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a b s t r a c t

Micro- and nano-topographies of scaffold surfaces play a pivotal role in tissue engineering applications,
influencing cell behavior such as adhesion, orientation, alignment, morphology and proliferation. In this
study, a novel microfabrication method based on the combination of soft-lithography and electrospin-
ning for the production of micro-patterned electrospun scaffolds was proposed. Subsequently, a 3D
screening device for electrospun meshes with different micro-topographies was designed, fabricated
and biologically validated. Results indicated that the use of defined patterns could induce specific mor-
phological variations in human mesenchymal stem cell cytoskeletal organization, which could be related
to differential activity of signaling pathways.

Statement of Significance

We introduce a novel and time saving method to fabricate 3D micropatterns with controlled micro-
architectures on electrospun meshes using a custom made collector and a PDMS mold with the desired
topography. A possible application of this fabrication technique is represented by a 3D screening system
for patterned electrospun meshes that allows the screening of different scaffold/electrospun parameters
on cell activity. In addition, what we have developed in this study could be modularly applied to existing
platforms. Considering the different patterned geometries, the cell morphological data indicated a change
in the cytoskeletal organization with a close correspondence to the patterns, as shown by phenoplot and
boxplot analysis, and might hint at the differential activity of cell signaling. The 3D screening system pro-
posed in this study could be used to evaluate topographies favoring cell alignment, proliferation and
functional performance, and has the potential to be upscaled for high-throughput.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Surface topography influences the physico-chemical interac-
tions at the interface between biomaterials and cells by affecting
cell attachment [1–3], viability [1,4], and morphology, providing
cell guidance and inducing differentiation [1,5–7]. One of the main
purposes of regenerative medicine recent strategies is the fabrica-
tion of scaffolds with tailored micro/nano surface topographies to
stimulate biological interactions similar to those of the extracellu-
lar matrix (ECM) [7]. In order to replicate natural regenerative pro-
cesses, a scaffold may mimic the composition and the structure of
biological tissues to promote an adequate phenotypical response.
Furthermore, scaffolds topography proved to directly influence cell
adhesion, differentiation, genetic expression, migration, morphol-
ogy, orientation and proliferation providing contact guidance cues
and influencing the cytoskeletal arrangement [8,9].

Several studies reported that structures with defined patterns
promote and favour cell orientation, maturation and regulation
of different cellular biological mechanisms, while randomly
patterned surfaces promote non-oriented cell growth and less
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structured cellular responses [1,10,11]. Truckenmüller et al.
demonstrated that the use of systems with regular and aligned
channels can promote contact guidance [12], while Chew et al.
assured cell elongation and alignment using solid matrices with
aligned patterns [13]. Dalby et al. studied the impact of surface
micro- and nano-topographies on cell behavior demonstrating that
their dimensions play a pivotal role influencing cell adhesion,
growth and differentiation [14,15]. A similar result was obtained
by Elias et al. with the use of carbon nanofibers with diameters
ranging from 60 nm to 200 nm [16]. These phenomena are proba-
bly due to differences on local surface free energy [10] or to pref-
erential cell orientation depending on the presence of a minimal
length of 2 lm required for cell attachment [17].

The architecture of scaffolds used in regenerative medicine can
be characterized by a macro-, micro-, and nano-structure. The
macro-structure is related to the shape and dimensions of the
entire scaffold, while the micro- and nano-structures refer to the
scaffold surface features, which are known to act both at a cellular
and sub-cellular level [7]. The macro-structure depends on the
dimensions of the damaged tissue and on the implantation site,
while the micro- and nano-structures are related to the structural
properties of the tissue itself. When specifically looking at surface
topographies of scaffolds, both micro- and nano-topographies are
able to influence specific cellular responses, resulting from influ-
encing cell morphology and adhesion [7].

Topologically, the ECM is characterized by pores, ridges and
fibers of different dimensions [18]. Among the different scaffold
microfabrication techniques used today to attempt mimicking
such a degree of complexity, electrospinning (ESP) is a suitable
alternative to fabricate random or aligned fibrous meshes to mimic
the native ECM environment. Considering this possibility,
researchers focused their interest on the controlled spatial
arrangement of fibers to fabricate patterned structures able to
mimic the micro-structure of the tissues [19]. Combining electro-
spinning and plasma polymerization techniques, Guex et al. devel-
oped a plasma-coated, parallel-oriented electrospun PCL scaffold
that provides structurally and chemically adhesion sites for cellular
attachment, thus allowing epicardial implantation and cell delivery
without signs of chronic inflammations [20]. Baker et al. fabricated
a dual-component (PCL-PEO) aligned nanofibrous scaffold via a
dual-spinneret electrospinning setup and showed that MSCs were
highly sensitive to their 3D microenvironment [21]. In particular,
MSCs seeded on aligned nanofibers expressed an increase of type
I collagen and a aggrecan’s down-regulation and showed a highly
polarized cell body with pronounced actin stress-fibers demon-
strating that an aligned nanofibrous microenvironment is suitable
for the production of organized fibrocartilaginous matrix [21].

Recent studies demonstrated the possibility to fabricate electro-
spun scaffolds with microtopographies using a custom-made col-
lector plate [22] or combining additive manufacturing (AM)
approaches with ESP [19,23]. Vaquette et al. investigated the use
of patterned collectors to increase the pore size of electrospun scaf-
folds to improve cell infiltration [22]. In particular, the pattern was
reproduced on the electrospun network and SEM analysis showed
an increase of the pore size and pore size distribution. In addition,
mechanical analysis revealed the possibility to tailor the mechan-
ical properties according to the pattern. Rogers et al. proposed a
reproducible method to design and fabricate electrospun scaffolds
with defined microtopographies using a projection-microstereoli
thography method to generate a patterned resin formed in a
layer-by layer process [19].

