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Enhancement of synthesis of extracellular matrix
proteins on retinoic acid loaded electrospun
scaffolds†

Febriyani F. R. Damanik,ab Clemens van Blitterswijk,ab Joris Rotmansc and
Lorenzo Moroni *ab

Electrospinning is a renowned technique for the generation of ultrafine, micro- and nanoscale fibres due to

its simplicity, versatility and tunability. Owing to its adaptability to a wide selection of materials and scaffold

architectures, electrospun meshes have been developed as biocompatible scaffolds and drug delivery

systems for tissue engineering. Here, we developed a drug delivery scaffold by electrospinning poly-

(e-caprolactone) (PCL) directly blended with a therapeutic agent, retinoic acid (RA), at different

concentrations. The release profile, DNA, and elastin analysis of direct and transwell seeded RA-loaded PCL

electrospun scaffolds showed desirable controlled release at 15 kV fabrication, with 0.01% RA as the

optimum concentration. The selected 0.01% (w/v) RA-loaded PCL meshes were further analysed using five

different seeding cultures to investigate and extensively distinguish the effects of RA release with or without

cell contact to the PCL electrospun meshes for cell morphology, proliferation and extracellular matrix (ECM)

protein secretion of collagen and elastin. Upon exposure to RA-loaded PCL scaffolds, an increase of human

dermal fibroblast (HDF) proliferation was observed. In contrast, human mesenchymal stromal cell (hMSC)

cultures showed a decrease in cell proliferation. For both hMSC and HDF cultures, exposure to RA-loaded

PCL scaffolds provided a significant increase in elastin production per cell. For collagen expression, a slight

increase was measured and was outperformed by the 3D geometry stimulation from PCL scaffolds. In

contrast to hMSCs, HDFs showed enhanced stress actin fibres in cultures with RA-loaded PCL scaffolds.

Both cell types exhibited more vinculin expression when seeded to RA-loaded PCL scaffolds. Hence,

electrospun scaffolds releasing RA in a controlled manner were able to regulate cell proliferation,

morphology and ECM secretion, and present an attractive approach for optimizing tissue regeneration.

Introduction

Electrospinning is a versatile technique for the fabrication of
micro- and nanoscale fibres. A high voltage source is used to
apply an electric field to the polymer solution, which creates
a jet, traveling to the grounded collector as an ultrafine fibre.
The fibre size, architecture, and surface topography of the collected
mesh can be directly tuned by various processing parameters,
such as voltage, flow rate, temperature and humidity.1 The
applied voltage is a crucial processing parameter for providing

a high electric field necessary to create a continuous polymeric
jet for the desired fibre formation.2 In general, the fibre diameter
can be tuned by increasing the applied voltage, resulting in
smaller diameters of the fibres.3–5 Electrospinning is a preferred
technique in comparison to other conventional fibre fabrication
techniques, such as template synthesis, self-assembly or phase
separation, due to its simple base equipment, relatively easy
procedure and broad selection of materials.6

The ease of fabrication and single-step modification of drug
incorporation makes electrospinning a technique widely used
for various applications, including tissue regeneration, cos-
metics, filtration, smart textiles, and electronics.7 In the field
of tissue engineering, fabrication of porous 3D meshes via
electrospinning has been used to mimic the extracellular
matrix (ECM) as a scaffold for cell growth.8 In addition to the
scaffold architecture, the used polymer type needs to be bio-
compatible and biodegradable to be safely replaced by the
regenerated tissues.9 Though electrospun natural polymers
provide a closer resemblance to the ECM, synthetic polymers
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are more often used due to their versatility and processability.10

Poly(e-caprolactone) (PCL), a biocompatible, bioresorbable
low-cost polymer, is one of the many examples of synthetic
polymers used in electrospinning for tissue regeneration.11

Furthermore, owing to their adaptability and high surface area,
electrospun meshes have been considered an excellent vehicle
for various drugs, such as chemical agents, antibiotics, proteins,
and DNA.12 The simplest and most straightforward method of
incorporating drugs via electrospinning is by directly blending
the drug with the polymer solution to electrospin.

Many drugs have a limited half-life and may exhibit side
effects if exposure is not localized or excessive. An advantage of
embedding therapeutic drugs is to preserve their functional
lifetime and localize exposure, and preferably release them in a
controlled manner.13 Therapeutic agents, such as retinoic acid
(RA), a metabolite of vitamin A, have been shown to regulate
cellular behaviour during development and regeneration, and
influence the expression of ECM proteins in a dose-dependent
manner.14 Varani et al.15 induced cell proliferation and ECM
protein secretion, including collagen, in a growth-inhibited
human dermal fibroblast (HDF) culture after introduction of
RA at a specific concentration, and inhibition of collagen
secretion at higher concentrations. Furthermore, RA has been
observed to upregulate elastin expression in a dose-dependent
fashion in other fibroblastic cells.16,17 Restoring declined elastin
synthesis has also been seen in vascular smooth muscle cell
(VSMC) cultures after exposure to specific concentrations of RA.18

