f ) have the same magnification (80×). The magnification
of the SEM image (g) is 25×; (h) the plot of the diameter of the wells
versus the volume of water. The error bars represent standard deviation
(n = 3).

Paper Polymer Chemistry

6808 | Polym. Chem., 2016, 7, 6805–6811 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 1
4 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
by

 S
ha

an
xi

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
9/

6/
20

23
 2

:4
0:

51
 A

M
. 

View Article Online

https://doi.org/10.1039/c6py01718e


wells by using different volumes of spherical ice on the super-
hydrophobic aluminum foil as fiber collectors. The spherical ice
formed was from various volumes of water droplets, a, 1; b, 1.5;
c, 2; d, 2.5; e, 3 and f, 3.5 μL. As is shown in Fig. 2h, the dia-
meters of the wells depend on the volume of water droplets and
have a variation that is directly proportional to the volume of
water droplets. Fig. 2g shows that the SEM images of the wPCL
fibrous mats can form specific patterns according to need, and
that the distance between the well arrays is controllable.

In the hanging drop method, the stability of the aqueous
droplet has an important effect on the tumor spheroid culture.
To measure the difference in the stability of aqueous droplets
on flat polystyrene (fPS), a plain PCL (pPCL) fibrous mat and
wPCL materials, we added the same amount of cell culture
medium (5 μL for each droplet) on the top of small pieces of
each material. Each material was extremely carefully placed
and slightly glued upside down onto a 1.5 mL cap-free
Eppendorf tube. Later the whole setup was transferred into a
centrifuge; we evaluated the stability by weighing the mass of
falling liquid droplets at the bottom of the Eppendorf tube
under different centrifugal forces. Under the same centrifugal
force, the lighter the mass of falling droplets was, the better
was the stability of the droplets. Each condition was processed
in triplicate. It would also be ideal to test the performance of
the electrospun polystyrene mat with wells and the electrospun
PCL mat with wells for stabilizing droplets, unfortunately we
did not get such materials from polystyrene. We found that the
electrospun polystyrene mat was too soft and fluffy to keep the
well structure. The images of such a polystyrene electrospun
mat are showed in Fig. S3.† We suspected that the polystyrene
electrospun mat was fluffy due to the repulsion between the
electrospun nanofibers by the accumulation of negative
charges under the influence of a strong electric field.11,12 As
shown in Fig. 3, cell culture medium droplets on the wPCL
fibrous mat can endure a centrifugal force up to 16g.
Meanwhile cell culture medium droplets that were hanging on
the fPS or pPCL fibrous mat cannot endure such a high cen-
trifugal force. These results indicated that aqueous droplets’
stability on the wPCL fibrous mat was much better than fPS as
well as the pPCL fibrous mat, which made it convenient to
change the nutrient solution or add a drug to minimize the
adverse influence on tumor spheroids. Compared with the 2D

surface, when an aqueous droplet inflicts a mechanical shock
or perturbation, our semi-sphere well structure can greatly
prevent the sliding of the droplet and the frictional force and
capillary effect in the interface between the aqueous droplet
and electrospun fibers can prevent the droplet from falling out
of the fibrous mat.

By using the hanging droplet technique, we seeded the
same number of cells in each well of the wPCL fibrous mats to
form spheroids. A volume of 5 μL of MCF-7 cell suspensions
was dispensed in each well of the wPCL fibrous mats. Cell via-
bility in the spheroids was visualized by using live/dead stain-
ing under laser confocal microscopy. Viable cells were stained
green due to the conversion of calcein-AM to calcein by inter-
cellular esterases, while nonviable cells that lost membrane
integrity were stained red by PI. As shown in Fig. 4a, the spher-
oids were formed with diameters about 500 μm after 24 h. To
further study the structural characteristics of multicellular
spheroids, we compared the F-actin cytoskeletal organization
in 2D monolayer MCF-7 cells and MCF-7 spheroids by
ActinGreen staining. In Fig. 4b, 2D monolayer cultured MCF-7
cells have a flattened shape with the filopodia structure at the
edges of the cells. However, as shown in Fig. 4c, the cells in
the spheroid showed an F-action organization network of a
typical 3D cell morphology. Cells have close contact with each
other at the cellular junctions. This phenomenon indicates the
formation of a 3D spheroid.43

We also explored the possibility of fabricating wells with
other shapes in the electrospun mat. Electrospun mats with
cubic and triangular shaped wells were fabricated based on a
similar methodology and tested on the cell culture as well. The
results are showed in Fig. S4.† Since the spheroids are formed
at the bottom of the droplets, we did not observe any signifi-
cant difference with the spherical shaped 3D electrospun mat.

As an in vitro model, multicellular spheroids provided an
important link between monolayer cell cultures and animal
experiments for effective drug screening. The use of multicellu-
lar spheroids is increasingly regarded as an essential step in
drug development.23 Dox was a conventional anticancer drug44

which was used as a typical drug for therapeutic studies. For
the drug screening assays, Dox was added in increasing doses
in tumor spheroids. The influence of drug concentration on
the cell viability was visualized using live/dead staining under
laser confocal microscopy. The percentage of live cells in the

Fig. 3 Cell culture medium droplets’ stability on the wPCL fibrous mat
compared with flat polystyrene (fPS) and plain PCL (pPCL) fibrous mats
under increasing centrifugal force. The error bars represent the standard
deviation (n = 3).

Fig. 4 Structure and morphology of 3D spheroids. (a) MCF-7 spheroid
with live (green)/dead (red) staining (calcein-AM/PI); F-actin (green) was
stained by ActinGreen and nuclei (blue) were stained by DAPI in (b) 2D
monolayer MCF-7 cells and (c) MCF-7 spheroids. Scale bar is
100 microns.
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spheroids was quantified by analyzing the stacks of confocal
microscopy images, with live/dead staining. The cell viability
of 2D cultured MCF-7 cells was measured by MTT assay. As
shown in Fig. 5, MCF-7 monolayer cells and spheroids were
treated with a series of Dox concentrations (0, 0.1, 1, and
10 μg ml−1) for 24 hours. The results showed a dose-dependent
effect in which a corresponding decline in the spheroid viabi-
lity was related with an increasing Dox concentration. The
spheroids were more resistant than 2D cells at 0.1 and 1 μg
mL−1 of Dox similar to that reported for other spheroids and
in vivo tissues.43,45 Many factors were involved for this
phenomenon such as drug penetration, cell–cell contact, cell-
cycle distribution and varying microenvironments (such as
pH, extracellular matrix) within spheroids.21,46,47

Conclusions

We have demonstrated a simple, low-cost and versatile 3D
electrospinning fabrication method using spherical ice as a
template. By controlling the size and distance of the spherical
ice, we have created a 3D wPCL fibrous mat by electrospinning
technology to improve the stability of aqueous droplets. By
making the ice into cubic and triangular shapes, the fibrous
mat with other controllable patterned architectures can be pro-
duced. Owing to the improved stability of aqueous droplets on
wPCL fibrous mats, the 3D electrospun material from spheri-
cal ice was suitable for a tumor spheroid culture by the
hanging drop method. We also proved that our materials were
adequate for drug screening tests. We believe that these plat-
forms would find application in future studies on not only the
tumor spheroid culture but also on micro-tissue formation for
tissue engineering research.
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