However, the design of these topographies is still based on
arbitrary inputs. This makes the process of identifying the optimal
topography to elicit a desired cellular function still bound to a
trial and error approach. The use of screening technologies could
be therefore instrumental to discover optimal topographies to
influence cell behavior through contact guidance. Several research-
ers worked on the development of 2D and 3D screening systems for
different surface topographies. Lovmand et al. used a combinatorial
screening approach for the fabrication of a BioSurface Structure
Array two-dimensional platform for the systematic screening of
cellular responses to a large variety of nano- and microstructured
surfaces [24]. A tantalum array was produced on boron-doped
p-type Si-wafers and a standard lithography process was used for
transferring the designed arrays of patterns to the substrate. The
combinations of size, gap and height of structures which enhance
mineralization as well as the expression of osteogenic markers of
a preosteoblastic murine cell line were identified. The same
approachwas used by Kolind et al. to analyse human fibroblast pro-
liferation and mechanical response on micro-structured surfaces
composed by pillars [25]. They demonstrated that altering the
inter-pillar gap size of the structures caused a significant change
in fibroblast proliferation and stress induced modifications in the
cytoskeleton and focal adhesion morphology. We have previously
developed an array of surface topographies designed using random-
ized algorithms to screen cell-surface topographic interactions [11].
With this technology, we demonstrated that surface topography
enhanced the osteogenic differentiation of hMSCs [26,1], supported
proliferation and cell–cell adhesion of induced pluripotent stem
cells [26], and precisely controlled cell shape [1].

Despite these studies demonstrated the importance of surface
topographies, no studies attempted to develop a method to sys-
tematically screen ESP scaffolds with different microtopographies.
In this study, a novel, flexible, scalable, fast and reproducible
microfabrication method based on the combination of soft-
lithography and an ESP technique was used to produce micro-
patterned electrospun scaffolds. A screening device for electrospun
meshes with different microtopographies that has the potential to
be upscaled for high-throughput analysis was designed, fabricated
and biologically validated. The system was used to screen for
topographies favoring cell alignment, proliferation and functional
performance. The main advantages of this approach are related
to its flexibility, scalability and fast reproducibility. The system
allows to design topographies based on specific inputs, to fabricate
3D micropatterned scaffolds with a large variety of personalized
and controlled geometries and dimensions, which can be as well
upscaled for series production.
2. Materials and methods

2.1. Microfabrication technique

The microfabrication technique used for the production of a 3D
screening device is based on the combination of Soft-lithography
and ESP. It consisted on the fabrication of a PDMS mold with a
defined microtopography that was subsequently used as a target
for the ESP jet.
2.2. Design and fabrication of the 3D screening device

The design and fabrication of the 3D screening device was
divided into three phases. Initially, a PDMS mold was fabricated
from a silicon wafer with different topography geometries and
sizes (Fig. 1c-d and table 1). Subsequently, the mold was
positioned on top of a custom made electrode, and a polylactic
co-glycolic acid (PLGA) structure was electrospun. Then, a 3D
structure composed of 25 squared wells was fabricated using
stereolithography in order to isolate each topography. Finally, the
ESP mesh was peeled off from the PDMS mold, glued (3140 RTV
Coating non-corrosive silicone rubber, Dow Corning) on a Petri
dish, and the 3D structure was glued on the top of it (Fig. 1a-b).



Fig. 1. (a and b) 3D screening system: it is composed by a PLGA ESP film characterized by different topographies, positioned on a Petri dish and blocked with a 3D grid
fabricated via strereolithography. Initially, a PDMS mold was fabricated from a silicon wafer with different topographies and sizes. Subsequently, the mold was positioned on
top of a custom made electrode, and a polylactic co-glycolic acid (PLGA) structure was electrospun. Then, a 3D structure composed of 25 squared wells was fabricated using
stereolithography in order to isolate each topography. Finally, the ESP mesh was peeled off from the PDMS mold, glued on a Petri dish, and the 3D structure was glued on top
of it; (c) Distribution on the silicon wafer of the different geometries and sizes used to fabricate micro-patterned electrospun scaffolds; (d) Different geometries used to
fabricate micro-patterned electrospun scaffolds. The topography dimensions are specified in Table 1.

Table 1
Different sizes used for the topographical units of the micropatterned electrospun scaffolds.

Lines (lm) Squares (lm) Circles (lm) Aligned without geometry (lm) Random without geometry (lm)

S1 L = 250d = 50 L1 = 250
d1 = 50

d2 = 250
L2 = 300

L3 = 300 –

S2 L = 200 d = 50 L1 = 200
d1 = 50

d2 = 200
L2 = 250

S3 L = 150d = 50 L1 = 150
d1 = 50

d2 = 150
L2 = 200

S4 L = 100d = 50 L1 = 100
d1 = 50

d2 = 100
L2 = 150

S5 L = 50d = 50 L1 = 50
d1 = 50

d2 = 50
L2 = 100
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2.2.1. PDMS mold fabrication
The PDMS mold was fabricated by casting on a microfabricated

silicon master using the method described by Bhatia et al. [27].
Briefly, the negative photoresist NANOTM SU-8 50 (MicroChem,
Newton, MA) was spin-coated on a silicon wafer, pre-baked to
remove the solvent, aligned with a mask-aligner and exposed to
UV rays in contact mode (NL-CLR-EV620 Mask-aligner). Subse-
quently, a post exposure bake to complete the polymerization of
the photoresist and a development phase to remove un-
irradiated material were performed. The chromium mask was cre-
ated using the software CleWin 4.0 and printed on a transparency
using a commercial Linotronic-Hercules 3300 dpi high-resolution
line printer. The mask was divided into 25 structures with different
geometries (lines, squares, circles and aligned and random fibers
without geometries) and size, as summarized in Fig. 1c and d and
Table 1.