Tissue engineered blood vessels (TEBVs) could provide a
suitable substitute for prosthetic grafts. Most vascular tissue
engineering approaches aim to develop readily available vas-
cular grafts consisting of isolated cells seeded onto the natural
or synthetic extracellular matrix (ECM) prior to implantation
into the vasculature.19–21 Previously, we defined an in vivo
bioreactor approach that allowed a surface modified polymeric
rod to generate an autologous TEBV in vivo in only a few
weeks.22 This strategy employs the foreign body response
(FBR) upon subcutaneous implantation to form a fibrocellular
tissue capsule around the modified polymeric rod. Extrusion
and engraftment of this capsule into the vasculature allows
differentiation to a vascular phenotype. In time, the flow and
wall tension of the vasculature provides enhancement in ECM
synthesis, vessel wall thickening and VSMC differentiation from
the (myo)fibroblasts found in the tissue capsule, remodelling it to
the optimum vascular graft.23 Nevertheless, due to the ample
remodelling, enwrapping with a functionalized electrospun mesh
is necessary to provide a necessary support and trigger initial ECM
synthesis enhancement.

Hence, developing a controlled release of RA from a bio-
compatible electrospun mesh could be a promising approach
to regenerate new tissues and regulate ECM remodelling of the
TEBV. Here, we blend RA at different concentrations with PCL
and examined its controlled release to regulate cell behaviour
and ECM protein secretion. The cell proliferation, morphology
and ECM protein production of collagen, elastin and glycos-
aminoglycans (GAGs) were examined using human dermal
fibroblasts (HDFs) and mesenchymal stromal cells (hMSCs).

Elastin was examined using a rat and human in vitro model
to compare it to previous in vitro mimicking FBR studies22

and hopefully provide a closer prediction of implantation into
human patients.

Materials and methods
Fabrication of PCL and loaded PCL electrospun scaffolds

Poly(e-caprolactone) (PCL) (Mw: 45 000), anhydrous chloroform,
DMSO, all trans-retinoic acid (RA, molar mass = 300.4 g mol�1),
and minoxidil (Mn, molar mass = 209.2 g mol�1) were purchased
from Sigma Aldrich. Fabrication of electrospun scaffolds was
done using PCL dissolved in 8 : 2 anhydrous chloroform and
methanol at a 30% w/v concentration and gently stirred over-
night. For loaded PCL, the dissolved polymer solution was added
to either RA or Mn dissolved in DMSO to achieve a concentration
of 0.25, 0.05 and 0.01% (w/v). Electrospinning was carried out at
15 and 30 kV, 15 cm working distance, 30% humidity, 25 1C
temperature and 1 ml h�1 flow rate. All reagents and materials
were purchased from Sigma Aldrich.

Loading and release of RA from loaded PCL electrospun
scaffolds

Loaded PCL electrospun scaffolds (n = 3) with a diameter of
13 mm were punched from a 20 � 22 cm2 electrospun mat
made from 1 ml solution of 30% w/v PCL and either 0.25, 0.05
or 0.01% (w/v) RA. The total loaded RA per scaffold was
calculated based on the amount of RA added to the 30% PCL
solution, divided by the total area of the fabricated electrospun
mat and multiplied by the surface area of the punched scaf-
folds. For release scaffolds were incubated at 37 1C in PBS
(1�, Gibco), collected at days 1–7, and refreshed every 24 hours.
Absorbance measurements of samples and standards were
taken at 350 nm for RA and 280 nm for Mn.

Scaffold characterisation

The fabricated PCL and RA-loaded PCL electrospun scaffolds were
gold sputtered (Cressington 108 auto) at 40 mA and 100 mTorr for
30 seconds. The fibre morphology and size were observed using
a scanning electron microscope (SEM) (XL 30 ESEM-FEG,
Philips/FEI). Images of 1000� for 15 kV and 5000� for 30 kV
electrospun scaffolds were captured and examined for homo-
geneity and fibre diameter measurements. The fibre diameter
was determined using ImageJ (National Institutes of Health,
Bethesda, MD, USA).

Cell isolation and expansion

Bone marrow-derived mesenchymal stromal cells (hMSCs) were
isolated from bone marrow aspirates and expanded as previously
described.24 hMSCs and human dermal fibroblasts (HDFs, #R2320,
ScienCell Research Laboratories) were cultured in a culture medium
comprising a-MEM (Gibco), foetal bovine serum (10%, Lonza),
ascorbic acid (0.2 mM, Gibco), L-glutamine (2 mM, Gibco), penicillin
(100 U ml�1) and streptomycin (100 mg ml�1, Gibco). hMSCs
and HDFs were expanded at initial seeding densities of
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3000 cells per cm2 and 5000 cells per cm2, respectively, in the
culture medium in a 5% CO2 humid atmosphere at 37 1C.
For both cell types, cultures were refreshed every 2–3 days and
harvested at 80–90% confluency, for cell seeding.

In vitro study – cell seeding

The electrospun scaffolds were sterilized using 70% ethanol
(Sigma Aldrich) and washed with PBS. Electrospun scaffolds of
19 mm in diameter were used to examine HDF growth and
elastin synthesis at different RA concentrations. Further analysis
on the selected RA-loaded PCL electrospun scaffold effects on
hMSC and HDF proliferation, and ECM protein secretion using
13 mm diameter electrospun scaffolds was done.

Cell seeding was performed with cells at passage 4. For
direct seeding, cells were seeded directly to the PCL (cell-ESP,
control) and RA-loaded PCL (cell-ESP(RA), RA at different
concentrations) electrospun scaffolds. For transwell seeding,
cells were seeded on cell cultured treated well plates (NUNC,
Thermo-Scientific), in which transwells (8 mm polycarbonate
pore size, Corning) were placed on top with (cell-RA, RA at
different concentrations) or without (cells, control) electrospun
scaffolds. In cell-ESP-RA cultures, cells were directly seeded on
PCL electrospun scaffolds, with an addition of RA-loaded PCL
electrospun scaffolds separated by a transwell.

A cell seeding density of 50 000 HDFs was used to preselect
the RA concentration, while 25 000 hMSCs and 10 000 HDFs
were seeded for further analysis of the selected RA-loaded PCL
electrospun scaffolds. A confluent layer study was conducted by
seeding 100 000 HDFs to cell cultured treated well plates and
upon confluency PCL and RA-loaded PCL electrospun scaffolds
were layered to the confluent cell layer (direct seeding) or
placed in a transwell (transwell seeding). The preselection
culture was observed at days 1, 2 and 4, the confluent layer
at day 2, and the selected RA culture at days 2 and 5. All
cell experiments were performed in a 5% CO2 humid atmo-
sphere at 37 1C.

Cell growth and GAG assay

Samples (n = 3) of all time points were washed gently with PBS
and stored at �80 1C overnight. The electrospun samples were
transferred to Eppendorf tubes. Cell amount quantification was
done using CyQuant Cell Proliferation Assay Kit (Molecular
Probes). In brief, the frozen samples were incubated in lysis
buffer (1 : 20 lysis buffer 20�) and underwent three times
freeze–thaw cycles and incubated for 1 hour. An additional
1 hour incubation with lysis buffer RNase was conducted and
DNA assay was performed following the CyQuant DNA assay
(Molecular Probes, Oregon, USA). CyQuant GR dye (1�) was
mixed at 1 : 1 ratio with the cell lysate in a black 96-well plate
(NUNC, Thermo-Scientific) and the mixture was incubated for
15 minutes at room temperature (RT) in the dark. Fluorescence
was measured using a spectrophotometer (VICTOR3 Multilabel
Plate Reader, Perkin Elmer Corporation) at excitation and
emission wavelengths of 480 and 520 nm, respectively.

The remaining lysis buffer solution was used to quantify
sulphated GAGs and proteoglycans spectrophotometrically with

9-dimethylmethylene blue chloride (DMMB) (Sigma Aldrich)
dye in PBE buffer (14.2 g l�1 Na2HPO4 and 3.72 g l�1 Na2EDTA,
pH 6.5). Absorbance was measured at 520 nm using a micro-
plate reader (Bio-TEK Instruments) and quantification was
done with reference to chondroitin sulphate B (Sigma-Aldrich)
as the standard. For simplicity, the contents of sulphated
GAGs and proteoglycans will be referred to as GAG in the
following results.

Collagen and elastin assay

Collagen samples (n = 3) at day 5 underwent collagen extraction
using a cold acid pepsin solution (0.1 mg ml�1 in 0.5 M acetic
acid) and incubated at 4 1C overnight. Collagen was then
isolated and concentrated according to the Sircol collagen dye
binding assay kit (Biocolor Ltd) and measured at 540 nm.
An additional collagen sample (n = 1) was collected and stained
directly with Sirius Red in picric acid (Dye Reagent, Biocolor
Ltd). For preselection studies at day 4, and selected RA-loaded
PCL studies at day 5, cells were collected from elastin samples
(n = 3) using trypsin–EDTA (0.25%), counted and heated at
100 1C in oxalic acid (0.25 M) for 1 hour to extract soluble
a-elastin. Elastin staining was conducted using the Fastin
elastin assay kit (Biocolor Ltd) and measured at 513 nm.
Measurements were normalized by the amount of counted
cells.

Cell morphology from scanning electron imaging and
immunostaining

All chemicals were supplied by Sigma Aldrich, if not stated
otherwise. Seeded electrospun scaffolds (n = 4) were washed
with PBS and fixed with 4% paraformaldehyde for 30 minutes
at RT. After rinsing with PBS, electrospun scaffolds (n = 2)
underwent 70–80–90–100% dehydration steps of 30 minutes
each, followed by 1 : 1 incubation with hexamethyldisilazane
(HMDS) and ethanol for 30 minutes. Samples were then incubated
with 100% HMDS and left to evaporate overnight. All samples were
gold sputtered (Cressington 108 auto) for 30 seconds at 40 mA and
100 mTorr. The cell morphology was studied at 250� magnifica-
tion using a Philips XL30 ESEM-FEG SEM at 10 kV and a
working distance of 10 mm. The remaining fixated electrospun
scaffolds (n = 2) were permeabilized and blocked with TBP
buffer (0.1% Triton X-100, 0.5% bovine serum albumin in PBS)
at 4 1C overnight. Cells were stained with Vinculin-FITC
(1 : 400), Phalloidin-Texas Red (Molecular Probes, 1 : 100) and
DAPI (1 : 100) with three times washing steps in between.
Images were taken using a fluorescence microscope (Nikon
Eclipse E600) at magnification 40�.