The PDMS mold was prepared using a commercial product (Syl-
gard 184 kit, Dow Corning, MI) with a 10:1 (w/w) ratio. The solu-
tion was centrifuged for 1 min at 300 rpm to remove bubbles
created during mixing. The mixture was casted onto a silicon wafer
comprising different custom-made geometries, degassed, and
finally cured in an oven for 4 h at 70 �C. Finally, the master was
separated from PDMS and the mold was then washed with 70%
ethanol (Sigma Aldrich, The Netherlands), followed by deionized
MilliQ water to eliminate impurities.
2.2.2. Electrospinning
A random electrospun fibrous network was fabricated from a 4%

(w/v) polylactic co-glycolic acid (PLGA) 85:15 solution in 1,1,1,3,
3,3-hexafluoro-2-propanol (HFIP) collected directly on the PDMS
mold with the different microtopographies. Random and aligned
ESP fiber meshes with no microtopographies were used as control
groups. The ESP parameters were equal for all the microtopogra-
phies and each control group. The voltage was 20 kV, the air gap
was 20 cm, the flow rate was 1 ml/h. ESP was performed in an
environmental chamber with a maintained temperature of 25 �C
and a relative humidity of 30%. The polymer solution was loaded
into a 5 ml syringe (BD Biosciences) and pumped using a syringe
pump (KDS-100-CE, KD Scientific) through a Teflon tube connected
to a stainless steel needle (0.5 mm inner diameter, 0.8 mm outer
diameter). The needle was mounted on a 30 � 20 cm upper parallel
plate and centered on a custom made collector (Fig. S1). The ESP
fiber density was determined as the time frame used during fabri-
cation, which was set to 8 h. At the end of this process, the electro-
spun mesh was removed from the PDMS mold and positioned on a
Petri dish.
2.2.3. Stereolithography
In order to isolate each topography, a 5 � 5 custom made

squared multiwell system was designed and fabricated using an
EnvisionTech Perfactory MiniMultilens SLA apparatus with a pixel
resolution of 16 � 16 lm2 and a layer thickness of 100 lm. This
resolution can be reached for E-shell resin by using a light intensity
of 140 mW/dm2 and an illumination time per layer of 9 s (Fig. S2).
2.3. System characterization

2.3.1. Geometry and architecture
Structures morphology, geometry and architecture were char-

acterized by scanning electron microscopy (SEM) analysis (XL 30
ESEM-FEG, Philips). Before the observations, the samples were gold
sputtered (Cressington Sputter Coater 108 auto) and the fiber
diameters were evaluated from SEM pictures measuring 100 fibers
using FIJI image analysis software.
2.3.2. Porosity
The porosity was experimentally evaluated analyzing the mass

and the volume of each scaffold (N = 3), and defined as (Eq. (1)):

P ¼ 1� qstruct

q
¼ 1�M

V
� 1
q

ð1Þ

where q is the specific density of the PLGA (1.2825 g/cm3), and M
and V are the measured mass and volume of the scaffold, respec-
tively. The volume of the scaffold was evaluated using a
10 mm � 15 mm rectangular shaped electrospun mesh, measuring
the thickness with a digital micrometer (accuracy of 0.0127 mm
and resolution of 0.001 mm).

2.3.3. Biological investigations
Different biological investigations were performed to evaluate

the effect of different electrospun microtopographies and to vali-
date the 3D screening device.

2.3.3.1. Cell expansion. Human mesenchymal stem/stromal cells
(hMSCs) (male, age 22) were purchased from the Institute of
Regenerative Medicine (Temple, Texas) [28,29]. Briefly, a bone
marrow aspirate was drawn and mononuclear cells were separated
using density centrifugation. Cells were plated in order to obtain
adherent hMSCs, which were harvested once they reached 60–
80% of confluence. These cells are considered the passage zero
(P0) ones. P0 hMSCs were expanded, harvested and frozen at pas-
sage 1 (P1) for distribution. Before distribution, cells were tested
for MSCs CD markers by FACS and for osteogenic and adipogenic
differentiation potential. P2 cells were expanded at initial seeding
density of about 1000 cells/cm2 in proliferation medium (PM). PM
consists of alpha minimum essential medium (MEM-a, Gibco) sup-
plemented with L-glutamine (2 mM, Gibco), penicillin (100 U/ml,
Gibco), streptomycin (100 lg/ml, Gibco), FBS (10% w/v, Lonza),
ascorbic acid (0.2 mM, Sigma) and basic fibroblast growth factor
(1 ng/ml, bFGF, Instruchemie). hMSCs were harvested at approxi-
mately 80% confluency for seeding on electrospun scaffolds with
different microtopographies.