Statistical analysis

Statistical analysis was executed using Graphpad and data were
expressed as mean � s.d. Statistical analysis was done using
Two-way Analysis of Variance (ANOVA) with Bonferroni’s
multiple comparison test ( p o 0.05), unless otherwise indi-
cated in the figure legends. For all figures the following applies:
* = p o 0.05, ** = p o 0.01, and *** = p o 0.001.
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Results
Characterization of PCL and RA-loaded PCL electrospun
scaffolds

RA-loaded PCL electrospun scaffolds processed at 15 kV
showed similar fibre morphology and diameter to PCL electro-
spun scaffolds, with submicron diameters of 0.85 � 0.43 and
0.94 � 0.51 mm, respectively. An applied voltage of 30 kV
resulted in a decrease in fibre diameter for both scaffolds,
down to 0.125 � 0.047 mm for PCL and 0.108 � 0.033 mm for
RA-loaded PCL electrospun scaffolds (Fig. 1A–C and Table S1,
ESI†). The amounts of RA loaded onto the scaffolds were
calculated to be 7.54, 1.51 and 0.30 mg for RA 0.25, 0.05 or
0.01% scaffolds. The release of RA from RA-loaded PCL electro-
spun scaffolds at different RA concentrations was measured as
a preselection step to distinguish which scaffold provided the
optimum release concentration. An earlier release plateau was
seen for RA-loaded PCL electrospun scaffolds processed at
30 kV compared to scaffolds processed at 15 kV, indicating a
lower loading capacity. Hence, the release rate profile for
RA-loaded PCL electrospun scaffolds processed at 15 kV pro-
vided a more controlled sustainable release of RA for up to a
week compared to scaffolds electrospun at 30 kV, which showed
a burst release of more than 50% at day 1 (Fig. 1D and E).
This optimum processing parameter at an applied voltage of
15 kV was additionally investigated using minoxidil, another
hydrophobic drug known to stimulate elastin synthesis. The
results showed similar controlled release of minoxidil, con-
firming the electrospinning method’s versatility and potential
(Fig. S1, ESI†).

RA concentration selection process by DNA and elastin analysis

DNA and elastin analyses were conducted to preselect the best
RA concentration which induced the highest cell proliferation
and elastin synthesis (Fig. 2). Contact and non-contact cell
seeding on the RA-loaded PCL electrospun scaffolds were
conducted to distinguish the influence of cell–material contact
and RA released in the medium, on HDF’s growth and elastin
production. In both seeding methods, RA 0.25% scaffolds
inhibited cell growth at all time points. At day 1, RA 0.05%
scaffolds showed a significant decrease, but a significant
increase at day 4 for contact and non-contact seeding. For RA
0.01% scaffolds, a significant increase was seen in both seeding
methods at days 2 and 4. Elastin quantification was done at
day 4, showing a significantly higher production in RA 0.25%
and RA 0.05% scaffolds than in the control and RA 0.01%
scaffolds. Hence, RA 0.05% scaffolds were chosen as the most
optimal scaffolds for further analysis. Additionally, the RA 0.05%
scaffolds were able to induce proliferation in growth-inhibited
HDFs, as shown in Fig. S1 (ESI†), through both cell–material
contact and RA release.

Seeding methods and cell amount analysis

The selected RA concentration (0.05%) of the RA-loaded PCL
electrospun scaffolds was further analysed by comparing the
influence in seeding methods at days 2 and 5. These two time
points were chosen to provide sufficient proliferation study and
represent the early phase of the FBR. Cell-ESP(RA) displays
contact seeding on RA-loaded electrospun scaffolds with cell-
ESP as its direct control. Cell-RA represents the non-contact

Fig. 1 Electrospun characterization on fibre morphology and RA released. (A–C) SEM images of (A) PCL and (B) RA-loaded PCL electrospun scaffolds
processed at 15 kV, and RA-loaded PCL electrospun scaffolds processed at 30 kV. Scale bar: (A and B) 20 mm, (C) 5 mm. (D and E) Release rate profile was
measured up to day 7 for RA-loaded PCL electrospun scaffolds at different concentrations (%) and loading capacity (mg). Scaffolds spun at (D) 15 kV
showed a higher cumulative controlled release than those at (E) 30 kV. Data are shown as mean � s.d. (n = 3).
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seeding with cells as its direct control. An additional seeding
method, cell-ESP-RA, was added to clearly distinguish the effect
of RA release and cell–material contact on hMSC and HDF
behaviour (Fig. 3).

Cell amount analysis showed a statistically significant
decrease in hMSC amount in RA-loaded PCL electrospun
scaffolds at both day 2 and day 5. HDF cultures showed a more
similar trend at day 2, with the exception of cell-ESP(RA) having
a higher cell amount than cell-ESP as its direct control. At day 5,
however, a comparison of different cultures indicated an
increase of cell quantity in the presence of RA-loaded PCL
electrospun scaffolds. Nevertheless, for both cell types and time
points non-contact seeding showed a higher cell amount than
contact seeding. These results indicate the versatility of the RA
effect on proliferation of different cell types and cell culture
setups.

Cell morphology analysis

Cell image analysis was conducted to provide insight on
cell morphology and attachment on RA electrospun scaffolds.

SEM images showed fewer flat HDFs in RA electrospun scaf-
folds compared to those in control PCL electrospun scaffolds
(Fig. S3, ESI†). However, immunostaining of scaffolds at day 2
was chosen to appreciate cell–material interactions and the
influence of RA on cell morphology and focal adhesion through
a-actin and vinculin expression. hMSCs seeded on RA scaffolds
containing cultures exhibited less stressed actin fibres com-
pared to cultures without RA. While in HDF cultures, more
prominent actin fibres were seen in cultures containing RA
scaffolds than in cultures without RA, showing differences in
the RA effect on different cell types. Additionally, HDFs exposed
to RA scaffolds provided a more spread out morphology, while
HDFs without RA scaffold exposure were found to be more
elongated. Nevertheless, in both hMSC and HDF cultures,
vinculin points seen in cell-ESP(RA) cultures were more dis-
tinctive compared to those in other cultures (Fig. 4).

ECM analysis of hMSC cultures

As shown in Fig. 5A, hMSCs seeded on electrospun scaffolds
provided a significantly higher elastin synthesis compared to

Fig. 2 DNA and elastin analysis. Different electrospun scaffolds are represented by different bar patterns, in which RA-loaded PCL electrospun scaffolds
are shown at different concentrations (%) and loading capacity (mg). Data are normalized in percentage to PCL electrospun scaffolds (control) and shown
as mean � s.d. (n = 3). (A and B) HDFs seeded directly or exposed through a transwell with RA 0.25%–5 mg scaffolds, inhibited cell growth, while other
concentrations provided an increase compared to the control. (C) Elastin synthesis measured at day 4 showed a significant increase in elastin production
for RA 0.25%–5 mg and RA 0.05%–1 mg. Blue stars (* p o 0.05, ** p o 0.01, and *** p o 0.001) indicate statistical significances in comparison to the
control, while black stars evaluate statistical differences between the different RA-loaded PCL electrospun scaffolds.
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tissue treated culture plates. A significant increase of elastin
was observed in both cell-ESP(RA) and cell-ESP-RA compared to
cell-ESP, as well as cells on tissue culture plates (cell control).
Total elastin analysis (Fig. S4a, ESI†) displayed an increase in
elastin content in hMSC cultures containing RA-loaded PCL
electrospun scaffolds. Cell-ESP(RA) and cell-RA cultures stimu-
lated a significantly higher total elastin content than cell
control hMSC cultures.

hMSCs in cell-ESP(RA) and cell-ESP-RA provided a signifi-
cantly higher collagen synthesis than hMSCs in cell-RA and
cell control cultures (Fig. 5B). No significant difference was
seen in contact and non-contact cultures, with or without
RA-loaded PCL electrospun scaffolds. In total collagen analysis
(Fig. S4b, ESI†), a decrease was measured in cultures with
RA-loaded PCL electrospun scaffolds with the exception of cell-
ESP(RA).

The GAG content normalized by DNA (GAG/DNA) was mea-
sured to investigate the capability of RA 0.05%–1 mg scaffolds
to promote hMSC GAG production (Fig. 7). Cell-ESP-RA cultures
provided a significant increase in the GAG/DNA content at
day 2. At day 5, the significant increase in cell-ESP-RA was
further pronounced, resulting in the highest GAG/DNA levels.
Overall, for total GAG levels, non-contact seeding provided a
significantly higher GAG content (Fig. S6, ESI†). These results
show the capability of RA-loaded scaffolds to enhance the
hMSC production of ECM proteins.

Elastin and collagen analysis of HDF cultures

For HDFs, cell-ESP(RA) cultures provided the highest signifi-
cant value of elastin per cell secretion, followed by cell-ESP-RA
cultures, while cell-RA cultures were slightly higher than cell
cultures (Fig. 6A). Similarly, for total elastin production in HDF
cultures, both cell-ESP(RA) and cell-ESP-RA provided the highest
significant total elastin content compared to all the other
cultures (Fig. S5a, ESI†).

As shown in Fig. 6B, the cell-ESP control provided a sig-
nificant increase in collagen per cell production compared to
the cell control culture. Cell-ESP-RA cultures showed the high-
est collagen content per cell secretion, providing a significantly
higher collagen production than in cell-RA and cell cultures.
Total collagen analysis showed similar results as seen in
Fig. S5b (ESI†). A significantly higher collagen content was found
in cell-ESP than those in cell cultures. The highest producing
collagen content culture, cell-ESP-RA, stimulated a significantly
higher total collagen production than in cell-RA and cell cultures.
Similar to hMSCs, the HDF secretion of elastin and collagen was
enhanced on RA-loaded scaffolds.