2.3.3.2. Culture conditions. The grid and the electrospun film were
assembled in a sterile environment. Both were sterilized in 70%
ethanol for 30 min, subsequently washed twice in PBS for 5 min
and finally incubated in basic medium (BM) overnight to pre-wet
the electrospun scaffolds and promote protein adsorption. BM con-
sisted of alpha minimum essential medium (MEM-a, Gibco) sup-
plemented with L-glutamine (2 mM, Gibco), penicillin (100 U/ml,
Gibco), streptomycin (100 lg/ml, Gibco), FBS (10% (w/v), Lonza)
and ascorbic acid (0.2 mM, Sigma). Before the seeding procedure,
the electrospun scaffolds and the entire 3D screening device were
not dried. Harvested P3 hMCs were seeded on scaffolds with a den-
sity of 30,000 cells/scaffold in 1 ml of BM. Cells were grown at
37 �C in a humidified atmosphere with 5% CO2.

2.3.3.3. Imaging and data analysis. A fluorescence analysis was per-
formed to evaluate cell morphology and distribution after 3 days of
culture. Briefly, scaffolds were rinsed twice with phosphate-
buffered saline (PBS) solution and fixed in 10% paraformaldehyde
(PFA) for 10 min. Cell membranes were permeabilised with 0.25%
(v/v) Triton X-100 (Sigma-Aldrich) in PBS for 5 min, and subse-
quently rinsed with PBS three times for 5 min. Non specific binding
was blocked using 5% (w/v) bovine serum albumin (BSA) in PBS.
Nuclei were labeled incubating the samples with 100 ng/mL of
40,60 Diamidin-20-phenylindoldihydrochlorid in PBS (DAPI, Sigma,
Munich, Germany) for 20 min. After rinsing the sample 3 times
with PBS, actin filaments were stained with 200 ng/ml of Phal-
loidin (Alexa Fluor 594 Phalloidin, Invitrogen) for 1 h to visualize
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the cytoskeleton. Sample were rinsed 3 times, mounted on a cover
slip glass and stored in the dark. After the identification of individ-
ual cells, morphological measurements were performed.

Separate images for each channel were acquired by a Slide
Scanner Hamamatsu Nanozoomer II and the open source software
Cell Profiler (CP) was used for the image analysis [30–32]. In order
to perform automated image analysis in CP, a robust pipeline able
to recognize different cell features was built and, for each individ-
ual image, intensity and illumination corrections were performed.
Data analysis was performed using R, a programming language and
software environment for statistical computing and graphics [33].
Since scaffolds are characterized by a 3D structure that can intro-
duce artifacts on image detection, a two-step R pipeline was build
to remove them. The first step consisted of the removal of objects
based on size, while the second was based on distribution of
parameters for each condition.

In particular, during the first step, area ratios of cell nuclei as
well as major axis ratios were determined and the objects that
had ratio less than a threshold (f = 1.5) were removed (Fig. S3). This
threshold value was chosen on the basis of visual observation to
remove the majority of the outliers. In the second outlier removal
step, the distribution of each single CP parameter for each condi-
tion was analysed and the outliers that had a value of 1.5
interquartile range below or above 1st and 3rd quantile (Tukey’s
method for outliers) [34] respectively, were removed (Fig. S4).

Cell shape visualization was performed using Phenoplot [35].
Before plotting, the selected features for the phenoplot representa-
tion were shown as medians per conditions and scaled from 0 to 1.
To show morphological changes, different features can be selected
from literature [36–38] and at least 600 cells per condition were
analysed. In this study, eight non-correlated morphological param-
eters were selected and detailed in Table S1 of supplementary
information. In this case, all the features were scaled by subtract-
ing the median and dividing by the median absolute deviation. Cell
morphologies were compared within dimensions of different
microtopographies and the cell morphology on random and
aligned fibers without microtopographies were chosen as
reference/control.
2.3.3.4. Cell morphology with phenoplot. Image analysis software
can produce hundreds of features to describe the cell morphology,
but in most cases these features are poorly interpretable. However,
an alternative solution for interpretation of cell shape measure-
ments became recently available as PhenoPlots [35]. A PhenoPlot
represents image data as easily interpretable glyphs.

In order to show cell morphology differencies, a variety of uni-
vocal cell shape features such as minor/major axis, solidity and
compactness were chosen (Table S1). Minor and Major axis of cells
can also be combined to provide informations about cell size and
eccentricity. Solidity is used to distinguish cells with protrusions
or irregular shape versus generally round cells by calculating ratio
between object area and convex hull area. Cells with no protru-
sions have solidity equals to 1. On a phenoplot, solidity is inversely
correlated to fraction and size of spikes on the plot. Compactness
was calculated as the variance of the radial distance of the object’s
pixels from the centroid normalized by the cell area (Fig. 2b). Large
cells with irregular shape have minimum compactness value. Cells
with regular shape and small area have max compactness. Not
intuitively, high compactness value will correspond to high vari-
ability of distances from the center of the object to its different
parts. Interestingly, highly eccentric, long cells will also have high
compactness values as they are far from being circle. Compactness
was represented as membrane protrusion area. As an example, the
phenoplots of cells with extreme cell shapes are summarized in
Fig. 2a.
2.3.3.5. Presto blue assay. Presto blue assay (Life technology) was
performed to evaluate cell viability, proliferation and metabolic
activity after 1, 3 and 7 days of culture. Briefly, the cell permeable
resazurin-based solution provided was diluted ten times in the
same type of medium in which cells were cultured, according to
the manufacturer’s instructions. 700 ll of BM supplemented with
presto blue reagent were added to each plate and incubated for
two hours in the dark at 37 �C in a humidified atmosphere with
5% CO2. The reducing power of living cells modified the reagent,
which turned red in color and became highly fluorescent. From
each sample, 100 ll of medium were transferred in a clear bottom
black 96 well plate and the colour change was detected using a
spectrophotometer LS50B (Victor 3, Perkin Elmer) according to
the manufacturer’s instructions (excitation/emission maxima:
535–560/590–615 nm). The experiments were performed in
triplicates.