Discussion

Electrospinning parameters are tuneable to provide optimal versa-
tility to design scaffolds for regenerative medicine applications.6

Fig. 3 Seeding methods and the proliferation rate for RA 0.05%–1 mg loaded scaffolds. (A) Schematic displaying the different in vitro culture seeding
methods used to further analyse and distinguish the effect of contact and non-contact seeding. (B and C) Different seeding setups are represented by
different bar patterns and the cell amount is measured at days 2 and 5. Data are shown as mean � s.d. (n = 3). (B) A statistically significant difference was
seen in contact and non-contact hMSC cultures. (C) HDF proliferation rate showed a significant decrease in cell-RA compared to cell-ESP (RA) and cell-
ESP cultures. Blue stars (* p o 0.05, ** p o 0.01, and *** p o 0.001) indicate statistical significances in comparison to the control in this case cell culture,
red stars indicate the highest DNA content, and black stars indicate statistical differences between the different cultures.
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Optimized parameters and applied voltage variation resulted in an
adaptable fibre diameter from submicron to nanoscale size, while
still maintaining a similar fibre morphology on both RA-loaded
PCL and PCL electrospun scaffolds. Applied voltage is a process
parameter that can be directly tuned and is considered critical to
deliver a steady stream of polymer solution.25 It provides the
necessary electric field to overcome the surface tension of the
polymeric droplet ejected from the electrospinning nozzle, result-
ing in a continuous charge jet for fibre formation.2 Traditionally,
an increase in the applied voltage results in a decrease in fibre

diameter,26 as also seen in our study. However, there have been
opposing results, such as a proportional relation on the applied
voltage and the fibre diameter. Meechaisue et al.27 showed an
increase in fibre diameter from 2.5 to 5.8 mm by increasing the
voltage from 10 to 25 kV, which could be due to the increase in the
mass flow rate from the electric field increase. However, other
studies using different polymer types and viscosity have showed
changes in the applied voltage lead to no significant differences in
the fibre diameter,28,29 indicating that other parameters may
modulate the effect of the applied voltage. Nonetheless, all studies
conclude that an optimum range of voltage is needed to provide a
smooth non-beaded fibre morphology.

Optimum fibre morphology and composition have been
necessary for a variety of electrospinning purposes, such as
for drug delivery purposes as seen here. The properties of the
loaded drug and polymer type not only influence the electro-
spinning parameter tuning but also loading and release out-
come. Various studies have concluded that hydrophobic
polymers, such as PCL, poly(glycolic acid) and poly(lactic-co-
glycolic acid), provide a longer release potential than hydro-
philic polymers.30,31 Owing to this, the use of hydrophobic
drugs, like RA, coupled with a hydrophobic polymer, like
PCL, provides an additional advantage with regard to solubility
properties in organic solvents, reducing the chances of crystal-
line formation of RA on the fibre’s surface and the consequent
burst release.32 Nevertheless, as PCL was not soluble in
methanol alone, while RA is, a combination of chloroform
and methanol as a solvent for RA-loaded PCL electrospun
scaffolds may further contribute to the sustained release of
RA.33 Zhao et al.33 observed solvent blends of dichloromethane
and methanol to provide a more sustainable release of
L-ascorbic acid 2-phosphate magnesium than complex coaxial
electrospinning, due to the PCL barrier formed by dichloro-
methane evaporating before methanol, effortlessly encapsulat-
ing the drug. Moreover, larger diameter fibres of submicron
size provided a more desirable controlled release with a
reduced burst and a higher total cumulative release. This could
be caused by the decrease in surface area when releasing RA
from larger diameter fibres, as similarly explained by Cui
et al.31 Taking this into account, a higher surface area of
smaller diameter fibres could initiate a burst release upon
sterilization before the actual release study was conducted,
leading to a lesser cumulative release measured. Hence in our
study, we chose to further investigate cell response on electro-
spun meshes fabricated with 15 kV, resulting in a higher fiber
diameter, which supported almost the complete release of RA
in a week’s time.

Various studies have shown the role of RA in controlling
proliferation. In certain systems and depending on the cell
type, RA can function as either an inhibitor or an enhancer of
cell growth.34 Kirschner et al.35 showed the enhancing function
of RA at 1 mM concentration in corneal stromal fibroblasts after
24 hours of exposure. In contrast, many studies have shown that
exposure to 1 mM RA or more inhibits MSC proliferation,36,37

supporting the results in our cell quantification. Lotan et al.38

studied the cell growth of various untransformed and neoplastic

Fig. 4 Immunostaining of cell actin fibres and vinculin expression.
Fluorescence images show vinculin (green), phalloidin (red) and DAPI
(blue) immuno-stained cells in different culture setups at day 2. Immuno-
staining images of hMSCs (A–E) showed pronounced stress actin fibres in
cell-ESP and cell compared to cell-ESP(RA), cell-ESP-RA, and cell-RA. In
HDF cultures (F–J), cells were more spread out in cell-ESP(RA), cell-ESP-
RA, and cell-RA compared to cell-ESP and cell. Vinculin expression (white
arrows) was distinctly seen in cell-ESP(RA) for hMSC cultures, and in cell-
ESP(RA) and cell-ESP-RA in HDF cultures. Scale bar: 200 mm.
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cells, and observed a decrease in DNA synthesis of HDF upon
exposure to 10 mM RA for four days. This concentration, however,
was substantially higher than the RA released from the selected
RA-loaded PCL electrospun scaffolds (0.05%), and more similar
to 0.25% RA-loaded PCL electrospun scaffolds. Other RA studies
using HDFs39,40 support the decrease in cell proliferation with
high RA concentration. In non-confluent cultures and proliferating
cells, exposure to RA has been known to inhibit proliferation,41,42 as
also seen in our earlier cell quantification time points. However, as
a monolayer of cells gets built and cells tend to proliferate less,
RA influences the cell behaviour by inducing proliferation. Cell
growth was observed to increase in HDF growth inhibited
cells43 and the monolayer culture44 upon exposure to RA. This
induced proliferation by RA is dose-dependent with the decrease
in proliferation at a high RA concentration (42.5 mg ml�1).