2.3.3.6. DNA assay. In order to quantify the cell number, the
amount of DNA was calculated with CyQuant DNA assay kit
(Molecular Probes, Invitrogen), according to the manufacturer’s
description, after 1 and 7 days of culture. Briefly, electrospun struc-
tures were cut in order to improve the lysis efficiency. Samples
were stored at �30 �C and freeze-thawed 5 times. Afterwards,
the constructs were digested for 16 h at 56 �C with 1 mg/ml pro-
teinase K (Sigma Aldrich) in Tris/EDTA buffer (pH 7.6). The solution
is composed by 18.5 lg/ml of iodoacetamine (Sigma Aldrich) and
1 lg/ml Pepstatin A (Sigma Aldrich). To avoid the interference
caused by the binding of the dye to the RNA, 100 ll of the sample
were incubated for one hour at room temperature with 100 ll of
lysis buffer provided by the kit (Component B diluted in 180 mM
NaCl, 1 mM EDTA in distilled water in the ratio 1:20) in which
RNAse enzyme was diluted 1000 times. Quantification of the total
DNA was performed using a green fluorescent dye provided by the
kit (excitation 480 nm, emission 520 nm). Fluorescence was mea-
sured at 480 nm using a spectrophotometer LS50B (Victor 3, Perkin
Elmer) and DNA concentrations were calculated from a k DNA
standard curve.

2.3.3.7. ALP assay. Alkaline phosphatase activity after 7 days of cul-
ture was evaluated through ALP activity assay. The scaffolds were
cut and stored at �30 �C. After the thawing steps, the samples were
incubated for one hour at room temperature in a cell lysis buffer
composed of 0.1 M KH2PO4, 0.1 M K2HPO4 and 0.1% Triton X-100
(Acros Chemicals), pH 7.8. ALP activity quantification was per-
formed using a CDP-Star kit (Roche), according to the manufac-
turer’s protocol. Briefly, 40 ll of CDP-Star reagent were added to
10 ll of cell lysate. After 15 min of incubation at room temperature
in the dark, chemo-luminescence was measured at 420 nm with a
spectrophotometer LS50B (Victor 3, Perkin Elmer). The obtained
values were normalized to the DNA amount.

2.4. Statistical analysis

All data are expressed as mean ± standard deviation (SD). Bio-
chemical assays were performed with triplicate biological samples.
Triplicates refer to biological statistically different samples. Each
biological sample was quantified twice in technical measurements.
The experiment was repeated twice. A one-way statistic analysis of
variance (ANOVA) with a significant level p of 0.05 was used to
determine differences between the groups. Tukey’s multiple com-
parisons test was used to perform post hoc analysis. Statistical sig-
nificance between the control group and the experimental groups
are indicated with (⁄) which represents a p-value <0.05, (⁄⁄) which
represents a p-value <0.01, and (⁄⁄⁄) which represents a p-value
<0.001.



Fig. 2. Representation of cell morphologies by Phenoplot: (a) Extreme cell shapes from the screening; (b) Legend for phenoplot.
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3. Results

3.1. Geometry and architecture

Electrospinning of a PLGA solution on a PDMS mold with
defined microtopographies resulted in scaffolds composed of uni-
form nanofibers with an average diameters of 598 ± 40 nm, with
a microstructure characterized by different patterns. The porosity
of the scaffolds was 92.6 ± 3.1%. and was not affected by the differ-
ent surface pattern. The produced scaffolds presented a completely
interconnected porous structure and no layer delamination phe-
nomenon occurred. The different microstructures were accurately
reproduced on the electrospun network for all the different dimen-
sions (Fig. 3).
3.2. Representation of cell shapes by phenoplot

Cell morphology was studied by fluorescent microscopy (Figs. 4,
S6) and represented using Phenoplots (Fig. 5). Conventional box-
plots can be found in supplementary informations: Figs. S5, S7–
S9 and show the cell size, cell eccentricity and compactness, cell
extent and solidity for the different micro-topographies analysed,
respectively. Briefly, considering the boxplots, no statistical differ-
ences in cell width (Minor Axis Length) on aligned and random sur-
faces were found. Comparing cell widths on grids with different
geometries, the thinnest cells were observed on all dimensions
squares except for S5. The thickest cells were observed on the lines
geometry and on dimension S1 cells were thicker than the ones on
random and aligned controls. Considering cell length (Major Axis
Length), a high variability between dimensions for lines geometry
was observed. The median radius followed the same trend of cell
width. For circular pattern, cells on S2-S3 were highly eccentric;
the eccentricity was similar to the one on lines S5, which was
the highest. High values for compactness were detected on the
same surfaces (Fig. S8). A similar trend was observed for squared
patterns except for S4. For lines patterns, cells on the first four sur-
faces had eccentricity and compactness lower than circles and
squares. However, on surface S5 there was a significant increase
in both parameters. Solidity for cells on squared patterns remained
the same for all the different dimensions, while values for cell
extent in S3 and S4 were significantly lower (Fig. S9). For circular
patterns, on surface S5 cells had the lowest solidity while extent
was similar to the other dimensions. Moreover, S1 was character-
ized by a low value of cell extent (Fig. S9). For lines patterns, the
surface S5 showed low extent and solidity and high value for com-
pactness and eccentricity. S3 showed low level of solidity that indi-
cates the presence of large cells with an irregular edge, while low
level of extent for S2 indicated high number of philopodia (Fig. S9).

Using PhenoPlots, cell shape variations in the case of different
patterns and dimensions can be clearly noticed. Considering the
different patterns, cells on lines S5 showed the most distinct shape.
Cells on lines S5 were highly eccentric and with a high quantity of
protrusions which indicates that cells were not straight and had
philopodia. These results are also confirmed by PCA analysis
(Fig. S10a), where cells on surface S5 are the most distinct form
the rest on a scatter plot of first 2 principal components. On clus-
tergram (Fig. S10b), cells on lines S5 also stands apart. However,
cells were not eccentric as observed for squares and circles. Cell
shape on Pattern Lines S3 was similar to the one on aligned control
pattern and was different from cell shape on dimensions S2 and S4.
Interestingly, the smallest perturbation area was detected on
dimension S1.

On squared patterns, cell shape differences within the investi-
gated dimensions were the smallest and their protrusion area
remained almost unchanged. However, on S5 cells were less eccen-
tric and similar to random control ones. On circle patterns cell
shape changes within the studied dimensions were similar to the
ones present on Lines patterns. Cells on dimensions S1, S2 and S4
showed a higher compactness than cells on S3 and S5. Cell shape
on dimension S3 was similar to the one on aligned control pattern
and a high quantity of protrusions was detected. On circle S5 there
was an increase of the protrusion area but, in contrast with lines
pattern, no increase of eccentricity was detected. These findings
also correlated to qualitative analysis of cell morphology by
fluorescent microscopy (Figs. S5 and S6).



Fig. 3. Different microtopographies: (a) lines (b) squares and (c) circles patterns were fabricated from a PLGA solution using a custom-made electrode and a PDMS mold;
(d and e) aligned and random fibers without a specific topography were used as control (Scale bars: 500 lm).

Fig. 4. Representative image of the sample used for the image analysis. Cells on
patterned lines S1 are shown.
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3.3. Comparison of Orientations

Fig. 6 shows growth directionality for each single cell in range
from �90� to +90�. Orientation was computed as angle between
X axis of the image and major axis of the cell. From this plot we
can see if cells were grown in random directions or they intended
to grow in one direction. On control surfaces, cells grew in all pos-
sible directions, while on all patterned surfaces cells grew in a cer-
tain preferential direction. Circles S5 and squares S5 showed the
worst directionality from all patterned surfaces. As previously
shown, similarities of cell behavior on circular and squared
patterns can be identified. Cells on patterned lines S1-S3, which
didn’t show high eccentricity in the previous analysis, had a lower
directionality of growth compared to circular and squared pat-
terns. Cells on circular and squared patterns (S1-S3), as well as cells
on lines S4 and S5, showed the most directed pattern of growth,
and the majority of cells were grown in one direction. In summary,
a simple fiber alignment might be not enough to influence cell ori-
entation, proliferation, and migration through cytoskeletal reorga-
nization. Conversely, the cell morphological data indicated a
change in the cytoskeletal organization depending on the specific
microtopography patterned on the ESP meshes.
3.4. Cell seeding efficiency, proliferation and metabolic activity

Cell seeding efficiency (CSE) analysis was performed after 24 h.
CSE is defined as the ratio between the number of cells attached in
the scaffold and the total number of seeded cells. It was evaluated
considering the number of cells present in the scaffold after 1 day
of culture and comparing it with the total amount of seeded cells.
CSE for electrospun scaffolds was 18.7 ± 6.2% and considering the
circular pattern, no statistical differences between the different
sizes were found (Fig. 7c). Observing the ‘‘lines” pattern, statistical
differences were found between size S3 and the aligned network
and S5 and the aligned network (Fig. 7a). Sizes S2, S4, and aligned
network showed statistical differences in case of ‘‘squares” pattern
(Fig. 7b).

The metabolic activity after 1, 3 and 7 days was assessed with
Presto blue assay. After 1 and 3 days of culture, no statistical differ-
ences were found among the different geometries and sizes. At
7 days of culture, the surface S2 showed a significantly different
decrease compared to the other sizes and the controls in the case
of ‘‘lines” pattern (Fig. 7d). Circular patterns showed a statistically
different increase of the metabolic activity after 7 days between S2



Fig. 5. Representation of different cell shapes by Phenoplot. Considering the different patterns, cells on lines S5 showed the most distinct shape. Cells on lines S5 were highly
eccentric and with a high quantity of protrusions which indicates that cells were not straight and have philopodia. Cell shape on Pattern Lines S3 was similar to the one on
aligned control pattern and was different from cell shape on dimensions S2 and S4. Interestingly, the smallest perturbation area was detected on dimension S1. On squared
patterns, cell shape differences within the investigated dimensions were the smallest and their protrusion area remained almost unchanged. However, on S5, cells were less
eccentric and similar to random control ones. On Circle patterns cell shape changes within the studied dimensions were similar to the ones present on Lines patterns. Cells on
dimensions S1, S2 and S4 showed a higher compactness than cells on S3 and S5. Cell shape on dimension S3 was similar to the one on aligned control pattern and a high
quantity of protrusions was detected. On circle S5 there was an increase of the protrusion area but, in contrast with lines pattern, no increase of eccentricity was detected.
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and S5, and S4 and S5 (Fig. 7f). ‘‘Square” patterns showed no differ-
ence between sizes at each time point (Fig. 7e). The DNA quantifi-
cation after 7 days of cell culture showed no statistically significant
differences among the different geometries and sizes (Fig. S12).
3.5. ALP activity analysis