To support this assumption, additional cell quantification was
done using confluent cultures and resulted in an increase in
cell proliferation in cultures with RA-loaded PCL electrospun
scaffolds.

Absolute and relative quantities of collagen and elastin have
a major impact on the biomechanical properties of vessels.45

Collagen and elastin are the two main structural components of
the vascular ECM, in which collagen provides tensile stiffness
and elastin the elastic properties. Furthermore, elastin networks
are often found in close association with dense collagenous
structures.45 Another ECM protein, proteoglycans, consists of
core proteins covalently linked to GAGs. They are in charge of
vascular compressibility, work together with collagen and elastin
for the viscoelastic properties supplying the necessary elasticity
to stretch and recoil.46,47 These ECM proteins have been

Fig. 5 Elastin and collagen analysis of the hMSC culture at day 5. Different seeding setups are represented by different bar patterns. Data are shown as
mean � s.d. (n = 3). (A) Elastin analysis showed that cell-ESP(RA), cell-ESP and cell-ESP-RA provided an significant increase in elastin per hMSC secretion
compared to cell-RA and cell control. Cell-ESP-RA was significantly higher than cell-ESP. (B) Collagen analysis displayed a significant increase in collagen
production per hMSC on cell-ESP(RA) and cell-ESP-RA compared to cell-RA and cell control. Black stars (* p o 0.05, ** p o 0.01, and *** p o 0.001)
indicate statistical significances between the different culture setups.

Fig. 6 Elastin and collagen analysis of the HDF culture at day 5. Different seeding setups are represented by different bar patterns. Data are shown as
mean � s.d. (n = 3). (A) Elastin analysis displayed a significantly higher elastin per cell secretion on cell-ESP(RA) and cell-ESP-RA compared to other
cultures. (B) Collagen analysis showed that cell-ESP provided a significantly higher collagen per cell secretion compared to cell cultures. Cell-ESP-RA was
significantly higher than cell-RA and cell control. Black stars (* p o 0.05, ** p o 0.01, and *** p o 0.001) indicate statistical significances between the
different culture setups.
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extensively studied on their earliest and regular expression in
human wound healing48 and for this reason we have decided day
5 to be a suitable last time point to provide sufficient ECM
protein production in vitro. Moreover, the main component of
muscular arteries is the media, which is composed of VSMC
aligned concentrically along with collagen and elastin fibres and
proteoglycans.49 These ECM proteins play an essential role in the
vessels’ bio-functionality of hydration, ion filtration, and growth
factor maintenance and cell–matrix interactions. For this reason,
regulation of these proteins is crucial for appropriate tissue
regeneration. An increase in sulphated proteoglycan and GAG
contents in RA-loaded PCL electrospun scaffolds could indicate
VSMC differentiation. RA is highly involved in early SMC
differentiation, in which treatment with embryonic stem cells
promotes their differentiation towards SMCs.50 Bone marrow-
derived MSCs have also been shown to exhibit molecular and
functional attributes of SMCs.51

The metabolism of RA by the human skin and dermal
fibroblasts52,53 and its effect on skin elastin54 and collagen55

production has been well documented clinically and experi-
mentally, specifically in the photodamaged skin. Here, exposure
to RA from RA-ESP scaffolds revealed an increase in elastin
synthesis in hMSC and HDF cultures. A similar released concen-
tration of about 10 mM RA after 24–48 hours showed 2–3 fold
elastin synthesis in chick embryonic skin fibroblasts and
VSMCs.17 Compared to cell proliferation function, induced
collagen and elastin synthesis by RA is dose, time and cell type
dependent, which leads to different signalling transduction
pathway activation.56 RA released from RA-ESP scaffolds with
no direct contact to HDFs provided a slightly higher collagen
secretion than RA-ESP with direct contact. The difference in
collagen synthesis could be due to further degradation of RA-ESP
scaffolds from direct contact of the cells, causing an increase in
RA released above the critical range of RA concentration for
collagen induction.57 In contrast to collagen production, HDF
exposed to RA-loaded PCL electrospun scaffolds increased in

elastin synthesis, specifically when in contact with electrospun
scaffolds. The difference in RA function observed in cells seeded
in contact with RA-loaded PCL electrospun scaffolds could
be due to the increase in RA released by increasing RA-loaded
PCL electrospun scaffold degradation from direct cell–material
contact.58