Alkaline phosphatase activity after 7 days of culture in BM was
evaluated through ALP activity assay. No statistically significant



Fig. 6. Orientations; for each surface shows directionality of cells growth in a range from �90� to 90�. Orientation was computed as angle between X axis of the image and
major axis of the cell. On control surfaces, cells grew in all possible directions, while on all patterned surfaces cells grew in a certain preferential direction. Circles S5 and
squares S5 showed the worst directionality from all patterned surfaces. As previously shown, similarities of cell behavior on circular and squared patterns can be identified.
Cells on patterned lines S1-S3, which didn’t show high eccentricity in the previous analysis, had a lower directionality of growth compared to circular and squared patterns.
Cells on circular and squared patterns (S1-S3), as well as cells on lines S4 and S5, showed the most directed pattern of growth, and the majority of cells were grown in one
direction.
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differences among the different geometries and sizes were detected
(Fig. 8a–c).

4. Discussion

The ideal scaffold for regenerative medicine applications should
mimic the topographies and the spatial structures of native tissues
to promote the adequate phenotypical response [8,39]. A small
change in surface topography can have a sensible effect on cell pro-
liferation, orientation, morphology, gene expression and differenti-
ation. In this study, a novel flexible, scalable and reproducible
microfabrication method for the production of micro-patterned
electrospun scaffolds based on the combination of soft-
lithography and ESP techniques was presented. Recent studies
demonstrated the possibility to fabricate electrospun scaffolds
with microtopographies using custom-made patterned collector
plates [22]. Neves et al. used the thread crest of a screw and a
metallic net as collectors to create a pattern in ESP mesh [40],
while Zhang et al. used an insulated plastic plate covered by a
grounded metallic needle matrix as the collector [41]. Jia et al.
fabricated electrospun nanofiber matrices using an inkjet-based
system to print a solvent onto electrospun fiber meshes and
selectively dissolve nanofibers to create a specific pattern [42].
However, during printing, the solvent completely dissolved the
contacted fibers destroying the fibrous organization of the
structure. Other research groups obtained patterned electrospun
meshes combining additive manufacturing (AM) approaches with
ESP [19,22]. Brown et al. combined melt ESP with an automated
laterally translating collection system to create a direct writing
process, which allows the fabrication of scaffolds with controllable
architectures and patterns [43]. However, with this method the
size of the scaffold is strongly dependent from the resolution of
the translating collection system, which is limited to a few microns
in feature size. Wei et al. proposed a 3D direct fabrication method
based on electrohydrodynamic jet (EHD-jet) plotting of melted
thermoplastic polymers on the top of a dielectric thin-plate collec-
tor with a planar motion control [44]. 3D scaffolds with regular
shapes (squares and lines) were fabricated. The main limitation
of this approach is related to the variety of geometries that can
be obtained: only regular shapes such as squares or lines can be
obtained while circular pattern are impossible to create due to lim-
itations related to the plate-collector motion control system.
Rogers et al. proposed a reproducible method to design and fabri-
cate electrospun scaffolds with defined microtopographies using a
projection-microstereolithography method to generate a patterned
resin formed in a layer-by layer process [19]. Nevertheless, with
this technique the minimum feature size that can be fabricated
by the conventional stereolithography is limited to the beamwidth
of the laser. In addition, it is a time-expensive process compared to
the fabrication of a PDMS mold through casting on silicon wafer.



Fig. 7. Cell seeding efficiency after 24 h of culture for (a) lines, (b) squared and (c) circular patterns and metabolic activity analysis at 1, 3 and 7 days of culture for (d) lines, (e)
squared and (f) circular patterns. All data are expressed as mean ± standard deviation (SD). Biochemical assays were performed with triplicate biological samples. A one-way
statistical analysis of variance (ANOVA) with a significant level p of 0.05 was used to determine differences between the groups. Tukey’s multiple comparisons test was used
to perform post hoc analysis. Statistical significance between the control group and the experimental groups are indicated with (*) which represents a p-value <0.05, (**) which
represents a p-value <0.01, and (***) which represents a p-value < 0.001.
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The method proposed in this study represents, therefore, a valid
and fast alternative to fabricate 3D micropatterns with controlled
micro-architectures using a custom made collector and a PDMS
mold with the desired topography. A possible application of this
fabrication method is represented by the 3D screening system for
patterned electrospun meshes proposed in this study. Five differ-
ent micro-topographies and sizes were fabricated to investigate
hMSCs response to different substrate microtopographies. PLGA
fibers were successfully electrospun on the patterned PDMS mold
and SEM analysis showed that the electrospun scaffolds mirrored
the geometries and the dimensions demonstrating the versatility
of this approach. Similar results were obtained by Rogers et al.
[19]. Other works from our laboratories revealed the possibility
to fabricate similar patterned electrospun scaffolds using PLLA,



Fig. 8. ALP activity analysis after 7 days of culture on different geometries and sizes. All data are expressed as mean ± standard deviation (SD). Biochemical assays were
performed with triplicate biological samples. A one-way statistical analysis of variance (ANOVA) with a significant level p of 0.05 was used to determine differences between
the groups. Tukey’s multiple comparisons test was used to perform post hoc analysis. Statistical significance between the control group and the experimental groups are
indicated with (*) which represents a p-value <0.05, (**) which represents a p-value <0.01, and (***) which represents a p-value <0.001.
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PEOT/PBT and PCL, demonstrating the flexibility and transferability
of this method to other biomaterials (data not shown).

The ESP networks with the different geometries here presented
closely mimic the fibrous nature of the ECM [45–47]. In order to
investigate the cell response to the fabricated patterned surfaces,
their morphology and distribution were analysed through image
analysis. The effect of fiber orientation was showed comparing ran-
dom and aligned fibers without microgeometries. As expected,
cells on aligned scaffolds were more elongated then the ones on
random fibers. At the same time, cells on random fibers were larger
with irregular shape. In general, cells on random fibers had more
extensions, while cells on aligned fibers had a higher body length.
This result confirmed the importance of a regular alignment of
fibers for the guidance of cellular behavior. However, the cell mor-
phology showed on the aligned structures demonstrated that a
simple fiber alignment might be not enough to influence cell
behavior and promote their growth, migration and orientation
influencing the cytoskeleton arrangement.

Considering the different patterned geometries, the cell mor-
phological data indicated a change in the cytoskeletal organization,
as shown by phenoplot and boxplot analysis, and might hint at the
differential activity of signaling pathways. However, visualization
of cell shape data is always a challenge: on one hand it should be
a good representation of biological variation; on the other hand
it should be easily interpretable by non statistician which is not
always possible with highly dimensional data. Phenoplot is able
to capture multidimensional data from the single cell data and dis-
play information in glyphs that are immediately recognized by
biologists [35]. Observing the lines pattern, hMSCs showed the ten-
dency to increase their length, modify their shape and start to
change their orientation following the defined pattern.

Similar results were found in literature where topographical
patterns have been used to control cellular morphology including
cell shape and cytoskeletal organization [48–50]. In the last two
decades, different microtopographies with different sizes were
used to evaluate the response of different cell types demonstrating
that the surface topography directly affects cell morphology,
alignment and motility, cytoskeletal arrangement, proliferation
and gene expression [18,21,48,51].
Preliminary biological investigations showed an increase of the
metabolic activity within culturing time, indicating that the cells
were alive and proliferating. However, no significant differences
in DNA content and ALP activity were observed. This may be due
to the early time points used for the analysis, as it is known that
MSCs differentiation on 3D scaffolds is typically delayed compared
to conventional 2D culture plates [52]. Furthermore, osteogenic
culture medium could be used to assess the influence of the differ-
ent geometrical cues superimposed on the electrospun meshes.
Yet, in this study we aimed at evaluating the effect of the geomet-
rical cues excluding the effect of specific culture media.

To the best of our knowledge, there is no platform available in
commerce that would allow the screening of different scaffold/-
electrospun parameters on cell activity and the 3D screening sys-
tem proposed in this study is the first that presents different
surface topographies for the evaluation of cells response to contact
guidance. On the other side, what we have developed in this study
could be modularly applied to existing platforms. The idea of mul-
tiwell platforms with electrospun meshes was already proposed
and a commercial product, the MIMETIX tissue culture plates with
random or aligned ESP fibers, is already available. This solution is
available with different fiber diameters, pore sizes and scaffold
thicknesses. However, there is no possibility to tailor the surface
topography to promote a specific cell response.

The main difficulties of the presented method are related to the
design of the custom made collector and to the assembling proce-
dure. In the first case, a specific collector geometry was designed to
adequately focus the ESP jet on top of the dielectric PDMS mold,
while in the second one a specific design of the multiwells system
and glue were used to prevent leakage and avoid connections
between the different wells. Considering the geometries and archi-
tecture analysis, the main difficulty is related to the measurement
of the height of the different features. Despite different analysis
such as AFM and SEM were performed, it was not possible to eval-
uate the height because the structure folds on itself making the
measurement unreliable. In addition, glyph-like cells visualization
methods, such as PhenoPlot, are a powerful approach that help to
visualize cells through image analysis measurements and make
biological sense from them. However, they provide informations
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about the average cell without showing the variability of the
parameters. For these reasons, they cannot fully replace traditional
statistical data visualization approaches such as bars and boxplots.
Thus, Phenoplots can be utilized as additional data visualization
tool that help to interpret the data.

Future investigations should focus on the optimization of the
assembling procedure of the screening system and on the upscale
for high-throughput analysis. The implementation of new geome-
tries, sizes and biomaterials will be fundamental to achieve this
objective. In addition, mechanical analysis of the patterned scaf-
folds could be performed to evaluate the effect of the various pat-
terns on the overall scaffolds’ mechanical properties. The
possibility to add bioactive agents on the fiber composition repre-
sents another future development for this system. Further biolog-
ical investigations such as gene expression analysis should be
performed to investigate cell differentiation at different time
points.
5. Conclusions

In conclusion, the 3D screening device for electrospun meshes
with different microtopographies seems to induce different cell
organization with a close correspondence to the patterns. 3D
screening could be used to evaluate topographies favoring cell
alignment, proliferation and functional performance and it has
the potential to be upscaled for high-throughput.
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