Though providing a slight increase, RA influence in collagen
synthesis is less influential than geometry induction. This was
similarly seen in the study by Rothan et al.77 where collagen
I and III were upregulated in skin fibroblasts seeded on 3D
scaffolds compared to 2D substrates. Moreover, though our
results are limited to the difference in the chemistry of the 3D
PCL electrospun scaffold and the 2D polystyrene cultured plate,
Sefcik et al. showed similar collagen I upregulation in human
adipose stem cells cultured on 3D electrospun fibres compared
to the 2D substrate with similar chemistry.59 This can be
explained by the 3D architecture of electrospun scaffolds that
provides an advantage in ECM protein production, specifically
in collagen secretion compared to 2D tissue cultured plates.60

The influence of the 3D architecture seems to provide an
enhancement in elastin synthesis as well, though not as
significant as collagen secretion. Lin et al.61 observed a twofold
upregulation in elastin gene expression and induced elastin
protein secretion in VMSCs cultured in 3D polyurethane scaf-
folds compared to 2D culture studies. Furthermore, the addi-
tion of RA in cultures increased the 3D effect significantly,
providing elastin enhancement with or without direct contact
to RA-ESP scaffolds. Additionally, despite the common decrease
of nutrients and oxygen delivery in 3D constructs,62 the increase
in both elastin and collagen suggests sufficient nutrient and
oxygen delivery.

Enhancement in ECM synthesis upon RA release from
RA-loaded PCL electrospun scaffolds suggests an effect on cell
morphology as well. Sammons et al.63 explained the inhibitory
effect of RA on human hematopoietic stem cell proliferation to
be mediated by the increase of adhesion molecules released
from the marrow after RA treatment. Moreover, RA receptors
are associated with gene transcription involved in cell adhesion
such as different integrins, laminins and collagen, and hence
knocking out RA receptors results in losing capabilities of
adherence and migration.64 Adhesion molecules are connected
to the cell’s cytoskeleton, which elucidates cell’s morphological
observation in cell-ESP(RA) cultures, which exhibited a higher
expression of vinculin adhesive proteins.65 In addition, both
Nakagawa et al., and Platko et al., have shown RA’s involvement
in cell migration through expression of tyrosine-phosphorylated
focal adhesion kinase (FAK)66 and paxillin,67 in which cells were
stimulated to differentiate upon exposure to RA.

Vascular support is critical for the survival and functioning
of all living tissues. Vascular access is hence essential for the
appropriate recovery of tissue damage.51 Our in vivo bioreactor
approach to create TEBV by forming a tissue capsule could
provide the necessary cell source for differentiation to VSMCs
and (myo)fibroblasts, the two main cells in blood vessels.22 In
addition, to create truly physiological and functional TEBVs,
the presence of adequate vascular ECM proteins, collagen,

Fig. 7 GAG/DNA analysis of hMSC cultures. Different seeding setups
are represented by different bar patterns. Data are shown as mean � s.d.
(n = 3). At day 2, non-contact seeding provided a significantly higher GAG/
DNA content compared to cell-ESP cultures. At day 5, cell-ESP-RA
displayed the highest GAG/DNA content compared to all the other
cultures. Black stars (* p o 0.05, ** p o 0.01, and *** p o 0.001) indicate
statistical significances between the different culture setups, while red
stars indicate the highest value.
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elastin, GAG and proteoglycans is essential for the integrity of
the vascular tissue.68 The addition of RA-loaded PCL electro-
spun scaffolds could provide a promising platform for support
and functionality of potential TEBVs and potentially other
tissue engineering applications.

RA is a metabolite crucial for the early embryonic development
and involved in various stem cell lineage differentiations.69–71

Monteiro et al. showed that RA induced adipogenic differentiation
of embryonic stem cells.72 Recently, Zhang et al. used RA to
potentiate Wnt3A-induced osteogenic differentiation of MSCs.73

Neurogenesis has also been modulated through RA direct exposure
in a medium and through a biomaterial. A higher concentration of
RA can induce neuronal differentiation in a controlled develop-
mental manner.74 By seeding induced RA-mouse embryonic stem
cells, Xie et al., showed that the PCL electrospun scaffolds
enhanced neurogenesis and guided neurite outgrowth. Hence,
the combination of electrospun scaffolds and retinoic acid
has been mentioned to potentially provide a better strategy
for nerve injury repair.75 Previous studies have tried to incor-
porate retinoic acid directly upon electrospinning or through
encapsulation but are yet to achieve a more controlled release
in a simplified manner.76 Using this method, retinoic acid,
minoxidil and potentially other compounds can be incorpo-
rated and controlled released effectively for target tissue regen-
eration and other biomedical applications.

Conclusion

In this study, we evaluated the fibre morphology and the RA
release profile of RA-loaded PCL electrospun scaffolds and their
influence on hMSC and HDF behaviour. Depending on the
targeted cell type and RA concentration loading, the RA-loaded
PCL electrospun scaffolds were able to stimulate or inhibit cell
proliferation, adhesion, morphology and ECM secretion. The
versatility of the developed technique and the strong associa-
tion of RA in regulating cell fate provide a promising platform
for cell therapy and tissue engineering.
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